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Preface 

This book focuses specifically on clay composites which has received recent attention 
for environmental applications such as water treatment. There is a growing interest 
in the scientific community in clay composites, whereas clays have been examined 
for environmental applications from long ago. Recent advances in characterizing 
composite materials led the pathway to conduct more research on clay composites, 
i.e., clay-biochar composites, etc. However, most focus has been centered in charac-
terization of clay polymer composites or clay-nanoparticle composites, despite the 
real-world applications. Basic theories and fundamentals behind composite forma-
tion and its behavior in aqueous and solid systems will be discussed in detail for 
each of the clay composite. The chapters will be looking at the techno-economic 
performance of the clay composites described specifically for the future researchers 
to understand the pathway ahead. This book, with its varied parts listed above, is 
necessary for a number of reasons, including clay-biochar composites, Organoclay 
composites, clay polymer composites, environmental applications, and case studies. 
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Clays and Clay Minerals: Long-Lasting 
Applications in Environmental 
Remediation 
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Anushka Upamali Rajapaksha, and Meththika Vithanage 

Abstract Clay and clay minerals, either as adsorbents or immobilizing agents, 
exhibit a promising role in the elimination of contaminants from soil, water, and 
air. Therefore, this chapter aims to provide comprehensive knowledge of the capa-
bilities of clay and clay-based composites for environmental remediation. Various 
physical and chemical modifications have been adopted to enhance the efficiency 
of the removal and/or adsorption processes of clay and clay-based composites. 
Bentonite/bentonite-based composites are the most frequently encountered clay type, 
followed by montmorillonite. Numerous parameters, such as pH, initial concentration 
of pollutants, their chemical nature, composite dosage, contact time, and temperature, 
affected the efficiency of the adsorption and elimination of pollutants. Depending on 
the type of pollutants and adsorbent composite used, the adsorption and elimination 
mechanisms of contaminants vary. However, the use of clay minerals and compos-
ites for the remediation of pollutants in soil has received less attention. Thus, this 
chapter provides new insights to broaden the application potential of clay/mineral 
composites in environmental remediation. 
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1 Introduction 

The contamination of soil, water, and air with pollutants of inorganic and organic 
origin has been accelerated due to anthropogenic activities [8]. These hazardous 
pollutants include pharmaceuticals and personal care products, poly- and perflu-
oroalkyl substances, pesticides, polycyclic aromatic hydrocarbons, dioxins, and 
organic and inorganic dyes [16, 38]. They cause serious negative effects on ecosystem 
functioning and adverse health effects in organisms, including humans [8, 61]. 
Several treatment approaches, such as membrane separation, ion exchange, coagula-
tion, advanced oxidation, biological degradation, and photocatalytic degradation [8, 
10, 17] have been employed to remediate soil and water contaminated with pollutants. 
Nevertheless, high implementation and maintenance cost, high energy consumption, 
and technical complexities have limited their application potential [40, 57]. Adsorp-
tion is a promising technique that can be employed to eliminate contaminants on a 
large scale in a sustainable manner [20, 24]. Therefore, a particular adsorbent should 
be inexpensive, compatible, efficient, recyclable, environment friendly, and suitable 
for large-scale application [43, 61, 80]. 

Over the past decades, clay and clay minerals, and their oxides (Al, Fe, and Si 
oxides), have deserved great attention in the remediation of contaminants as they 
are environmentally and economically feasible, highly abundant, and renewable 
[43, 55, 65]. Further, the physiochemical properties, such as high adsorption, ion 
exchange capacity, and high surface area, make clay minerals efficient adsorbents 
[43]. Therefore, as a natural scavenger of hazardous contaminants, clay can act as an 
adsorbent, an immobilizing agent, or a cleansing agent in soil and aquatic systems 
[55, 70]. However, in some instances, natural clay adsorbents have a limited poten-
tial to remediate pollutants from aqueous and soil media at large scales. Therefore, 
physical and chemical modifications with different functional groups (organic and 
inorganic agents) have been used as surface modifications to increase the selec-
tivity, functionality, and effectiveness of natural clay minerals [57, 65]. Different 
types of clay and clay minerals have been employed depending on the purposes 
due to the variations in their structure, bonding mechanisms, particle size, cation 
exchange capacities (CEC), and layer charge. The extensively used clay minerals 
as adsorbents and immobilizing agents include bentonite, aluminium silicate, illite, 
kaolinite, montmorillonite (MMT), smectite, and zeolite [47, 57, 79, 82]. Apart from 
that, clay and clay mineral composites with synthetic polymers, biochar, and nano-
materials have enhanced their removal efficiencies due to their modified structure, 
adsorption capacity, high mechanical strength, and stability compared to the indi-
vidual components [62, 76]. For instance, a recent review discussed that modified 
clays using different polymers can enhance the removal efficiency of pollutants [38]. 
Moreover, a recent review by Heidari et al. [34] revealed that photocatalysts (e.g., 
TiO2, ZnO, CuxO, and Ag/Au) mediating clay composites have a high affinity to 
degrade and eliminate emergent micropollutants and inactivate harmful microbes in 
aquatic environments and wastewater effluents.
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Pollutants can adsorb into clays or clay-containing composites can be due to 
either physisorption or chemisorption [28, 39, 67]. The pollutants interact with the 
surface of clays or clay composites to form chemical bonds such as hydrogen bonds, 
covalent bonds, coulombic attraction, van der Waals, π–π, anion–π, cation–π inter-
actions, and hydrophobic interaction [26]. In some instances, a combination of these 
forces could act on the adsorption process [33]. Several parameters, including the 
structure and chemical properties of contaminants, the surface characteristics and 
functional groups of clay composites, and adsorption conditions such as pH, ionic 
strength, temperature, organic matter content, and trace element composition, affect 
the adsorption mechanism [6, 25]. These parameters are strongly interdependent 
with each other. Nevertheless, contradictory effects of these factors are reported 
depending on the type of contaminant and clay/composite used. Hence, an under-
standing of potential adsorption mechanisms and influencing factors is necessary 
for the selection and design of effective clay-based adsorbents to eliminate contam-
inants in the environment. Extensive research has been conducted in the last decade 
to investigate clay and mineral composites for the removal of contaminants in three 
environmental compartments: air, soil, and water. Therefore, this chapter aims to 
(i) discuss the recent research progress made on clay/mineral composites for the 
removal of contaminants, their adsorptive performance, and mechanism, (ii) iden-
tify the effect of several parameters on the adsorption capabilities of clay/mineral 
composites, and (iii) provide insights into the knowledge gaps and challenges of 
using clay-based material for the sustainable removal of contaminants. 

2 Types and Characteristics of Clay and Clay Minerals 
as Remediating Agents 

2.1 Naturally Occurring Clays and Clay Minerals 

Clays are naturally occurring substances composed of fine-grained minerals that 
exhibit plasticity and occur in a layered structure (phyllosilicate) [52]. Tetrahedral 
silicates and octahedral hydroxide sheets are the building units of clay minerals. The 
1:1 clay consists of one tetrahedral and an octahedral sheet (kaolinite and serpen-
tine). In 2:1 clay, an octahedral sheet lies in between two tetrahedral sheets (illite, 
smectite, vermiculite, and montmorillonite), while in 2:1:1 clay mineral has a magne-
sium hydroxide sheet in the interlayer space between 2:1 sheet (chlorite) [42, 79]. 
In addition to the variations in their layered structures, clay minerals are categorized 
according to the types of substituted metals, the amounts and types of exchange-
able ions found in the interlayers, the Si/Al ratio, and the impurities found in their 
structures [42, 56]. The findings of Shigidi et al. [68] revealed that the naturally 
occurring clay minerals, without any modifications, are also capable of removing 
pollutants (e.g., waste engine oil) with high efficiency. Further, Murtić et al.  [53]
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revealed that natural pyrophyllite and zeolite have the potential to reduce the trace 
element availability in soil. 

2.2 Modified Clay Minerals and Clay-Based Composites 

Depending on the nature of the contaminants, various treatment methods and modi-
fications and combinations of techniques have been used to enhance the adsorption 
capabilities, reusability, and surface activities of clay minerals [54, 68]. These widely 
applied techniques include acid and alkaline treatments, thermal treatments, interca-
lation of functional groups such as organocations, biopolymers, and metal-pillared-
clay minerals, and the combination of different clays/ clay minerals [68]. Modified 
oxide clays have been synthesized through the surface modification of oxides clays 
(Fe, Si, and Al oxides) [52]. Furthermore, natural clay minerals are chemically modi-
fied and functionalized by incorporating long alkyl chains, cationic surfactants, and 
magnesium phyllosilicate to produce organoclays and magnesium aminoclays [41, 
52]. Apart from natural and synthetic polymers and surfactants such as polyamides, 
polyanilines, and ammonium surfactants, molecularly imprinted polymers (MIP) 
have also been used for the modifications [52, 74]. The high selectivity, stability, and 
adsorption efficiencies of MIP clays make them particularly useful for the separation 
of targeted contaminants from wastewater effluents containing multiple pollutants 
[74]. Acid-activated clay minerals increase the specific surface area and porosity due 
to the partial dissolution of cations [33]. Clay pillaring is another modification that 
is used to increase the interlayer space between clay layers and thus improve the 
adsorption process [54]. Thermal treatment methods improve clay mineral adsorp-
tion properties by removing impurities and hydroxyl ions, which improves stability 
[7]. Aside from single modification clays, recent studies by Chang et al. [15] and 
Barakan and Aghazadeh [12] developed multifunctional modified clays such as clay/ 
graphene oxide, porous clay heterostructure (PCH) that demonstrated high adsorption 
efficiencies against multiple contaminants. 

Besides these modifications, numerous studies have investigated composites and 
nanocomposites that are made up of clay minerals and various polymers and biopoly-
mers [6, 22, 35, 58]. These composites have shown improved properties such as high 
surface area, high compatibility and degradability, efficient adsorption capacity, and 
more active sites [59]. For instance, biochar-based clay composites have shown 
improved adsorption and immobilization of contaminants from soil and water due 
to the oxygen-containing functional groups [60, 69]. 

2.3 Characteristics of Clay Minerals 

The properties of clay and clay minerals such as layered structures, regularly arranged 
silica-alumina framework, high specific surface area, cation exchange capacity, high
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surface electronegativity, and highly stable structure for catalyst recycling make them 
better suited for the remediation of pollutants in the environment. The commonly 
found cations in the exchange sites of clay minerals are Na+, K+, Mg2+, and Ca2+ 

[42, 79]. The surface charge of clay minerals is produced as a result of the hydrol-
ysis of Si–OH or Al–OH bonds in the lattice structure of clay. Depending on the 
silica structure and pH of the medium, the net surface charge of clay minerals varies 
either positively or negatively [42]. The easy separation methods following contam-
inant adsorption process is another advantage of using clay-based modification for 
remediation purposes [77]. 

3 Contaminants Removal and Their Mechanisms 

As described in the above section, the application of clays and clay mineral compos-
ites for environmental remediation has received significant attention due to their high 
adsorptive performance and physiochemical characteristics. Numerous studies have 
developed different types of clay-based modifications and composites targeting many 
types of pollutants. Table 1 describes the adsorption performance of different types 
of clay and clay-based modifications and composites towards organic and inorganic 
contaminants in soil and water matrices.

The surface characteristics and the nature of the adsorbate have a direct effect 
on the adsorption mechanism. Figure 1 represents the most commonly identified 
adsorption mechanisms for clay/minerals/composites towards various contaminants.

3.1 Dyes 

Certain types of dyes, especially organic dyes, are frequently used in the textile, 
paper, plastics, and automobile industries. A composite made from Fe3O4-bentonite/ 
APTMA (magnetic 3-acrylamidopropyltrimethylammonium chloride intercalated 
bentonite) has exhibited high adsorption capacities of 2286 and 1210 mg/g for 
crystal violet and Congo red, respectively, due to the super-hydrophilic nature of the 
composite. The mechanism involved in the adsorption process is hydrogen bonding 
and electrostatic attraction between the adsorbent and dye molecules. Further, the 
study revealed that the efficiency of adsorption of the composite, Fe3O4-bentonite/ 
APTMA, increased in the presence of trace metal ions. Thus, the composite is suit-
able for the removal of organic dyes of both anionic and cationic origin from indus-
trial effluents [3]. The Fe3O4/kaolinite nanocomposite showed maximum adsorp-
tion capacities for methylene blue and Congo red under neutral pH conditions. The 
adsorption efficiency of the composite has been further increased by increasing 
the mass percentage of Fe3O4, with 7 mass% Fe3O4 exhibiting the best perfor-
mance [29]. A study conducted by Ahmadi et al. [2] revealed that the MC/starch/ 
CoFe2O4 nanocomposite (montmorillonite clay magnetically modified by starch and
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Fig. 1 Adsorption mechanisms of clay minerals/composites against contaminants in soil, water, 
and air

cobalt-ferrite) was capable of removing methyl violet, methylene blue, and textile 
dyes with efficiencies of 99.45%, 98.67%, and 70%, respectively. Another nanocom-
posite synthesized from bentonite clay with manganese ferrite (MnFe2O4) was  
capable of 71.6% decolorization of methylene blue under dark conditions. However, 
the efficiency of the decolorization process was enhanced under light illumination 
and destroyed methylene blue within eight minutes via a photo-Fenton mechanism 
[5]. Then polydopamine-modified Fe3O4-pillared bentonite composite showed both 
adsorptive and photocatalytic degradation against dyes in wastewater effluents. It 
degraded crystal violet and rhodamine B with 93% efficiency and Coomassie brilliant 
blue with 99% efficiency [4]. 

A chitosan-montmorillonite composite was also capable of removing methylene 
blue from wastewater effluents very rapidly with an eight minute contact time. Its 
recyclability, however, was limited to three cycles, with a maximum adsorption effi-
ciency of 97%. This composite showed a multilayer adsorption process that was 
led by electrostatic attraction in alkaline media and/or cation exchange in acidic 
media [22]. According to Foroutan et al. [31], the nanocomposite of montmoril-
lonite/graphene oxide/CoFe2O4 showed a high adsorption capacity of 97.26 mg/ 
g for methyl violet in textile effluents. The adsorbent efficiency of the composite 
decreased in the acidic medium. Regardless of pH, the adsorption occurs via an 
electrostatic interaction between the dye and the composite. A porous nanosheet 
prepared from montmorillonite (MPS) had the potential to remove Congo red from 
wastewater with a maximum adsorption capacity of 598.31 mg/g. Further, it can be 
recycled and applied to a wide array of wastewater effluents. The adsorption mecha-
nisms in the process include the formation of hydrogen bonds and surface hydroxyl 
complexation [82]. Şenol et al. [67] have prepared a chitosan-kaolin composite cross-
linked with epichlorohydrin and tripolyphosphate that can remove auramine O (AO) 
dye from industrial effluents with a maximum adsorption capacity of 0.118 mol/kg.
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The adsorbent potential of the composite was restored by 88% after five consecu-
tive adsorption/desorption cycles. Under a basic medium, an antibacterial xanthan 
gum with poly(vinylimidazole) (XG-g-PVI) and montmorillonite nanocomposite 
removed malachite green dye with a 99.99% adsorption capacity. Further, the 
nanocomposite inhibited the growth of commonly found pathogenic bacteria, E. 
coli and Staphylococcus aureus in water. The adsorption efficiency of the composite 
increased as a result of the cumulative effect of several interactive forces such as 
electrostatic, H-bonding, and π-π interactions between nanocomposite surfaces and 
dye [23]. 

3.2 Pharmaceutical Products 

The global consumption of pharmaceutical products has increased rapidly in recent 
years [13, 33]. Hospital effluents, household pharmaceuticals through municipal 
wastewaters, and discharge effluents from livestock farms and aquaculture are the 
major sources of pharmaceutical products in the environment [33]. Clay-biochar 
composites made of clay minerals (e.g., Na-montmorillonite or Na-bentonite) and 
solid biowaste biochar have been shown to be effective at removing antibiotics such 
as ciprofloxacin and tetracycline under alkaline conditions [9, 60]. Thermally acti-
vated bentonite (TB) showed the highest removal efficiency of tetracycline, 98% at 
pH 3, compared to 52% for natural bentonite. The tetracycline adsorption mechanism 
of TB occurred in three ways: ion exchange by the intercalation of tetracycline into 
the interlayer space of TB, electrostatic interactions between negative binding sites 
on surface and the cations of tetracycline, and complexation of tetracycline on the 
edge sites of TB [47]. Another study by Gopal et al. [32] showed that bentonite-Fe/Pd 
composites can remove tetracycline from wastewater effluents with 95% efficiency. 
The composite was reusable up to its fourth cycle and showed less toxicity towards 
aquatic microalgae. Tong et al. [71] observed a better removal of 17β-estradiol (E2) 
(oestrogen contaminant) using montmorillonite-modified biochar with wheat straw 
composite, 62.89 mg/g, compared to montmorillonite-modified biochar with cow 
manure composite, 41.02 mg/g. A bentonite-nanotitanium oxide chitosan composite 
efficiently removed two classes of antibiotics, including levofloxacin and ceftri-
axone, from drinking water. The removal efficiencies were further enhanced with 
the increase in nanocomposite mass [48]. Montmorillonite clay pillared with tita-
nium oxides was capable of adsorbing a wide range of pharmaceutical compounds, 
including amoxicillin, diclofenac sodium (DIF-S), imipramine (IMP), and parac-
etamol, in wastewater effluents. Compared to unmodified montmorillonite, modified 
montmorillonite showed remarkable removal efficiencies for these compounds [16]. 
Beside the application of bentonite and montmorillonite and their composites, a 
recent review by Hacıosmanoğlu et al. [33] mentioned the application potential of 
illite, halloysite, kaolinite, rectorite, sepiolite, smectite, stevensite, and vermiculite 
on the removal of antibiotics.
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3.3 Hydrocarbons 

A nanocomposite that is composed of montmorillonite and a cationic surfac-
tant (cetyltrimethylammonium bromide) with sodium alginate was capable of 
removing three polycyclic aromatic hydrocarbons (PAHs) (acenaphthene, fluorene, 
and phenanthrene) from an aqueous solution via a multilayer adsorption process. 
In addition, the composite was recyclable and biodegradable [20]. A recent study 
by Ewis et al. [27] developed two magnetite bentonite-based adsorbents combined 
with reduced graphene and multiwall carbon nanotubes that can efficiently remove 
diesel oil from waste effluents. However, magnetite bentonite combined with multi-
wall carbon nanotube composites has shown high efficiency compared to the reduced 
graphene composite, despite the increase in diesel oil content. The study identified 
four possible mechanisms for oil removal, including chemical, hydrophobic, π-π, 
and electrostatics interactions between the composite and oil [27]. 

3.4 Trace Elements 

The high adsorption and cation exchange capacities of clay minerals decrease the 
bioavailability of trace elements in soil [21]. A recently published review described 
that the type of clay affects its metal ion affinity. For instance, montmorillonite 
exhibited selective adsorption towards Cu2+ and Cr3+, whereas kaolinite and illite 
exhibited adsorption towards Cd2+, Pb2+, and Zn2+ [79]. Wang et al. [76] demon-
strated that modified clay minerals adsorbents (e.g., medical stone modified with a 
thiol-based material) significantly reduced oxide-bound Hg and MeHg and improved 
Hg and MeHg retention in soil. Kaolinite and vermiculite clays have the potential 
to immobilize As, Cd, and Pb and reduce the plants’ availability. Further, the acid-
ified amendments have significantly reduced the plant availability of As and Cd 
[72]. Composites of nanoclays and almond biochar and nanoclays with walnut shell 
biochar have reduced the leaching of soil Cd and Cu contents from 0.607 to 0.350 
and from 0.176 to 0.127, respectively, under alkaline conditions [50]. According to 
Dong et al. [21], tourmaline clay combined with humic acid adsorbed vanadium from 
soil via complexation, ion exchange, and adsorption. 

Natural bentonite clay activated using nitric acid (Activated bentonite clay) has 
the potential to remove trace elements (Fe2+, Ni2+, Zn2+) from pharmaceutical efflu-
ents more efficiently compared to natural bentonite clay due to its high surface area, 
porosity, and availability of sorption sites. Further, the strong ionic and electrostatic 
interactions between trace elements and activated bentonite have resulted in the 
formation of several adsorption layers to increase their efficiencies [36]. Compos-
ites made from the pyrolysis of cigarette factory wastes with bentonite (biochar 
bentonite) efficiently removed 99.20% of Pb from wastewater through adsorption 
and electrostatic attraction between Pb and minerals [62]. Song et al. [69] reported
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about 241% higher adsorption of Zn2+ in wastewater from montmorillonite-modified 
biochar composite than biochar alone, due to electrostatic interaction between the 
negative charge of the interlayers and Zn2+, ion exchange, and surface complexa-
tion. Similarly, Jing et al. [39] discovered that Bentonite-modified biochar (Alter-
nanthera philoxeroides) composite had higher Cd2+ adsorption (36.9 mg/g) than 
bentonite and biochar alone. Another study done by Izosimova et al. [37] revealed 
that the quantity of Cu2+ ions sorbed by Na-bentonite was higher compared to Na-
bentonite modified with Al keggin cations. During the sorption process, Cu2+ and 
Na+ cations are exchanged. Further, the treatment of Na-bentonite modified with Al 
keggin cations with humic acid increased the Cu2+ ion adsorption and was similar to 
the quantity adsorbed by Na-bentonite. Thermo-exfoliated vermiculite removed Cr6+ 

efficiently (2.81 mol/g) compared to vermiculite irradiated with microwave radiation 
(0.001 mol/g) at neutral pH [49]. 

The adsorption capacities shown by the biocomposite synthesized from clay 
(CCB) and cellulose for Pb2+ and Cd2+ were 389.78 mg/g and 115.96 mg/g, respec-
tively. Furthermore, the adsorption activity of CCB in fixed-bed columns was inves-
tigated. It has been confirmed that the CCB can be effectively reused more than four 
times to remove Pb and Cd from contaminated water [1]. A composite made from 
molybdenum disulfide and bentonite (MoS2/Bentonite) exhibited a maximum Cd2+ 

adsorption capacity of 89.45 mg/g via a chemical adsorption process [46]. A recent 
study has prepared ion-imprinted magnetic nanocomposite bentonite (IIPNMB), 
which can selectively adsorb scandium (Sc3+) from water. The oxyphosphorus 
functional groups in sodium tripolyphosphate and the hydroxyl and amino func-
tional groups in chitosan have provided active sites for the selective adsorption and 
complexation of Sc3+ with IIPNMB [74]. 

3.5 Pesticides 

Glyphosate and paraquat have a strong affinity for soil with a high clay content [75]. 
Furthermore, carbaryl and methyl parathion have been shown to bind strongly to 
montmorillonite [81]. Baigorria et al. [11] have developed chitosan-based hydrogels 
with organoclay to remove carbendazim and other fungicides from water. A modified 
bentonite prepared by kegging cations (Al30/bentonite) exhibited a 98% removal 
efficiency of organochlorine pesticides (heptachlor epoxide, dieldrin, and endrin) 
from water via a chemisorption mechanism [28]. The addition of clays to pesticides-
contaminated soil (organophosphorus pesticides) has increased their adsorption into 
the soil. Thus, it facilitates pesticides retention in soil by avoiding the percolation 
of pesticides into below-ground soil layers. Pesticides adsorb into montmoril-
lonite and kaolinite via dipole-induced dipole-type interactions between clay and 
pesticides [19].
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3.6 Other Organic and Inorganic Contaminants 

A recent review discussed that the application of modified clay minerals such as 
surfactant (HDTMA)-modified montmorillonite and amine-modified palygorskite is 
more efficient in the removal of poly- and perfluoroalkyl substances (PFAS) from 
contaminated water [52]. Further, the authors have described three main mechanisms, 
such as hydrophobic interactions, electrostatic interactions, and ligand exchange 
between hydroxide mineral groups in clay minerals and PFAS that are removed by 
clay-based adsorbents [52]. Ewis et al. [26] have developed an iron oxide/bentonite 
nanocomposite (Fe3O4/Bt. NC) that can remove 99.5% of 4-nitrophenol, a persis-
tent hazardous organic compound, from wastewater at a higher pH level (pH 11). 
Further, the study identified that the mechanism of the adsorption process involves 
both physical and chemical interactions, mainly the electrostatic interaction via Fe–O 
and Si–O and the formation of new chemical bonds. The multifunctional nanocom-
posite of Fe2O3/bentonite modified by doped TiO2 synthesized by Cao et al. [14] 
showed significant adsorption efficiencies against recalcitrant organic pollutants in 
industrial effluents with excellent reusability. Under neutral conditions, the composite 
exhibited a maximum adsorption efficiency of 77.36 mg/g for bisphenol A (BPA). An 
organically modified bentonite with Arquad® 2HT-75 (IBA) and palmitic acid was 
capable of completely removing perfluorooctane sulfonate (PFOS) and phenanthrene 
(PHE) and 86.6% of Cu2+ from wastewater. The adsorption efficiency of PFOS or 
PHE in the binary solution was increased due to the presence of Cu2+, which serves 
as a bridge between the clay surface and organic contaminants [41]. 

A recent review by Lazaratou et al. [43] revealed that unmodified clays have the 
capacity to remove nitrate at low to medium levels (1–23 mg/g). In contrast, modified 
clays and clay composites have shown high nitrate removal rates ranging from 6 to 
80.76 mg/g. The authors have identified that the main mechanism of nitrate removal 
occurs through monolayer chemical adsorption. Further, the review has revealed 
that the presence of competitive cations and some oxyanions, such as Cl−, CO3 

2−, 
PO4 

3−, and SO4 
2−, in clay minerals reduces the nitrate removal efficiency [43]. A 

commercial clay mineral, K10 montmorillonite modified with Fe3+ polyhydroxy 
cations, efficiently removed phosphate from industrial effluents due to the formation 
of inner-sphere complexes [44]. Reijonen et al. [64] have applied X-ray computed 
tomography to improve the physical properties of bentonite samples to increase their 
sealing and retention properties, which can be used in the disposal of radioactive 
waste. 

3.7 Toxic Gaseous Contaminants 

Clay minerals/composites are known to show effective adsorption capacities for 
gaseous pollutants owing to their distinct structure and susceptibility to modifica-
tion. Clay minerals such as kaolinite, halloysite, montmorillonite, bentonite, saponite,
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vermiculite, illite, sepiolite, and palygorskite have the potential to adsorb CO2, 
methane, and other volatile organic compounds [73]. Carbon dioxide gas is adsorbed 
into the clay minerals/composites either by surface sorption or interlayer adsorption, 
depending on the clay and ion type. For instance, Sato and Hunger [66] revealed 
that the physical sorption of CO2 occurred due to the presence of nanocavities on 
surfaces in the open spaces of saponite clay under ambient conditions. The maximum 
CO2 adsorption capacity of Cs-exchanged and tetramethylammonium-exchanged 
montmorillonite was 1.70 mmol/g [51]. 

4 Application of Clay-Microbial Interactions 
in Remediation Technologies 

Microbial interactions (microbial cells, their exudates, and enzymes) with clay 
minerals affect the fate of contaminants. Thus, the application of biomodified 
clay minerals can be utilized in environmental remediation [30, 81]. These micro-
bial aggregates modify the binding sites of clay minerals/composites to increase 
their adsorptive properties. For instance, smectite-bacterial composites can bind 
metal(loid)s such as Cu, Cr, Cd, Pb, Hg, and As while degrading organic pollutants 
[81]. The extracellular polymeric substances (EPS) in clay minerals have the potential 
to immobilize trace elements in soil [78]. For example, the adsorption of Cd2+ onto 
EPS-montmorillonite composites was dependent on the weight ratio. Some of the 
bacteria and fungi have the capacity to excrete metal-complexing metabolites such as 
carboxylic acids, amino acids, siderophores that bind Fe3+, and phenolic compounds 
that are connected to ligand-promoted dissolution or complexolysis [30]. As reviewed 
by Li et al. [45], the attachment of bacteria to kaolinite surfaces may occur through 
several mechanisms, such as cation bridges, which are facilitated by the release of 
interlayer metal cations (e.g., calcium and sodium) from smectite particles, the EPS 
layer, hydrophobic interactions, and protein-binding receptors. For instance, when 
EPS and montmorillonite interacted, negative surface charges increased, resulting in 
the formation of additional cadmium ion bridges between EPS and montmorillonite 
[78]. In addition to EPS, clay minerals that are adsorbed into fungal mycelium also 
have the potential to enhance the metal adsorption [81]. 

5 Factors that Influence the Remediation Processes 

Designing and selecting effective clay-based adsorbents requires an understanding 
of the variables that affect the adsorption mechanisms [33]. Several parameters that 
affect the adsorption capacity and removal efficiency of clays and modified clays are 
ionic strength, pH, temperature, organic matter content, trace element composition, 
and pollutant composition [6]. However, depending on the type of contaminant
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and composites used, different studies have reported contradictory effects of these 
factors on the adsorption and removal efficiencies. The adsorption efficiency is 
also determined by the texture (pore size, pore volume, surface area) and surface 
chemistry (cation exchange capacity, isoelectric point, surface functional groups) of 
clays/composites [33, 47, 52]. For instance, thermally activated bentonite showed 
a high adsorption capacity of tetracycline (388.1 mg/g) compared to raw bentonite 
(156.7 mg/g) as a result of surface modifications [47]. The presence of competing 
ions, which are either organic or inorganic, affects the contaminant adsorption 
efficiency of clay-based adsorbents. Furthermore, the ionic strength and cationic 
and anionic nature of competing ions in the contaminant matrix compete with the 
targeted pollutant [52]. A recent review has revealed that the adsorption of specific 
pollutants onto chitosan/bentonite composites is greater in distilled water than in 
tap water, groundwater, industrial wastewater, or sea water [25]. The presence of 
multiple types of pollutants that interact with the binding sites of composites is the 
main reason for the reduction of the adsorption capacity in industrial wastewater 
[48]. Temperature and pH are two critical factors that influence adsorption effi-
ciency. At high temperatures and pH, the adsorption process increased or decreased 
depending on the nature of the contaminant and medium [33]. The surface charges 
of clay minerals mainly depend on pH, and as a result, the cation exchange capacity 
of clay varies with pH. Most of the recorded bentonite/metal oxide composites 
have shown their optimum adsorption capacities at pH values between 5 and 8. The 
adsorption capacities of montmorillonite/metal oxide composites changed as the 
temperature changed. For example, Chauhan et al. [16] discovered that Ti-pillared 
montmorillonite adsorbed imipramine and diclofenac sodium at high temperatures 
but not amoxicillin or paracetamol. A recent review by Mukhopadhyay et al. [52] 
revealed that factors such as high temperature and pH, the presence of competing 
anions, and natural organic matter have reduced the adsorption efficiency of PFAS 
by clay-based adsorbents. Besides that, the physiochemical properties of both 
pollutants and composites are directly linked with the adsorption mechanism [25]. 

6 Conclusion and Future Remarks 

As the fate and adverse effects of many contaminants could not be predicted earlier, 
proper remediation measures are required to minimize the spread and persistence of 
contaminants and restore ecosystem functions. The ubiquitous nature, high surface 
area and charge ratio, high porosity, and other physiochemical properties of clays 
and clay minerals make them more appropriate for remediation purposes. Many 
studies have revealed that clay minerals are economically feasible and have a higher 
contaminant adsorption and removal capacity. The absorption capacities of these 
clays have been further enhanced by combining one or more materials, known as 
clay-based composites, using more advanced techniques (e.g., clay-based nanocom-
posites). Although ongoing scientific interest is focused on enhancing the efficiency
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of the adsorption process of composites, many of the studies have been imple-
mented in laboratory-scale batch reactors, and conclusions have been drawn based 
on that. Thus, pilot-scale studies beyond laboratories are scarce in many instances 
to predict their performance and adsorption efficiencies and approve their appli-
cability. Furthermore, considerable researches have been conducted on the role of 
clay minerals/composites in the removal of different types of contaminants from 
polluted water sources compared to soil. Hence, it is necessary to consider the appli-
cation potential of clay minerals/composites in the remediation of contaminated soil. 
Further, new composites should be developed for a broad range of contaminants with 
efficient adsorption efficiency. According to the available literature, bentonite and 
montmorillonite-based composites have shown high contaminant removal efficien-
cies compared to other types of clay composites and are found to be the widely applied 
material for a broad range of contaminants. Multiple factors, such as solution pH, 
surface charge, competing cations and anions in the composite, and the contaminant 
source, affect the efficiency and mechanisms of adsorption. The selection of suitable 
clay mineral/ composites requires careful consideration. Apart from the adsorption 
efficiency, when using composites on a large scale, it is vital to consider their recycla-
bility. However, only a few studies have investigated the reusability of composites. 
Therefore, when developing new advanced clay-based composites, their reusability 
should also be determined. In addition, appropriate measures should be taken for 
the safe disposal of spent clay adsorbents due to their high toxicity. Further, when 
incorporating substances such as surfactants, organic acids as modifiers, or synthe-
sizing composites, their impacts on living organisms in the polluted sites should be 
considered. Therefore, it is necessary to evaluate the toxicity of those chemically 
modified clays and composites prior to field application. Moreover, future research 
should be focused on bio-based and non-toxic modifiers. 
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rial, because they are abundant in nature, smaller than 4 microns, adherent, plastic, 
malleable, have ion exchange capacity and affinity with water. Due to their physical 
and chemical properties, they are used in agriculture, livestock, industry, commerce, 
tourism and the environment for the development of services and products such as 
bricks, crockery, paints, pharmaceuticals, agricultural inputs and natural filters. The 
clay composition of an environment depends on the rock that gave rise to it, weath-
ering and pedogenesis, with the following groups standing out: kaolinite-serpentine, 
talc-pyrophyllite, mica, vermiculite, smectite, chlorite and sepiolite-palygorskite. 
Each of these groups has specific physicochemical properties, which will direct 
them to certain uses. Proper use requires prior characterization, so in this chapter 
we will discuss the main types of clay compounds, their structure, formation, occur-
rence, mineralogical and physicochemical characteristics and their environmental 
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1 Introduction 

Clay minerals are natural compounds, consisting essentially of very small crystalline 
particles of hydrated aluminum, iron and magnesium silicates, which when moistened 
with water acquire a certain plasticity. In addition to Al, Fe and Mg, clay minerals 
can contain other elements in their structure, such as alkaline and earth alkaline, 
making them diverse and complex. 

Clay minerals normally refer to phyllosilicate minerals that occur in clays (less 
than 4 microns), according to the Wentworth scale [61], and in the clay fraction (less 
than 2 microns). Some authors restrict the concept of clay minerals to secondary 
phyllosilicates from soil weathering [39], however, the Clay Minerals Society (CMS) 
and the Association Internacionale pour l’Étude des Argiles (AIPEA) consider that 
clay minerals comprise phyllosilicate minerals and any other minerals smaller than 
4 microns that give clay plasticity and harden by drying or calcination [25, 30], a 
concept adopted in this chapter. 

Clay compounds have been used by human societies since time immemorial, 
because they are abundant in nature, smaller than 4 microns, adherent, plastic, 
malleable, have ion exchange capacity and affinity with water. Due to their physical 
and chemical properties, they are used in agriculture, livestock, industry, commerce, 
tourism and the environment for the development of services and products such as 
bricks, crockery, paints, pharmaceuticals, agricultural inputs and natural filters, so it 
is of interest from various areas of knowledge. 

In the Clay Flower scheme (Fig. 1), the interrelationship between clay science 
(clay mineralogy) and related sciences and clay technologies can be observed. 
Clay mineralogy studies the morphology, crystallography, chemistry and physics 
of clay compounds. The knowledge developed by the science of clays subsidizes, 
for example, geology in the understanding of surface processes such as weathering 
and erosion, helping to understand the current dynamics of the landscape, in the 
reconstitution of paleocenes and in the elaboration of future forecasts.

Clay science supports soil science in understanding the genesis and evolution of 
soils, their morphological, physical and chemical attributes, susceptibility to degra-
dation and mass movements. Such knowledge helps in more efficient and sustainable 
uses by engineering, environmental sciences and different industrial sectors, such as 
the oil, chemical, pharmaceutical and space industries. 

The clay composition of an environment depends on the original rock, weathering, 
pedogenesis, stages of stability, transformations and neoformations, highlighting 
the following groups of phyllosilicates: kaolinite-serpentine, talc-pyrophyllite, mica, 
vermiculite, smectite, chlorite and sepiolite—palygorskite. Phyllosilicates can be 
classified according to layer type and charge, interlayer material type, octahedral 
sheet type and chemical composition (Table 1) [5]. Each of these groups has specific 
physical and chemical properties, which will direct them to certain uses.

Proper use requires previous characterization, so in this chapter we will discuss 
the main groups of phyllosilicates, as they are the most common clay compounds, 
as well as their structure, formation, occurrence, mineralogical, physical, chemical 
characteristics and their environmental importance.
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Fig. 1 Clay flower scheme—interrelationships between clay science, related sciences and clay 
technologies

2 Fundamentals, Structure and Properties of Phyllosilicates 

According to the Clay Minerals Society (CMS), clay minerals are phyllosilicates 
and other minerals smaller than 4 microns that give clay plasticity. However, as 
phyllosilicates are the most common clay minerals, our focus will be on them. The 
word phyllosilicate comes from the Greek phylon, which means leaf, because the 
constituents of this group have a flattened habit, basal cleavage and the cleavage 
layers are normally plastic. 

The structures of phyllosilicates are basically formed by the superposition of 
sheets of silicon tetrahedra (SiO4), where three of the four coordinated oxygens are 
shared with neighboring tetrahedra, forming the so-called tetrahedral sheet (T) or 
siloxane (Fig. 2a). Tetrahedral sheets unite with aluminum octahedral sheets of the 
gibbsite (Al(OH)3) or brucite (Mg(OH)2) type (Fig. 2b), giving rise to two families, 
respectively, trioctahedral and dioctahedral.
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Table 1 Classification of phyllosilicates. Source Adapted from [9] and  [5] 

Layer type* Interlayer Group1 Subgroup2 Examples 

1:1 None or only 
H2O 

Kaolinite-Serpentine (x 
~ 0)  

Kaolinite (D) 
Serpentine (T) 

Kaolinite, halloysite 
Chrysotile, lizardite 

2:1 None Talc-Pyrophyllite 
(x ~ 0) 

Talc (T) 
Pyrophyllite 
(D) 

Talc 
Pyrophyllite 

2:1 Unhydrated 
cations 

Mica 
(x ~ 1) 

Mica (T) 
Mica (D) 

Biotite, phlogopite 
Muscovite, illite 

2:1 Hydrated 
exchangeable 
cations 

Vermiculite 
(x ~ 0,6–0,9) 

Vermiculite (T) 
Vermiculite 
(D) 

Vermiculite 

2:1 Hydrated 
exchangeable 
cations 

Smectite 
(x ~ 0,2–0,6) 

Smectite (T) 
Smectite (D) 

Saponite, hectorite, 
sauconite 
Montmorillonite, 
beidellite 

2:1:1 Hydroxide 
blade 

Chlorite 
(x variable) 

Chlorite (T) 
Chlorite (D) 

Clinochlore 
Donbassite 

2:1 
modulada 

H2O Sepiolite-Palygorskite 
(x variable) 

Sepiolite (T) 
Palygorskite 
(D) 

Sepiolite 
Palygorskite 

*Refers to the superposition of tetrahedral and octahedral sheets, described in the following item; 
(1) x = Layer load per unit structural formula based on half unit cell. (2) D = dioctahedral; T = 
trioctahedral

These are simplified models to facilitate understanding, as they are actually more 
complex, as demonstrated by Schulze [50], who identified distortions in models with 
real structures. There are two reasons why real minerals deviate from ideal structures: 

(a) atoms are not hard spheres whose closest approximation is determined only by 
the sum of their radii; 

(b) if one tries to join octahedral and tetrahedral sheets constructed with hard 
spheres, they will not fit together if the spheres representing the oxygen atoms 
touch each other in the octahedral and tetrahedral sheets. A detailed explanation 
can be found on pages 25–26 of [50]. 

The sequence of tetrahedral and octahedral sheets, the existence of ions or 
compounds between the sheets and the isomorphic substitutions determine the exis-
tence of different clay minerals. Clay minerals can be poorly crystallized (allophane) 
or crystalline, and these can be divided into 1:1 and 2:1 minerals. The union between 
the layers that form the phyllosilicates occurs by electrostatic bonds between the O 
and OH ions of adjacent layers in the 1:1 minerals, through cations such as K, Ca and 
Mg, groups or hydroxy-octahedral sheets positioned in the interlayers of minerals. 
2:1 or by van der Waals forces in minerals without net charge [30]. 

Clay minerals 1:1 are the simplest structures in which only a tetrahedral sheet 
(Si2O5)2− (T) is bonded to a sheet of brucite Mg3(OH6) (O) or a sheet of gibbsite
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Fig. 2 Models of Si tetrahedrons and Al and Mg octahedrons. a Tetrahedrons sharing oxygen and 
giving rise to the tetrahedral sheet. b Octahedrons sharing edges and giving rise to the octahedral 
blade. Source Adapted from [23], pp. 43–44

Al2(OH)6 (O), generating a T-O structure. Kaolinite is an example of a 1:1 clay 
mineral where a siloxane sheet (T) joins a gibbsite type sheet (O), another example 
is serpentine, where a siloxane sheet (T) joins a sheet of type brucita (O) [50, 64]. 

The junction of the tetrahedral with the octahedral lamina in 1:1 minerals occurs 
from the positioning of two oxygens corresponding to the vertices of two unshared 
tetrahedra of the siloxane lamina, in the place of the positions of two of the three 
hydroxyls that define faces of the octahedrons in the contact of the octahedral (O) 
with the tetrahedral (T) blade [40, 50, 64]. 

The 2:1 clay minerals are formed by the continuous superposition of two tetra-
hedral sheets for each octahedral sheet, as in the cases of talc and pyrophyllite, 
where in the first case the structure is trioctahedral and in the second dioctahedral. In 
these structures, the octahedral lamina is arranged between two tetrahedrals and the 
coupling occurs by replacing the hydroxyl by oxygen at the apex of the tetrahedrons. 
Of a total of six hydroxyls of each octahedron, either trioctahedral or dioctahe-
dral, four are replaced by the apical oxygens of the tetrahedrons to form the T-O-T 
structures [64].
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Clay minerals 2:1 can be organized into non-expansive and expansive. The expan-
sive capacity of 2:1 minerals and the expansion intensity are related to the layer charge 
and its tetrahedral or octahedral origin [50], that is, it is associated with the location of 
the isomorphic substitution. This explains, for example, the non-expansion of micas, 
the lower expansion of vermiculite in relation to smectite and the lower expansion 
of beidellite when compared to montmorillonite, as it has an isomorphic octahedral 
substitution [49]. According to Kampf and Curi [30], the increase in the charge of 
the layer and its tetrahedral origin facilitate the contraction of the layers at 1 nm by 
intercalation with K, improving the organization and decreasing the number of water 
molecules that can be accommodated in the interlayers. 

Clay minerals 2:1 normally occur in poorly weathered soils and environments 
or from parent materials that contain minerals susceptible to chemical weathering. 
These clay minerals give soils high cation exchange capacity, high plasticity and 
stickiness. 

Physical and chemical characteristics of phyllosilicates are controlled by the struc-
ture of minerals through active sites on the surface of the particles, which interact with 
other substances or with components of the solution in the environment 64. During  
crystal formation, the dominant cation can be replaced by cations with similar ionic 
radius and different charge, configuring the substitution and isomorphic and giving 
rise to net charges. 

In the formation of tetrahedra, for example, Si+4 can be replaced by Al+3, or in the  
constitution of octahedra, Al+3 can be replaced by Mg+2 or Fe+2, creating negative 
electrical charges on the mineral surface. When Al+3, for example, replaces Mg+2 

or Fe+2 at octahedral sites, positive electrical charges are generated. Charges arising 
from isomorphic substitutions are permanent, independent of pH. 

The electrical charges generated by isomorphic substitution produce very impor-
tant surface phenomena, such as cation exchange capacity (CEC). The CEC of soils 
plays a fundamental role in the balance of the environment, which is the retention 
and availability of nutrients for the plants. The anion exchange capacity (AEC) is 
another important phenomenon originated through isomorphic substitutions, which 
together with the CTC will mediate control processes (retention and availability) of 
ions in the environment. 

There are electrical charges generated on the surface of minerals that are vari-
able, but these are not related to isomorphic substitution. They result from reactions 
between H+ and O2− ions existing on the surface of mineral particles and commonly 
occur between clay minerals 1:1, Fe and Al oxides, humus and soil solution, varying 
according to pH. Table 2 summarizes the origin of negative and positive electrical 
charges in phyllosilicates.

The phyllosilicates strongly influence the physical and chemical properties of 
sediments and soils, because they are small particles, have high specific surface and 
cationic and anion exchange properties. Therefore, they are important for under-
standing many environmental processes and applying strategies for remediation, 
restoration and environmental control. 

The discovery in the early 1920s that clays are crystalline was key to understanding 
many of the properties of soils and clays. The crystal structures of phyllosilicates
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Table 2 Origin of negative and positive electrical charges in phyllosilicates 

Constant electrical charges (Negatives) Variable electrical charges (Positives and 
negatives) 

They result from ionic substitutions of Si for Al 
or of Al for Mg or Fe(II) in the crystal structure 

They result from reactions between H+ and 
O2− ions existing on the surface of mineral 
particles 

Occurs only in 2:1 minerals and allophanes Occurs in clay minerals 1:1, humus, and Fe 
and Al oxides 

Not influenced by environmental conditions or 
pH dependent 

They are influenced by the conditions of the 
environment and dependent on pH 

Internal origin and are always negative External origin and can be negative or 
positive

define the different mineral species and are responsible for many of their unique 
properties [50]. The structural schemes, physical and chemical characteristics and 
environmental importance of these minerals are discussed in the following items. 

3 Major phyllosilicate Groups 

The weathering of minerals and phyllosilicates releases nutrients to plants, which are 
retained by other minerals through adsorption, cation exchanges and precipitation 
[50]. Clay minerals are weathering indicators, as the presence or absence of specific 
minerals give clues about the genesis and dynamics of the environment, such as soil 
formation, dissolution, pollutant concentration, adsorption, absorption or dispersion 
of nutrients. 

The physical and chemical characteristics of clay minerals are also important for 
urban planning, construction and maintenance of buildings, roads and airports. They 
are inputs for industry, in addition to being used to adsorb organic and inorganic envi-
ronmental pollutants, attenuating their movement in the environment or preventing 
their absorption by plants [30, 50]. Knowing phyllosilicates, their influence on 
soils and interactions with fungi, bacteria and plants is essential for the creation of 
phytoremediation strategies and recovery of degraded areas [1, 2, 3, 4, 42, 47]. 

Schulze [50] points out that some minerals are pollutants themselves and can cause 
serious environmental problems when exposed to weathering. Therefore, under-
standing phyllosilicates is also often the key to solving environmental problems. 
Next, the main classes of phyllosilicates are presented, highlighting their physical, 
chemical, structural characteristics, genesis and environmental importance.
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3.1 Kaolinite-Serpentine Group 

The kaolinite-serpentine group is composed of two subgroups: (a) kaolinite 
subgroup—composed of dioctahedral minerals, mainly kaolinite and halloysite; (b) 
serpentine subgroup—composed of trioctahedral minerals, mainly chrysotile and 
antigorite (Table 1). 

Kaolinite is a phyllosilicate formed by a sheet of siloxane (T) joined to a sheet 
of the type gibbsite (O), structure 1:1, it is presented in the form of plates due to 
the stacking one above the other of the sheets T-O. Kaolinite is dioctahedral and 
contains Al3+ at octahedral sites and Si4+ at tetrahedral sites (Fig. 3). The 1:1 layer 
is electrically neutral, and the adjacent layers are held together by hydrogen bonds 
between the basal oxygens of the tetrahedral sheet and the surface plane hydroxyls 
of the adjacent octahedral sheet [50]. 

Kaolinite has a basal spacing of 0.72 nm, chemical composition Al2Si2O5(OH)4, 
the specific surface area varies from 10 to 20 m2 g−1, and the cation exchange 
capacity varies from 3 to 15 cmolcdm−3 (Table 3), being pH dependent because of 
the hydroxyls along the edges of the mineral. Depending on the H+ or OH− of the 
soil solution or the environment, hydroxyls can be protonated or deprotonated and 
give rise to positive or negative charges, reflecting, respectively, the anion exchange 
capacity or cation exchange capacity [40].

Kaolinite can form in soils from Al and Si released by the weathering of primary 
and other secondary minerals, such as feldspars from igneous rocks. In addition, it can 
be inherited from other soil source materials, such as sedimentary rocks. Kaolinites 
extracted from mineral deposits are widely used in industrial applications, such as 
fillers for plastics, ceramics and paper coatings [50]. 

The 1:1 layer has little or no permanent charge due to the low amount of substi-
tution in the tetrahedral or octahedral sheets, and most kaolinites are close to ideal 
for the formula Al2Si2O5(OH)4. Therefore, exchange capacities and surface areas

Fig. 3 Schematic of the structure of kaolinite. Source Adapted from [23, p. 46] 
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Table 3 Cation exchange capacity (CEC) and specific surface of materials (SS) 

Phyllosilicates CEC (cmolcdm−3) SS (m2 g−1) References 

Vermiculite 115–250 ~800 [21, 38] 

Smectite 50–160 600–800 [11, 48] 

Chlorite 10–40 26–45 [30, 32] 

Illite 5–15 * [30, 58] 

Palygorskite 
Sepiolite 

5–30 
20–45 

~800–900 [55] 

Kaolinite 3–15 10–20 [9, 23, 40, 50, 62] 

Talc-pyrophyllite ~2 ~10–43,7 [65] 

*Information on illite specific surface (SS) is scarce and existing information is not consistent for 
soils

are low, giving soils low chemical fertility when compared to soils dominated by 
2:1 clay. Kaolinite is a common mineral in soils, being normally abundant in highly 
weathered soils, such as Ultisols and Oxisols [50]. 

Kaolinites interfere with several physical and chemical processes in soils, such 
as aggregate formation, increased porosity, water retention, drainage, cation and 
anion exchange reactions, among others [40]. In hypoferric soils, kaolinites are 
associated with the formation of block structure and cohesive horizons present in 
soils developed from the Barreiras Formation, a geological unit found throughout 
the Brazilian coast [44]. 

The cohesive horizons developed in soils of the Barreiras Formation are dense 
subsurface horizons, which are hard when dry and friable when wet. This behavior 
is probably due to the transport of small kaolinites from the surface horizons of soils 
and subsurface precipitation, and the mechanisms involved in the process are detailed 
in the works of [17] and [44] (Fig. 4). 

Halloysite has a similar crystallographic structure to kaolinite; however, the 
1:1 sheets are separated by a layer of H2O molecules (Fig. 5) and generally

Fig. 4 SEM photomicrograph of kaolinite in a cohesive horizon 
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occur as tubular or spherical particles. Halloysite is usually found in soils formed 
from volcanic deposits (volcanic ash and obsidian) such as Andisols. Halloysite is 
formed at the beginning of the weathering process, being less stable than kaolinite, 
transforming into it over time [50]. 

The phyllosilicates of the kaolinite subgroup perform important environmental 
functions, as summarized in Table 4 in final considerations. In soils, they are respon-
sible for several physical and chemical processes that interfere, for example, in the 
formation of aggregates, especially subangular ones, and in the increase in porosity, 
they are responsible for retaining anions at acidic pH and cations at high pH and 
have the possibility of retaining nitrates at acidic pH.

Fig. 5 Schematic of the structure of kaolinite and halloysite. Source Adapted from [51] 
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Table 4 Environmental importance of phyllosilicates 

Phyllosilicates Environmental importance References 

kaolinite and 
halloysite 

Retention of anions at acidic 
pH and cations at high pH; 
possibility of retention of 
nitrates in acidic pH; greater 
physical stability, less plasticity, 
greater water retention capacity, 
confers less erodibility to the 
soil, low expansion/contraction 
capacity, less dispersibility, 
weak sorption and less metals 
when compared to 
phyllosilicates 2:1, when 
associated with iron oxides can 
favor the sorption of metals and 
anions, can be used to adsorb 
radionuclides, such as Cs and 
Ra, as well as oil residues from 
oil extraction, spills and other 
disasters in the marine 
environment; can be used to 
mitigate problems related to 
hazardous organic pollutants 
even in small concentrations, 
such as phenols; they have a 
lower ability to buffer 
acidification when compared to 
smectites, the interaction 
between kaolinite, iron oxides 
and organic matter (SOM) 
favors a decrease in the rate of 
SOM decomposition, favors the 
adsorption of organic 
molecules; are good 
environmental indicators, 
especially in more weathered 
environments 

[8, 12, 16, 19, 27, 29–31, 37, 50, 56, 60, 62] 

Serpentine As they are formed from the 
weathering of ultramafic rocks, 
their presence together with the 
predominance of magnesium in 
the exchange sites can hinder 
calcium adsorption and plant 
development, as well as 
concentrate high levels of 
heavy metals 

[30, 62]

(continued)
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Table 4 (continued)

Phyllosilicates Environmental importance References

Talc and pyrophyllite They are sources of potassium 
(K), non-expandable, soft and 
have poor cohesion. They are 
rare in soils, but when present 
they indicate that the soil is 
poorly weathered. They are 
soft, foliated morphology, 
inertia, purity, whiteness, high 
melting point, high thermal 
conductivity and low electrical 
conductivity and low chemical 
reactivity 

[30, 50, 65] 

Mica Most common sources of 
potassium (K) in soils; its 
alteration can generate 
vermiculite, smectite and 
interstratified, which are also 
macronutrient reserves; can be 
used to adsorb radionuclides, 
such as Cs and Ra, as well as 
oil residues from oil extraction, 
spills and other disasters in the 
marine environment 

[30, 35, 41, 50, 54, 58] 

Vermiculite Increases the cation exchange 
capacity of the soil; adsorbs 
radionuclides and heavy metals, 
such as Cs, Ra and Cu; 
selectively adsorbs cations 
preferentially K+, NH4 

+, Rb+ 

and Cs+; favors cationic 
exchange of ions that have high 
hydration energy, such as Ca+2 

and Mg+2 

[30, 38] 

Smectite They confer high fertility to the 
soils; organic compounds 
adsorption, herbicides and 
pesticides; enhanced anionic 
polymer adsorption; it has a 
high potassium (K) fixation 
potential; high potential for 
fixing toxic elements, such as 
heavy metals; are very useful in 
waste dumps when used 
properly, especially due to their 
high expansion pressure, low 
hydraulic conductivity and high 
CEC 

[18, 30, 33, 34, 48, 50, 53, 57]

(continued)
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Table 4 (continued)

Phyllosilicates Environmental importance References

Chlorite It is capable of adsorbing heavy 
metals and radioactive elements 
such as Cr and Cs; has 
selectivity for cations with low 
hydration energies, such as K+, 
NH4 

+ e Rb+ 

[32] 

Sepiolite-Palygorskite Used as gelling agents to keep 
other solids in suspension; in 
oil well drilling; in 
asphalt-based coatings, sealing 
and paving; in the handling and 
distribution of liquid fertilizers; 
as oil adsorbents; for 
pharmaceutical purposes; as 
supports for biocides; for 
absorption and adsorption of 
animal waste; to cover the floor 
of herd-carrying wagons 

[30, 55] 

The phyllosilicates of the kaolinite subgroup provide greater physical stability, 
less plasticity, greater water retention capacity and less soil erodibility. They have 
low expansion/contraction capacity, lower dispersibility, weak sorption and lower 
capacity to buffer acidification when compared to 2:1 phyllosilicates, such as smec-
tite. When associated with iron oxides, kaolinitic minerals can favor the sorption of 
metals and anions; in addition, it can favor the reduction of the decomposition rate 
of organic matter. 

Minerals from the kaolinite family are good indicators of hot and humid 
environments, especially kaolinite. In addition, they can be: 

(a) used in the recovery of degraded areas and/or contaminated by heavy metals 
and organic compounds [16, 22, 29, 37, 60], 

(b) in the adsorption of oil residues from oil extraction, spills and other disasters in 
the marine environment [6, 19, 56] and, 

(c) as physical and chemical barriers against emerging pollutants such as microplas-
tics (MPs), already commonly identified in the atmosphere, lakes, rivers, seas, 
glaciers, living beings and in the soil-groundwater system. 

As phyllosilicates are important components of the soil-groundwater system, [63] 
performed an experiment on the mobilization of MPs, notably polystyrene nanopar-
ticles in quartz sand mixed with kaolinite, montmorillonite and illite on the mobility 
of MPs in groundwater and suggest that kaolinite has a greater effect on inhibiting 
the mobility of MPs, but montmorillonite and illite also play this role. This is because 
the change in ionic strength can change the surface charge of MPs and clay minerals, 
affecting the interaction energy. The findings of [63] can help to understand the trans-
port mechanisms of microplastics in porous media and provide subsidies to simulate 
microplastic contamination in groundwater.
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In recent decades, many hazardous and toxic organic pollutants have been detected 
in soils, surface waters, groundwater and even drinking water, arising from conven-
tional or emerging activities and products, such as additives incorporated into MPs. 
Additives are chemical products that have heavy metals added to the plastic to color, 
provide transparency, improve mechanical, thermal and electrical resistance and 
degradation by ozone, light radiation, mold, bacteria and moisture and include inert 
or reinforcing fillers, plasticizers, antioxidants, ultraviolet light stabilizers, lubri-
cants, dyes and flame retardants [26]. Such additives and the degradation of organic 
compounds that make up MPs can pose a threat to human health, some of them even 
in low concentrations, such as phenolics. 

Phenolics are chemicals that pose a threat to human health even in low concentra-
tions and can enter the human body through the skin or esophagus and cause damage 
to the protein structure of our body [7, 36, 66]. 

According to Senthilvelan et al. [52], 700 million tons of phenol are produced 
annually as a raw material in the petroleum and chemical industries. That’s why 
we need to develop technologies for the efficient treatment of wastewater to protect 
ourselves. Wang et al. [60] developed a new low-cost carbon catalyst that is efficient 
in removing phenol from the carbonization of halloysite at different temperatures 
(600, 700, 800 and 900 °C), showing the importance of this group of phyllosilicates 
in the environmental area. 

The abundance, geochemical stability and physical and chemical characteristics 
of clay minerals from the kaolinite family favor their use in the biogeoengineering 
industry applied to environmental management, which includes the development and 
application of techniques for area recovery and contaminant control, as well as such 
as monitoring environmental resources such as soil and water. 

The serpentine subgroup consists of 1:1 trioctahedral phyllosilicates, similar in 
structure to kaolinite but containing a variety of cations in the octahedral sheet, 
such as Fe II, Fe III, aluminum, magnesium, manganese, nickel and zinc. Serpentine 
normally occurs in large grains, but appears as small plaques and fibrous structures, 
as is the case with chrysotile, widely used in the past as a constituent of asbestos, a 
carcinogenic material [62]. 

The serpentine subgroup minerals do not have a significant permanent charge, so 
it is inferred that the cation exchange capacity is mainly due to the variable charge 
at the edges of the crystals and the values are similar to those of kaolinite. 

The serpentines are formed from the weathering of ultramafic rocks, so it can 
favor the concentration of heavy metals in the soil. The presence of minerals from 
this subgroup has a predominance of magnesium in the exchange sites, which hinders 
calcium absorption and impairs plant development. They are indicators of poorly 
weathered soils and have several environmentally unfavorable characteristics, such 
as occurrence in shallow soils that are more prone to erosion [30, 62].
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3.2 Talc and Pyrophyllite 

The talc-pyrophyllite group is composed of two subgroups: (a) talc subgroup— 
composed of trioctahedral minerals, mainly talc; (b) pyrophyllite subgroup— 
composed of dioctahedral minerals, mainly pyrophyllite (Table 1). The simple struc-
tures of talc and pyrophyllite are good starting points for discussing the structures of 
2:1 phyllosilicates (Fig. 6). 

Talc and pyrophyllite consist of 2:1 layers stacked on top of each other, with 
the former having Mg2+ at the octahedral sites and the latter having Al3+ at the 
octahedral sites. The tetrahedral sheets of both minerals have only Si4+, the talc 
formula being Mg3Si4O10(OH)2 and from pyrophyllite Al2Si4O10(OH)2 [50]. In both 
subgroups, the charges are balanced within the 2:1 layer, making them electrically 
neutral. Adjacent 2:1 layers are held together by weak van der Waals forces, which 
can be easily separated, which explains their tendency for prominent basal cleavage, 
high softness, and low hardness (from 1 to 2) on the Mohs scale. 

They have a basal spacing of 0.92–1.0 nm, specific surface area of ~10 to 43.7 
m2 g−1 and very low cation exchange capacity (~2cmolcdm−3) (Table 3). Only the 
edges of the layers provide potentially reactive sites, which are pH dependent and 
also influenced by particle size. The ions (cations and anions) that bind to the edges 
of talc-pyrophyllite probably do so through a specific adsorption (chemisorption) or 
inner sphere binding mechanism [65]. 

Talc and pyrophyllite are used industrially as ingredients in paints, ceramics, 
plastics, papers and cosmetics, so when they are found in river and estuarine envi-
ronments, they are indicators of industrial activity, if there is no proximal geological 
source [50].

Fig. 6 Schematic of the structure of talc-pyrophyllite. Source Adapted from [51] 
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The most important physical and chemical characteristics of talc-pyrophyllite 
are softness, foliated morphology, inertia, purity, whiteness, high melting point, high 
thermal conductivity, low electrical conductivity and low chemical reactivity, because 
they are practically electronically neutral [65]. They are non-expansive sources of 
potassium (K), rare in soils, but when present, they indicate that the soil is poorly 
weathered [30]. 

3.3 Mica 

The mica group is composed of two subgroups, one composed of trioctahedral 
minerals, mainly represented by biotite and phlogopite, and the other composed 
of dioctahedral minerals, represented by muscovite and illite (Table 1). Mica have 
the 2:1 layer structure described for talc and pyrophyllite (Figs. 7, 8 and 9), but with 
two important differences, according to [50]: 

Fig. 7 Schematic of the structure of muscovite. Source Adapted from [23], p. 66
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Fig. 8 Structural scheme of dioctahedral mica. Source Adapted from [51] 

Fig. 9 Photomicrograph of biotite. Images kindly provided by Gileno Moreira dos Santos 

(a) instead of having only Si4+ at the tetrahedral sites, a quarter of the tetrahedral 
sites are occupied by Al3+. Because of this substitution, there is an excess of 
one negative charge per formula unit in the 2:1 layer; 

(b) excess negative charge is commonly balanced by K+, which occupy intermediate 
sites between two 2:1 layers. Therefore, the ideal formula for a mica mineral 
with Al at the octahedral sites is KAl2(AlSi3)O10(OH)2. 

Mica can be dioctahedral or trioctahedral, because Fe2+ and Fe3+ can replace Mg2+ 

and Al3+ in the octahedral sheet and Na+ and Ca2+ can replace K+ in the middle layer 
[58]. Mica in soils is inherited from the parent rock, usually those derived from 
igneous or metamorphic rocks or from sediments derived from these rocks. 

Muscovite, biotite and phlogopite are the most common minerals, and all have K+ 

in the middle layer; however, they differ in the composition of the octahedral sheet
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and whether they are di- or trioctahedral [50]. In soils, the most common micas are 
muscovite and illite, because the dioctahedral ones are more resistant to weathering. 

Mica has a basal spacing of the layer+interlayer (structural unit) of 1.0 nm, high 
specific surface area (between 65 and 100 m2 g−1) and low cation exchange capacity 
of the clay fraction (illite), between 5 and 15 cmolcdm−3 (Table 3). Values of up to 40 
cmolcdm−3 reported for illite and glauconite in the literature are due to inter-bedding, 
mainly of illite-smectite [30]. 

Mica are environmentally significant because they are the most common sources 
of potassium (K) in soils, in addition to being sources of Fe (II) and because they 
facilitate the fixation of weakly hydrated cations, such as NH4 

+, Rb+ and radionu-
clides such as Cs+ [58]. Mica weathering can generate vermiculite and smectite. 
When present in soils, they may indicate that they are poorly weathered. Micaceous 
minerals, such as illite, can also be used to inhibit the mobility of MPs [63]. 

3.4 Vermiculite 

The vermiculite group is composed of two subgroups, one trioctahedral and the 
other dioctahedral (Table 1). Vermiculite has a similar 2:1 layer structure to mica, 
but instead of having a layer charge of ~1 per formula unit and K+ at interlayer 
positions, it has a layer charge of 0.9–0.6 and contains cations, mainly Ca+2 and 
Mg+2, in the middle layer (Fig. 10) [38].

It has the ability to expand in water like smectite, but not as extensively 
because of the presence of only two planes of water molecules surrounding the 
hydrated cations in the interlayer space. It has the following ideal formulas: 
(a) trioctahedral vermiculite: [nH2O, Mgx(Mg3) (Si4-xAlx)O10(OH)2]—originated 
from the transformation of biotite; (b) dioctahedral vermiculite: [nH2O, Mgx(Al2) 
(Si4-xAlx)O10(OH)2]—originated from the transformation of muscovite [30]. 

The high charge per formula unit gives vermiculite a high cation exchange capacity 
(CEC), ranging from 115 to 250 cmolcdm−3 [21] and the specific surface around 
~800m2 g−1 [38]. They have the ability to selectively adsorb cations with low hydra-
tion energy, such as K+, NH4 

+, Rb+ e Cs+. In addition, it favors cationic exchange of 
ions that have high hydration energy, such as Ca+2 e Mg+2. 

Vermiculite in soils is believed to form almost exclusively from the weathering of 
micas and chlorites. The weathering of micas to vermiculite (or smectite) probably 
occurs by substitution of K+ at the interlayer sites by hydrated exchangeable cations. 
The integrity of the 2:1 layer is preserved, but there is a reduction in layer load [50]. 

Vermiculite plays an important role in regulating nutrient dynamics for plants, 
sometimes even acting as a source or sink for various elements. Due to its high cation 
exchange capacity (CEC) together with the ability to fix certain ions, it is suitable for 
removing contaminants, including heavy metals, radionuclides and grounded nuclear 
waste [20, 38, 59].
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Fig. 10 Schematic of dioctahedral vermiculite and smectite structural units with interlayer hydrated 
cations. Source Adapted from [51]

Its ability to expand and exfoliate at high temperatures makes it useful in 
many industrial applications such as horticultural potting media, thermal insulation 
materials, soil conditioners and substrates [38, 50]. 

3.5 Smectite 

The smectite group is composed of two subgroups, one composed of trioctahedral 
minerals, mainly represented by saponite, hectorite and sauconite, and the other 
composed of dioctahedral minerals, represented by montmorillonite and beidellite 
(Table 1). The smectite group consists of 2:1 minerals (Fig. 11), with an intermediate 
layer containing exchangeable cations and a charge ranging from 0.6 to 0.25.

Dioctahedral smectites are more common in soils than trioctahedral ones, the 
main representatives being montmorillonite, beidellite and nontronite, which differ 
in tetrahedral composition and in octahedral sheets [48]. Smectites do not fix K+ 

as readily as vermiculite because they have a lower layer charge; however, they are 
more expansive [50]. 

Smectites contract when dry and expand when wet, leading to cracking and 
displacement problems when houses, roads and other structures are built on smectitic
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Fig. 11 Schematic of the structure of montmorillonite. Source Adapted from [23], p. 56

soils such as Vertisols [50]. As the expansive capacity of 2:1 minerals and the intensity 
of this expansion are related to the charge of the layer and its tetrahedral or octahedral 
origin, this explains why montmorillonite is more expansive than beidellite, as it has 
an isomorphic octahedral substitution. 

Due to high specific surface area (600 a 800 m2 g−1), its adsorptive properties and 
high cation exchange capacity (47 a 162 cmolcdm−3) (Table 3), smectites are used 
as catalysts, adsorbents for spills of liquid substances and oils, as sealants for ponds 
and wells, in drilling fluids for oil wells and in landfill linings [50]. 

The smectite group has important implications for agriculture, engineering and 
environmental purposes, as they are expansive, the specific surface area and the cation 
exchange capacity are high [48]. Therefore, they provide good soil fertility, are good 
reservoirs of macronutrients, adsorb organic compounds, herbicides, pesticides, have 
a high potential for fixing potassium (K) and a high potential for fixing toxic elements, 
such as heavy metals.
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The high expansiveness of the smectite group, especially montmorillonite, can 
hinder agricultural uses and management and their use as borrowing materials for the 
construction of roads, buildings and houses, for example. They can present geotech-
nical risks, such as cracks and ruptures in engineering works; however, they are very 
useful in waste deposits when used properly, especially due to their high expansion 
pressure, low hydraulic conductivity and high CEC. 

Recent research also points out that smectites can be used to inhibit the mobility 
of emerging contaminants, such as PMs and contaminants associated with them [63]. 

3.6 Chlorite 

The chlorite group is composed of two subgroups, one composed of trioctahedral 
minerals, mainly represented by clinochlore, and the other composed of dioctahedral 
minerals, represented by donbassite (Table 1). 

Chlorite has a 2:1 layer structure with excess negative electrical charge, the 
excess charge being balanced by a positively charged interlayer hydroxide sheet 
[32] (Fig. 12). Any octahedral sheet, whether part of the 2:1 layer or the hydroxide 
interlayer, can be di- or trioctahedral and contain Mg2+, Fe2+, Mn2+, Ni2+, Al3+, Fe3+ 

e Cr3+, giving rise to different types of minerals [50].
The union between the 2:1 layer and the hydroxide layer occurs through hydrogen 

bonding, resulting in a fixed basal spacing of 1.4 nm. As they do not expand, they 
have a low specific surface (26–45 m2 g−1) [32] and the cation exchange capacity 
between 10 and 40cmolcdm−3 (Table 3) [30]. Part of the CEC is pH dependent 
and is associated with Al(OH)3 groups at the edge of the minerals. Chlorite group 
minerals are rare in soils, and when they occur, they are inherited from metamorphic 
rocks, igneous rocks or hydrothermally altered sediments. Chlorite group minerals 
transform into vermiculite and smectite and are sensitive to chemical weathering [50]. 

Chlorite has aroused environmental interest because it is capable of adsorbing 
heavy metals and radioactive element ions, such as chromium and cesium. In addition, 
it has selectivity for cations of low hydration energies, such as K+, NH4 

+ e Rb+, 
and can adsorb anions at the exposed edges of the mineral, because they generate 
pH-dependent charges. 

3.7 Sepiolite and Palygorskite 

The sepiolite-palygorskite group is composed of two subgroups, the sepiolite, which 
is trioctahedral, and the palygorskite, which is dioctahedral (Table 1). Sepiolite and 
palygorskite minerals are considered phyllosilicates, but are structurally distinct from 
typical 1:1 and 2:1 layer structures in that they have continuous tetrahedral sheets, 
but with adjacent bands of tetrahedra within a tetrahedral sheet that point in two
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Fig. 12 Schematic of the structure of chlorite. Source Adapted from [23], p. 70

opposite directions. Water molecules occur in the spaces between the leaves, with 
the 2:1 leaves being wider in sepiolite than in palygorskite [50]. 

Sepiolite is a low aluminum trioctahedral magnesium silicate with ideal formula 
Si12Mg8O30(OH)4(OH2)4.8H2O, while palygorskite is intermediate between di- and 
trioctahedral, with ideal formula Si8Mg5O20(OH)2(OH2)4.4H2O [55], and having 
equal proportions of Al and Mg [30]. Minerals have low CEC, ranging from 5 to 30 
cmolckg−1 to the palygorskite and from 20 to 45 cmolckg−1 to the sepiolite [55],both 
have high specific surface (Table 3). 

They are mostly found in soils in arid and semi-arid environments, have a fibrous 
morphology and apparently consist of aggregates or bundles of thin laths, oriented
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in parallel and with a width of 10–35 nm and a thickness of 5–10 nm [55]. Due to 
their fibrous morphology, the suspension of these clays can form thick gels even at 
low concentrations of solids. Therefore, they are used industrially as gelling agents 
to keep other solids in suspension [50]. 

Sepiolite and palygorskite can also be used as thixotropic agents in oil well drilling 
in saline regions, for asphalt-based coatings, sealing and paving, in the handling and 
distribution of liquid fertilizers, as oil adsorbents, and for pharmaceutical purposes, 
as substrate primers for biocides, for absorption and adsorption of animal excrement 
and for covering the floor of cattle transport wagons. 

4 Final Considerations 

The physical and chemical characteristics of phyllosilicates play important roles in 
the dynamics of the environment, as expressed throughout the chapter. The knowl-
edge of such properties can favor their use to stop or mitigate the contamination of 
degraded areas by different types of substances, whether organic, mineral or radioac-
tive. A summary of the environmental importance of phyllosilicates is presented in 
Table 4. 

The table summarizes the importance of phyllosilicates in environmental manage-
ment and, in a way, signals the importance of expanding research to improve the 
techniques that use them as absorbing and adsorbing agents for contaminants. New 
horizons are approaching, signaling the importance of deepening knowledge about 
phyllosilicates and other clay minerals as actors to safeguard the environment. 
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Computational Chemistry Tools 
for Atomic Level Investigation of Clay 
Composites 

Francesco Ferrante 

Abstract The most common computational methods used for the investigation of 
molecular and periodic systems will be briefly described, with particular emphasis 
on those approaches that could be employed for the study of clay structures at the 
atomistic level. The first part of the chapter is mainly dedicated to the conceptual 
basis of density functional theory and its implementation for molecular and periodic 
systems. The tight binding approximation to density functional theory and its modern 
variants, particularly suitable for atomistic studies of large systems, is treated as well. 
Classical molecular mechanics and molecular dynamics methods, as well as the defi-
nition of force fields suitable for clay materials, are shortly discussed. In the second 
part, case studies of application of computational approaches for the characterization 
of structures and properties of clay materials (in particular, the halloysite nanotube) 
are reported. 

Keywords Density functional theory · Exchange–correlation functionals ·
Geometry optimization · Density functional tight binding · Molecular dynamics ·
Force fields · Halloysite nanotubes 

1 Introduction 

The extraordinary evolution of computational methods [1, 2], in particular those 
based on Density Functional Theory (DFT), combined with the power and technology 
of modern computers, as well as with the implementation of efficient algorithms into 
optimized codes, allows today the atomistic level investigation of systems having 
dimensions that were unimaginable even twenty years ago [3, 4]. Despite all this, 
those who want to study complex systems with a certain degree of confidence still 
must face many challenges, the first of them being to gain the experience needed 
to discriminate reliable computational results from useless numbers. Clearly this
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experience cannot be acquired by merely reading this chapter, but I hope it will still 
be a pleasant reading that can stimulate the interested scientists to deepen the many 
aspects and formalisms that will be just mentioned, so that, if he/she wants, he/she can 
use them in the context of his/her own research or to better understand the research 
of others in this constantly evolving field. In what follows, after a brief introduction 
to the definition and calculation of molecular properties, to wave function-based 
computational methods and to the concepts behind density functional theory, some 
emphasis will be given to the computational approaches that can be used for the 
investigation of large systems, which could be of particular interest for the material 
scientists. 

2 The Energy and the Born–Oppenheimer Surface 

In the Born–Oppenheimer approximation, the total energy of a molecular system 
formed by N electrons and M nuclei is given by the energy of its electronic state plus 
the Coulomb repulsion energy between its nuclei 

E({R}) = Eel(N, {R, Z}) + 
ME

A=1 

ME

B>A 

ZAZB 

|RA − RB| , (1) 

where ZI is the atomic number of nucleus I and atomic units are used. The value of the 
molecular energy depends on the position in space of all its nuclei, {R}, i.e., what we 
commonly call the molecular geometry; Eq. (1) defines thus a hypersurface, known 
as Born–Oppenheimer (BO) potential energy surface, which forms not only the basis 
for the calculation of (not too exotic) molecular properties, but also the scenario from 
where extremely important chemical concepts originate, including just the concept 
of molecular geometry. 

Years of research have shaped the abstract chemical intuition: Chemists can get 
an idea of the geometry even for the weirdest compounds. Unfortunately, an idea is 
not enough in order to calculate the vast majority of chemical and chemico-physical 
properties of molecular species; for this the researcher needs the exact values of 
distances, plane, and dihedral angles between the atomic nuclei in the molecule, 
where the “exact” term was used with the meaning “accurate enough, such that a 
larger accuracy does not affect the conclusion”. As a matter of fact, the first thing 
to do before tackling any calculation is to find the possible molecular geometries. 
In practice, by starting from some educated guess of the geometry, which corre-
sponds to a point in the BO surface, one can find the stationary point in the surface 
which is closer to that guess. If this point is a local or global minimum, a molecular 
conformation was achieved; a stationary point of the first order (a maximum along 
one direction, a minimum along all the others) is interpreted as a transition state 
(TS), while still no conventional meaning has been given to higher order stationary 
points. The search for minima and TSs is conceptually simple: they are points of
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the surface where no resulting forces act on the nuclei, so one can merely find those 
points where the nuclear gradients of the energy (1) are below a certain threshold 
close to zero. The algorithm, called geometry optimization, proceeds according to 
the flowchart reported in Fig. 1: the energy is calculated in the point {R} corre-
sponding to the geometry starting guess, followed by the calculation of the nuclear 
gradient on the same point; if the gradient along all directions of minimization is 
smaller than a predefined value, the geometry is optimized; otherwise, the geom-
etry is relaxed following the information on the forces acting on the nuclei obtained 
from the gradients and a new iteration starts. Once an optimized molecular geometry 
has been achieved, one must be sure that the nature of the stationary point is the one 
searched for. This information is readily given by the nuclear Hessian, i.e., the matrix 
of the second derivatives of the energy with respect to the nuclear coordinates: if the 
Hessian is definite positive, the geometry is a minimum on the BO surface; if the 
Hessian has only one negative eigenvalue, the stationary point is a transition state. 
Once calculated the Hessian, the harmonic vibrational normal modes’ frequencies 
are available, which have a three-fold role: (i) must be used to add the zero-point 
vibrational energy (EZPV) to the molecular energy (1); (ii) can be used to simulate the 
IR spectrum of the investigated molecule (IR intensities are easily obtained); and (iii) 
can be used to calculate the vibrational partition function (QV), which together with 
the translational and rotational ones (QT, QR) allows to evaluate the absolute values 
of the thermodynamic quantities of formation, referred to the ideal state where all the 
nuclei and all the electrons forming the molecule are at infinite distance ones from 
the others. The value of EZPV in the case of TSs is used to estimate the activation 
energy barrier of the elementary steps of chemical reactions, that could be trans-
formed to rate constants by means of the Eyring model (but beware of large error 
propagation). Those listed here and reported in Fig. 1 are only routinary molecular 
properties available from calculations; many others can be obtained as derivative of 
the molecular energy with respect to a perturbing physical entity.

Needless to say that, in order to use Eq. (1) for the calculation of molecular 
properties, one must have some way to evaluate the energy of, at least, the ground 
electronic state of the system: this is just the problem that quantum chemistry aims 
to solve. 

3 A (Very) Brief Survey of Wave Function-Based Methods 

The elementary unit of modern computational methods based on the wave function 
is the Slater determinant (SD); it is the determinant of a matrix whose elements are 
monoelectronic functions called spinorbitals, each spinorbital being the product of 
a molecular orbital and a spin function. For an N-electron system, a SD is formed 
by N occupied spinorbitals, with the electron label representing the row indexes and 
the spinorbital label representing the column indexes of a matrix. 

In the Full Configuration Interaction (FCI) method, the wave function is written as 
a linear combination of all the unique, same-spin, same-symmetry NxN SDs which
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Fig. 1 Flowchart representing the cycle of the geometry optimization algorithm and the subsequent 
calculation of routine molecular properties

can be obtained by distributing N electrons in K spinorbitals. If K tends to infinity, 
the FCI wave function tends to the exact solution of the Schroedinger equation, and 
the associated energies would represent the exact non-relativistic energy values of 
the electronic states for the investigated system. Due to the extremely unfavorable 
scaling of the FCI computational cost with respect to N and K, up to date this method 
can be applied to nothing but the smallest molecules (diatomics of the first period 
elements) and it is commonly used as benchmark for approximated approaches. 
There are essentially two ways to obtain approximations to the FCI wave function. 
In the first series of methods, the number of electrons and of spin orbitals to which the 
FCI is applied is reduced by the appropriate definition of an active space (CAS-based 
methods); in the second, which includes historical methods like CISD, the number 
of determinant is reduced instead by truncation of the FCI expansion. One of the 
approaches with the largest accuracy/cost ratio, the CCSD(T) method, is within this 
second series; it is based on the so-called coupled cluster ansatz and is dubbed as 
the golden rule of computational chemistry. In this second series, we can find also
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the most drastic approximation, the Hartree–Fock (HF) method, according to which 
the wave function is expressed as a single SD. The method due to Douglas Hartree 
and Vladimir Fock is essentially the “father” of all ab initio approaches, and even 
if it is described here as an approximation to FCI, it is actually the method which 
gives the reference SD upon which all other approximations to FCI are constructed. 
Due to its monodeterminantal nature, which essentially means that the wave function 
is a antisymmetrized product of monoelectronic functions, the HF method suffers 
of the mean field approximation, where electrons’ motion is not correlated (the 
probability of finding an electron in a certain point of the space does not depend 
on the probabilities associated to the other electrons); the difference between the 
exact non-relativistic energy and the HF one, always negative, is called correlation 
energy. HF method can be applied to very large systems (hundreds of atoms) but, 
because of the lacking of electron correlation, the HF results have an accuracy that 
is out of the modern standards. So a problem, common in computational science, 
appears: accurate method can be applied only to small systems, while large systems 
can only be treated with low accuracy. Density functional theory (DFT) solves this 
problem to some extent, allowing to obtain satisfactory results even on moderately 
large systems. 

4 Density Functional Theory 

Following the DFT formalism, the system energy is obtained as a sum of contributions 
determined from the integral over all spaces of some function of the ground-state elec-
tron density, ρ(r), which, according to the first Hohenberg–Kohn theorem, contains 
all the information about the electronic states of the system at hand. The energy is 
exactly and rigorously defined as the sum of a contribution due to the interaction of 
the N-electron system with the nuclear charges, V[ρ(r)], plus another contribution 
called Hohenberg–Kohn functional, FHK[ρ(r)]. The form of FHK is unknown and the 
strategy for DFT implementation is to extract from it all contributions that can be 
expressed as an integral involving ρ(r), i.e., the Coulomb repulsion energy between 
two electron charge densities, J[ρ(r)], and the kinetic energy of an idealized refer-
ence system of N non-interacting electrons which has, in every point of the space, the 
very same electron density of the real system, TS[ρ(r)]. All other unknown contri-
butions, namely the Coulomb and exchange–correlation energies and the correlation 
part of the kinetic energy, are collected in a new functional of the density, called the 
exchange–correlation functional, EXC[ρ(r)]. The final expression for DFT energy is 

EDFT[ρ(r )] =  V[ρ(r )] +  TS[ρ(r )] +  J[ρ(r)] +  EXC[ρ(r )] 
= −  

ME
A=1 

ZA
{

ρ(r) 
|r−RA| dr + TS[ρ(r )] +  1 2

{ {
ρ(r1)ρ(r2) 

|r1−r2| dr1dr2 + EXC[ρ(r )] . (2)
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In the implementation of DFT due to Walter Kohn and Lu Jeu Sham, the electron 
density of a N-electron system is written as a sum of one-electron charge probabilities 

ρ(r) = 
NE

i=1

||θ KS i (r)
||2 , (3) 

where the θKS(r) functions, called Kohn–Sham orbitals, are the DFT counterpart of 
the molecular orbitals of the Hartree–Fock theory. With this choice 

TS[ρ(r )] = −1 

2 

NE

i=1

{
θi (r )∇2 θi (r )dr. (4) 

In order to find the best Kohn–Sham orbitals, the variational theorem is used, 
according to which the best θKS(r) functions are those giving an electron density to 
which corresponds the minimum energy for the investigated system in its electronic 
ground state. Then, the problem is solved by applying a minimization of the energy 
(2) with respect to the θKS functions, with the constraints that these functions remain 
always orthogonal to each other. This constrained functional minimization procedure 
leads to the following pseudo-eigenvalue Kohn–Sham equations 

[− 
1 

2
∇2 − 

ME

A=1 

ZA 

|r − RA| +
{

ρ(r2) 
|r − r2| dr2 + 

δEXC 

δρ(r)
]θ KS i (r ) = εki  θ KS i (r ) (5) 

which, since the operator within square brackets (called Kohn–Sham operator, fKS) 
depends on the electron density, must be solved iteratively. Therefore, a form for the 
Kohn–Sham orbitals is guessed and the electron density is calculated from Eq. (3); 
knowing ρ(r), fKS is defined and Kohn–Sham equations can be solved to give updated 
forms for θKS. The iterations proceed until the variations in all the Kohn–Sham 
orbitals from a cycle to the next are under a given threshold. In practice, this procedure 
involving the solution of a integro-differential equation is substituted by an algebraic 
one simply by expanding the Kohn–Sham orbitals in terms of linear combinations 
of known functions, those collectively forming the basis set, 

θ KS i (r ) = 
KE

μ=1 

cμi ϕμ(r). (6) 

The basis set {ϕ} is the second, fundamental ingredient which characterizes a 
quantum chemistry calculation. It is outside the scope of the present chapter to discuss 
deeply of basis sets, nor in treating the concepts defining their quality neither to give 
hints about the system characteristics one must take into account for a proper choice 
between one set or another. It suffices to say that, in the vast majority of molecular 
calculations, the basis set is formed by a certain number of contracted Gaussian-type
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orbitals (CGTOs), consisting of linear combinations of normalized atom-centered 
real solid harmonic Gaussian-type functions (called primitive), whose angular part 
defines the “angular momentum” of the CGTO and is taken from the corresponding 
atomic one-electron wave function 

ϕ(r; RA, l, m) = 
LcE

i=1 

dμigi (r; RA, l, m) 

gi (r; RA, l, m) = Ni |r − RA|l e−αi |r−RA|2 ∼ 
Yl,m. (7) 

Here, Ni is the normalization factor, RA is the position vector of the nucleus A, 
and Ỹ is the real or imaginary part (depending on m) of a spherical harmonic. The 
contraction coefficients dμi and the best “contraction scheme” (i.e., the number Lc 

of primitives for each function in the basis set) are commonly determined by means 
of dedicated atomic calculations, from where also the optimal Gaussian exponents, 
αi, defining the radial part of each primitive, are obtained. Basis set is catalogued 
depending on the number and the role of the functions they contain. In strict varia-
tional methods, a larger number of functions in the basis set assures a more accurate 
value of the molecular energy (an infinite number is needed to reach the “limit” of 
a given method), but this assertion is not rigorously true in DFT. Large basis sets 
are essentially employed only for highly accurate post-Hartree–Fock calculations, 
while in common usage DFT approaches are joined to the so-called double-zeta plus 
polarization (DZP) basis sets. Even if smaller basis sets exist, DZP ones represent 
the minimum level accepted in today standards; if we use the concept of atomic 
orbital as can be found in standard chemistry textbooks, the DZP basis set is formed 
by one function for every core orbital and two functions for every valence orbital, 
plus one or more sets of additional functions having high angular moment, which are 
needed for the correct description of the electron cloud deformation (polarization) 
when an atom is within a molecular context. The most common DZP basis sets are 
those included in the families developed by Pople, Dunning, Ahlrichs, but many 
basis sets were proposed also for specific purposes, like the calculation of electric 
or magnetic properties, NMR shielding tensors, and so on. In material science, it is 
common to deal with heavy elements, like those from the fourth period onward: In 
this case, based on the rationale that chemistry properties are mostly determined by 
valence electrons, the common choice is to substitute the inner electron density with 
an effective core potential (ECP) and to use an explicit basis set only for the outer-
most electrons; the ECP will screen the nuclear charge and their effect is included in 
the nuclear attraction one-electron integrals (see expressions (11) below). 

Returning to DFT, the linear combination coefficients cμi of the expansion (6) 
now become the variational parameters and the Kohn–Sham Eq. (5) reduce to the 
corresponding matrix equation form 

FK S  C = SCε. (8)
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where FKS is the representative matrix of the Kohn–Sham operator in the {ϕ} basis 

FKS μν =
{

ϕμ(r )fKS ϕν(r)dr. (9) 

S is the overlap matrix 

Sμν =
{

ϕμ(r )ϕν(r )dr. (10) 

C is the matrix whose i-th column contains the linear combination coefficients 
and ε is the diagonal matrix of the Lagrange multipliers εKS. Equation (8) can be 
solved just like an eigenvalue equation (but iteratively) by using well-defined and 
very efficient algorithms, involving the calculation of one-electron integrals 

− 
1 

2

{
ϕμ(r )∇2ϕν (r )dr,

{
ϕμ(r ) 

ZA 

|r − RA| ϕν (r)dr,
{

ϕμ(r ) 
δEXC 

δρ(r ) 
ϕν (r )dr 

(11) 

i.e., the kinetic energy, nuclear attraction, and exchange–correlation integrals, 
respectively, and the more expensive Coulomb repulsion two-electron integrals

{
ϕμ(r1)ϕν(r1) 

1 

|r1 − r2| ϕλ(r2)ϕσ (r2)dr1dr2. (12) 

Who already knows the Hartree–Fock theory, or who is willing to study it from 
standard textbooks, will recognize that, even if they are based on different concepts, 
there is a strict analogy between the Kohn–Sham implementation of DFT and the 
Hartree–Fock formalism, and this is why the old computer programs able to calculate 
the HF energy were readily extended to DFT. As a matter of fact, the Kohn–Sham 
equations are very similar to the HF ones, with an important difference: the exact 
exchange energy contribution appearing in the Fock operator is replaced, in the Kohn– 
Sham operator, by the functional derivative of the exchange–correlation functional, 
introducing de facto Coulomb electron correlation, hence higher accuracy, in DFT. 
The equivalent of the matrix Eq. (8), in HF, is the famous Roothaan equations (of 
outmost importance for the historical development of computational chemistry), 
while, as a consequence of what said above, the third kind of one-electron integrals in 
(11) is replaced in HF by the exchange integrals, i.e., two-electron integrals that must 
be obtained from the Coulomb repulsion integrals by means of specific permutations. 
Just about the exchange–correlation integrals in DFT, it must be said that it has to be 
evaluated by means of some numerical quadrature technique, based on atom-centered 
grids of points and employing the numerical values of the basis set functions in these 
points.
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At this point, it should be clear that the DFT problem can be solved only after 
having found a suitable description of EXC, an issue that is at the heart of density func-
tional theory; but how can one achieve a suitable description of something unknown? 
Apart from the knowledge of some characteristics that the exact exchange–correlation 
functional must have, its form is commonly chosen and adapted to reproduce well-
defined experimental or highly accurately calculated data for various properties. This 
introduces some empiricism in DFT, that can be applied ab initio only after having 
defined possible parameters inside EXC, but did not prevent this approach to become 
the most widely used in computational chemistry, being it applicable with confidence 
to large size systems (more or less those treatable with the Hartree–Fock method). 
The forms for EXC, firstly proposed in the early 60s, were collected in two families: 
those functions depending only on the electron density (local density approxima-
tion, LDA) and those including also a dependence on the gradient of the electron 
density (generalized gradient approximation, GGA). However, the routinary use of 
DFT within the framework of molecular structure calculations can be traced back 
to 1993, when Becke found the way to introduce a portion of the exact Hartree–Fock 
exchange within the formalism, devising the so-called hybrid exchange–correlation 
functionals. Since then, researchers in the field proposed a lot of new functionals, 
most of them dedicated to alleviate some problems within DFT. As a matter of fact, 
DFT is plagued by two major problems: It does not reduce the accuracy problem on 
the description of dispersion interaction, already present in the HF method and whose 
solution would require the use of expensive highly correlated methods, and it fails 
to describe charge transfer electronic excitations. While some attempt was proposed 
to mitigate the second problem (e.g., range-separated functionals), new generation 
exchange–correlation functionals (meta-GGA, with empirical corrections, etc.) seem 
to be fruitful on solving the first one, that can be important in computational mate-
rial science. In particular, the very cheap and efficient correction due to Grimme is 
becoming an essential ingredient of all functionals. 

The trend today is to relegate the use of post-Hartree–Fock method to very 
small systems, in particular when one wants to investigate properties requiring high 
(chemical or more) accuracy, such as spectroscopic constants, atomization energies; 
coupled cluster is the method of choice if the static correlation (that due to the fact that 
two or more electron configurations are equivalent or nearly-equivalent) in the investi-
gated molecule can be regarded as negligible; otherwise, some CAS-based approach, 
followed by a multireference method, must be applied. For medium–large molecules, 
reaction kinetics, periodic calculations, ab initio molecular dynamics simulations and 
such, density functional theory, preferably with a dispersion-corrected exchange– 
correlation functional, are the only formalism to employ, at least until some new 
coupled cluster variant becomes usable for large molecules.
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5 Density Functional Tight Binding 

But what if the system size is so large that even DFT becomes not affordable? 
This is indeed common in material science and it is clear that in these cases some 
compromise must be accepted in terms of the desired accuracy. This said, one can 
wonder which computational approach could be used for very large systems. In 
the first years of quantum chemistry, when calculations were prohibitive also for 
medium size molecules, a plethora of empirical and semiempirical methods arose. 
Starting from the simple Huckel method, from where chemists presumably devel-
oped their, sometimes too naive, vision of molecular electronic structure, in these 
kind of approaches, together with the introduction of crude approximations within 
the Hartree–Fock theory, there is the substitution of the expensive computation of 
most electronic integrals, in particular the two-electron ones, with some kind of 
atomic parameters. The implementation of these methods, therefore, required tables 
containing the atomic and atomic-type parameters, obtained in a number of ways but 
always outside from the method itself (which was therefore never ab initio). The ideas 
behind semiempirical methods developed enormously and those approaches which 
still survive (most of them are used no more) reached a remarkable degree of sophis-
tication, which allows some confidence for their application to large size systems. 
However, just as Hartree–Fock method was superseded by density functional theory, 
so semiempirical methods based on approximate HF treatments have left the place 
to approximate DFT descriptions, one and for all the so-called density functional 
tight binding (DFTB) approach. In the DFTB formalism [5], a reference electron 
density is defined as a superposition of the electron densities of the isolated neutral 
atoms forming the investigated molecule and the molecular energy is expanded at 
a given order in the electron density fluctuation, δρ(r). As happened for DFT, also 
the DFTB method was for a long time mainly confined within applications to solid 
state, until a newly proposed variant made it successfully applicable for molecular 
systems. This variant is the self-consistent-charge density functional tight binding 
(SCC-DFTB) approach, according to which the system energy is expressed as the 
following expansion to second order in δρ(r) 

EDFTB = E
i 
ni

{
θi (r )HKS 

0 θi (r )dr + EREP 

+ 1 
2

{
δρ(r )δρ(r ') 

|r−r '| drdr ' + 1 2
{

δρ(r ) δ2EXC 

δρ(r)δρ(r ') δρ(r ')drdr ' (13) 

where ni is the occupation number of the i-th θ orbital and H0 
KS is the tight binding 

Hamiltonian. A number of approximations leads to the parameterized expression 

EDFTB =
E

iμν 

nicμi cνi H
0 
μν +

E

ab 

Uab + 
1 

2

E

ab 

γab/\qa/\qB , (14)
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where the first term is obtained from the corresponding term in (13), after the θ 
functions have been substituted by a linear combination of atomic orbitals (obtained 
by solving the so-called pseudo-atom equation, containing a confinement parameter). 
The sum of Uab terms approximates the repulsive EREP energy contribution; the 
Uab pair potentials, depending on the distance between the centers a and b, are 
parameters specific to every possible couple of atoms in the investigated molecule 
and are obtained by a fitting procedure based on the difference between EDFTB and 
DFT reference energies calculated as a function of the distance of atoms a and b 
in simple interacting molecules. Finally, the last term in (14) collects the last two 
terms in (13) and describes them as fluctuations of the atomic Mulliken charges 
q as a function of molecular geometry, with the γaa parameters correlated to the 
difference between the ionization potential and the electron affinity of atom a, and 
the γab parameters expressed in analytic form by a damped Coulomb potential. 

In further developments, the energy is expanded to third order, which seems 
to give better results for dispersion interactions. Apart this, however, the DFTB 
approach is plagued by the need of too specific parameters, whose transferability 
is hardly guaranteed. One could get around this obstacle by generating parameters 
appropriate only for specific systems and purposes, which is what is generally done, 
but this generation is too involved and arbitrary to some extent. It is true that the 
Extended Tight Binding (XTB) formalism and all its variants, recently proposed by 
Grimme, are free from atomic-pair-specific parameters and therefore are the optimal 
candidates to achieve the leading position between the semiempirical approaches, 
but this method still need some testing for general applicability. 

6 Hybrid Methods 

If a molecular system is formed by hundreds or thousands of atoms, it is in some 
cases possible that the property we are interested in is localized in a determined 
portion of the molecule, while the influence of the remaining part can be viewed as a 
substituent effect. Clearly, this is not the case if one wants to investigate the secondary 
structure of a small protein, but some useful informations can be acquired on the local 
interactions determining that secondary structure. The approach to use in such cases 
was pioneered by Morokuma in1995, when, by collecting and improving earlier 
ideas, he proposed the ONIOM method. According to this approach, the system to 
investigate is divided in two or more well-defined regions which are related one to the 
other by an inclusion relationship. One of these regions (the “model system” M) is the 
molecular portion considered the most responsible of a given property of interest; in 
the two-layer version of ONIOM, M is included in the entire molecule (indicated as 
“real system”, R), while in the three-layer version, M is included in an intermediate 
system, I, which is in turn embedded in R. Now, a high accuracy computational 
method H is chosen which can be applied to the model system, followed by a medium 
accuracy method, m, that can be applied to the intermediate system, if any, and a 
low-level method, L, that can treat the entire real system. By indicating with E(A,
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B) the energy of a system A treated with the computational method B, the energy 
E(R, H) which is the uncomputable energy of the whole molecule at high accuracy 
is extrapolated as E(M, H) + E(R, L) − E(R, L), for Oniom-2 layer, or as E(M, 
H) + E(I, m) + E(R, L) − E(M, m) − E(I, L) for the three-layer variant, i.e., E(R, 
H) is evaluated by means of affordable only calculations. The expression of the 
target energy as a sum of independent contributions, joined to a proper treatment 
of the link atoms, i.e., those atoms (generally hydrogen) introduced on the edge of 
model and intermediate systems in order to saturate the dangling bonds originated 
from the cut and make them suitable for a standalone calculation, makes possible 
the evaluation of ONIOM energy nuclear derivatives, essential for the analytical 
geometry optimization and vibrational frequency calculation, thus allowing a very 
fruitful employment of this approach. 

A specific, somehow crafty usage of the ONIOM concept is the building of a 
necessary framework around a portion of a very large molecule or even of a peri-
odic system. The issue is better explained with an example. Consider one wants to 
investigate the adsorption of a given molecule on the inner wall of a zeolite cage, let 
us say the wall of the larger channel in the beta zeolite. Taking into account the wall 
thickness, the region of this channel is defined by ca. 80 silicon tetrahedra, giving a 
total of ca. 250 atomic centers. Such a supercell hardly can be the subject of accurate 
calculations, but the problem becomes prohibitive if one wants to avoid spurious 
interactions of the adsorbed molecule with its periodic images, so that the supercell 
must be doubled. A way to treat the problem could be to define a minimal inner 
surface, i.e., the smallest surface that can accommodate the molecule whose adsorp-
tion characteristic are desired, and cut it from the zeolite structure, having care to 
saturate with hydrogen the dangling bonds originated from the cutting. The system so 
created should be subjected at least to geometry optimization, to discover the adsorp-
tion geometry. Doing so, however, the adsorbing surface would relax, and it will be 
no more representative of the zeolite largest channel wall. Indeed, that portion of the 
surface has the correct geometry only if it is embedded in the zeolite framework. 
Being the use of a larger supercell prohibitive, it could be a natural choice to couple 
the DFT approach employed for the portion of interest to a semiempirical, or better a 
molecular mechanics force field, according to ONIOM prescription, the embedding 
assuring to some extent no spurious distortion of the channel surface. It is trivial to 
say that, just as in all other cases in which computational chemistry approaches are 
used, preliminary investigations must be afforded to test the reliability of the model 
and have some confidence with the results obtained. 

7 The Approaches for Periodic Systems 

Let us take a look now to the quantum chemical approaches that can be used to 
treat the solid state. According to Bloch theorem, a function which approximately 
describes the probability amplitude of finding an electron in a certain point of the 
space, when it is subjected to a the periodic potential generated by an infinite lattice
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of positive charges and to the mean field repulsion of all other electrons, can be 
expressed in the form 

ξμk(r ) = Uμk(r )e
ik·r . (15) 

where the U functions have the same periodicity of the crystal lattice, represented 
by the vector L = n1a1 + n2a2 + n3a3, being a1, a2,a3 the three lattice vectors, and 
k is a reciprocal space vector inside the so-called first Brillouin zone (BZ). In the 
DFT context, this means that the solutions of the Kohn–Sham Eq. (5) must satisfy 
the following constraint: 

ξμk(r + L) = eik·r ξμk(r). (16) 

The most natural choice for the expansion of the ξ functions is a linear combination 
of plane waves 

ξμk(r ) =
E

G 

ak(G)ei (k+G)·r . (17) 

where the summation is extended to all the reciprocal space vectors G selected from 
a grid and includes all the plane waves having kinetic energy below a certain cutoff. 
Since in order to reproduce the local form of the ξ functions prohibitively high values 
of the cutoff should be necessary, only the valence regions of the atoms are explicitly 
considered, inner regions being described by appropriate pseudopotentials. Finally, 
the electron density needed in the KS equations is defined and calculated on a grid 
of points belonging to the first Brillouin zone, according to the sampling proposed 
by Monkhorst and Pack: 

ρ(r) = 
1 

VBZ  

nE

μ=1

{

BZ 

ξ ∗ 
μk(r )ξμk(r)dk = 1 

VBZ  

nE

μ=1

E

k∈BZ 
ξ ∗ 
μk(r )ξμk(r ). (18) 

The expansion in terms of plane waves according to Eq. (17) is certainly the most 
used and is implemented in the most common software’s for periodic DFT calcula-
tions, such as VASP and AbInit, but is not the only possible choice. In the Crystal 
program, Gaussian basis sets are employed while the SIESTA code, which imple-
ments the homonym computational method and in the first years of 2000s represented 
a breakthrough in this field, efficiently uses appositely generated numerical atomic 
orbitals whose quality can be tuned. From a periodic calculation on a crystal lattice 
(whose symmetry characteristics commonly come from the experiment), useful infor-
mations can be obtained: electronic bands, energy gap and conducting properties, 
cell geometries, density of states (from which one can extract information such as 
the number of mobile states for electric conductivity), phonon dispersion relations, 
elastic properties, etc. However, there are very important chemical processes (one and 
for all, heterogeneous catalysis) which do not occur in the infinitely self-replicating
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bulk of the crystal, but on regions where lattice periodicity is broken: the crystal 
surfaces. What is the approach to use in order to investigate a portion which is 
located at the interface between a semi-infinite periodic crystal and the vacuum? In 
the most intuitive approach, the system is still periodic in three dimensions, but the 
cell vector normal to the surface object of investigation is artificially elongated to 
assure a vacuum (typically 30 Å); along the other two directions and the direction 
opposite to the vacuum, the unit cell is replicated, with unchanged lattice constants, a 
number of times sufficient to create a slab, which is treated as a supercell to replicate 
periodically. In this slab approach, care should be taken to have some issues always 
under control: (i) the slab should be large enough to avoid spurious, unwanted inter-
actions between a molecule adsorbed or reacting on the surface and its periodic 
replicas; (ii) the slab should be thick enough to mimic the semi-infinite bulk below 
the surface and its polarizing effect; (iii) for semiconductors it is necessary to satu-
rate the dangling bonds in the underneath surface; (iv) energy should be corrected to 
eliminate the fictitious dipole-dipole interaction originated by slab creation. Alterna-
tively, the cluster, not periodic, approach can be employed. In this case, the vacuum 
above the surface is guaranteed and lateral interactions cannot occur; further, being 
outside from the field of periodic calculations, one can take advantage of the wider 
choice of methods proper of molecular calculations (e.g., hybrid exchange–corre-
lation functionals and tailored basis sets), not to mention the availability of energy 
gradients which greatly facilitates the quest for transition states in chemical reactions 
(for transition states in periodic investigations numerical approaches must be used 
instead, such those based on the Nudged Elastic Band method). However, the cluster 
approach has its own problematic deficiencies, such the possible occurrence of strong 
border effects and the unnatural structural relaxation of the whole system. Obviously, 
the last sentence is true if one wants to describe a crystal surface by using a cluster 
as model, but those mentioned become physical characteristics of the system if the 
object of the investigation is a true, physical cluster of atoms. 

8 Molecular Dynamics Simulations 

Just some rows above, the word “force field” came into play. Even if it could be 
applied in a wider context, this term was used here to introduce the models of classical 
molecular mechanics (CMM) and molecular dynamics (CMD) and explore if there is 
some room for their use in material science. By using the term “classic”, it is intended 
that the treatment of the molecular systems occurs outside the realm of quantum 
mechanics; so, electrons are no more considered explicitly, but their presence is 
incorporated inside fictitious parameters, representing, e.g., the force of a given 
chemical bond. Energy is here calculated as a sum of parameterized contributions, 
commonly grouped in internal (bond stretch, bending, etc.) and external (Coulomb, 
van der Walls interactions, and so on) to the molecular entity. The union between (i) 
the nature of the contribution to the energy, (ii) the formula chosen for the calculations 
of each contribution, and (iii) the set of all the atom-type and contribution-type
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specific parameters forms a force field. As an example, one of the most diffuse force 
fields is the AMBER one, which defines the energy of a M-atoms molecule as 

E = E
bonds 

1 
2 Kb(r − r0)2 + E

angles 

1 
2 Ka(θ − θ0)2 + E

torsions 

1 
2 Vt [1 + cos(nω − γ )] 

+ 
M−1E
i=1 

ME
j=i+1 

qi q j 
4πe0|ri−r j | + 

M−1E
i=1 

ME
j=i+1 

εi j [( σi j  
|ri−r j | ) 

12 − 2( σi j  
|ri−r j | ) 

6]. 
(19) 

where the first term defines the contribution of bonds stretching, written as a harmonic 
potential depending on the interatomic distance r and containing two parameters: 
the harmonic force constant for the given bond, Kb, and its equilibrium length, 
r0. Similarly, the second contribution is that due to bond angles bending, with 
obvious symbols, while the third collects the energetic terms related to variations 
in the torsional angles. Electrostatic interactions between atoms in the same or in 
different molecules are described by a simple Coulomb potential between fictitious 
atom-centered partial charges q, and dispersion interactions are entrusted to a 12-6 
Lennard–Jones potential, with its famous pair parameters ε and σ. These last two 
contributions run over all possible couples of atomic centers in the investigated 
system. The atom-type and pair parameters are to be determined by some procedures 
which could involve well-defined experimental data, equation of states, dedicated 
experiments, ab initio calculations, and so on. Transferability is sometimes assured 
between parameters for molecules belonging to classes of homologue systems (e.g., 
proteins, DNA, sugars), but commonly a force field cannot be considered of general 
applicability, so that a very large number of new force fields (as well as extension/ 
variation/recalibration of existing ones) suitable for particular purposes are contin-
uously proposed to the scientific community. For example, based on the AMBER 
force field but without the torsional term, the CLAYFF is parameterized on purpose 
for the investigation of the clay–water interface. 

Force field-based approaches can be used for geometry optimization by simply 
calculating the energy of a certain molecular geometry and relaxing it according to 
the force on every atom, and this is the way it is used for assuring the embedding 
of the molecular portion in ONIOM calculation. More often, on the other hand, the 
force fields are used for the time evolution of systems (particularly in the condensed 
phase), by discretizing the physical time in appropriate timesteps (in the order of 
femtoseconds) and exploiting the forces obtained from the force field in efficient 
algorithms (e.g., velocity Verlet) which propagate the system according to classical 
Newton or Lagrange equations. One speaks in these cases of classical molecular 
dynamics simulations. Dedicated calculation centers can afford CMD simulation for 
relatively long times (μs) or very large system size (billion of atoms), but it is clear 
that the results must be trusted in the view of ensemble properties, being useless 
here to search for accuracy on the details. The quantum-mechanics counterparts, like 
Born–Oppenheimer molecular dynamics or the Carr–Parrinello approach, where the 
forces between atomic centers can be calculated ab initio from the potential due to
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the electrons, are conversely full of details, but are applicable only to small systems 
for very short simulation times. 

9 Case Studies: Halloysite Nanotubes 

Halloysite nanotubes (HNTs) are natural clay materials first described in 1826 by 
Berthier. They have peculiar spiral morphologies conferred by the rolling up of 
kaolinite-like sheets, composed by a layer of SiO4 tetrahedra (which will form the 
outer surface of the nanotube) joined to a layer of AlO6 octahedra (representing the 
inner surface). The HNT stoichiometry, Al2Si2O5(OH)4·nH2O, allows to distinguish 
a hydrated form (n = 2, indicated as HNT-10 Å), bearing interarms water molecules, 
and a dehydrated one (n = 0, HNT-7 Å). Relegated for a long time to a use almost 
exclusively relevant to the ceramics industry, in the last fifteen years HNTs started to 
become important as a cheap and eco-friendly material for a number of applications, 
ranging from controlled release to nanocarrier for active compounds, from design of 
polymeric nanocomposites to catalysis. 

The computational characterization at atomistic level of HNT composite must face 
many challenges. Let us imagine one wants to investigate the hydrogen bonds network 
which realizes in the region comprised between the spiral arms of a halloysite-10 Å 
nanotube. Here, there are H-bond interactions between the water molecules and 
between them and the two surfaces of HNT. The spiral structure of HNTs gives rise 
to serious problems for the simulation and the first of them is merely the construction 
of the input system geometry. It may sound trivial, but every calculation approach 
needs a molecular geometry to begin with: many free or commercial software’s 
are indeed devoted to the graphical construction of molecules to be used as input 
geometry, but when one treats large size systems, it is clear that some automatism 
must be devised. A vast number of codes are dedicated to the building, visualization, 
and analysis of unit cells of given symmetry for periodic calculations, or for the 
construction of polypeptides given the list of the amino acid residuals in the chain, 
or the generation of carbon nanotubes and alike given the chirality. HNTs, however, 
cannot be built using codes for periodic systems, since they are periodic only in the 
direction of the rolling axis. As a matter of fact, the spiral has a curvature which 
changes from point to point, so no exact periodicity of a unit cell can occur along 
its arms. One artifact could be to forget the spiral structure and use a multiwalled 
cylindrical model for HNT, but, as will be discussed below, this could cause the 
missing of some features related just to the spiral architecture. It is better to assume 
that HNT can be generated by starting from a reference regular lattice of points 
arranged on the arms of an Archimedean spiral, whose polar equation is r(θ)=a+bθ. 
The lattice points can be placed on the spiral by exploiting the formula for the spiral 
arc length 

s(θ ) = 
1 

2 
b
|
θ 
/
1 + θ 2 + ln

(
θ +

/
1 + θ 2

)|
. (20)
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An appropriate repetition unit is now convoluted with every lattice point (see 
Fig. 2), opportunely rotated and slightly adjusted according to a correction angle 
determined from the spiral curvature in that point (which decreases smoothly along 
the arms). 

κ(θ ) = 
2 + θ 2 

b
(
1 + θ 2

)3/2 . (21) 

This approach works well unless the curvature is too pronounced, but this should 
be never the case since the HNT model must have a relatively large inner cavity; 
hence, the phase of the spiral is never too small. Clearly, the model constructed 
this way is only the starting point for geometry optimization. As a matter of fact, 
after having generated the HNT supercell, one must face the problems related to 
its dimension: even a small supercell corresponding to the section of a HNT-10 Å 
having a modest 5 nm inner cavity diameter, and formed by spiral arms that overlap

Fig. 2 a Archimedean spiral lattice of points defined by spiral parameters such that the inner 
diameter-like distance is close to 10 nm and the interarms’ spacing is enough to give HNT-10 Å. 
b An appropriate repetition unit formed by a Si–O layer connected to a Al–O one and four water 
molecules, with stoichiometry H15Si4Al4O24; color code: yellow = Si, cyan = Al, orange = O, 
white = H. c The HNT-10 Å input supercell as the result of the convolution of the repetition unit with 
the spiral lattice, followed by a rotation whose entity depends on the lattice point. d The HNT-10 Å 
spiral nanotube obtained by periodic repetition of the supercell along the rolling axis 
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for one half, has ca. 1400 atoms if an armchair rolling is chosen, a number which 
increases to more than 2000 when the opposite limiting zig-zag rolling direction must 
be considered. Such a supercell can be periodically replicated along the nanotube 
axis by using the appropriate cell vector length, while vacuum must be assured in 
the other two perpendicular directions. This system is too large to be treated with 
ab initio methods, but its dimension is within the applicability range of semiempirical 
approaches like, e.g., SCC-DFTB. If this is the case, the matsci set of Slater–Koster 
parameters could be used, which was realized to treat systems containing common 
elements in material science. Concerning the code to use to perform the calculation, 
as a guideline I suggest to employ whenever possible software’s dedicated to the 
implementation of only one kind of computational approach instead of general ones; 
so in this case, the choice could be the DFTB+ program developed by Aradi and 
coworkers. 

Geometry optimization of the HNT-10 Å supercell reveals some features 
connected to the intrinsic disorder of the spiral architecture. In order to discuss these 
ones, let make a comparison with a hypothetical system formed by water molecules 
sandwiched between two planar kaolinite layers, i.e., let unroll the HNT-10 Å. In this 
case a perfect periodicity is present in the system: all tetrahedral silicon centers have 
equal geometry, the same holds true for the octahedral aluminum centers and, from a 
structural point of view, a regular network of hydrogen bonds would occur between 
the water molecules, and between them and the upper and lower surfaces. The trans-
formation of this system to the spiral HNT-10 Å causes non-periodic distortions of the 
SiO4 and AlO6 geometries along the arms and calculation revealed that (at least for 
the idealized system investigated) the less amount of energy required seems to occur 
in spiral arrangements where relatively large distortions are localized in a limited 
number of points along the arms, joined to very small distortions in all other points. 
This sort of polygonal spiral would be preferred to a smoother one where distortions 
would be distributed between all the SiO4 and AlO6 centers. Further, the characteris-
tics of the hydrogen bonds network in the unrolled HNT originated from the fact that 
the water layer was comprised between a periodic SiO surface and a periodic AlO 
ones. In the spiral HNT-10 Å, on the other hand, the water molecules experience the 
disordered environment in which they are enclosed; as a consequence, a large variety 
of hydrogen bond configurations can take place and the water molecules would adapt 
in order to provide the best interactions. Still, at a given temperature, the H-bonds’ 
configurations can change over time, giving rise to a dynamic linkage between the 
arms of the halloysite nanotube, whose characteristics could be investigated in terms 
of pair correlation functions after that a dedicated molecular dynamics simulation is 
performed. The occurrence of the adaptive and dynamic H-bond network, originated 
from the natural disorder related to the spiral structure, could be one of the reasons 
why HNT-10 Å exists instead of a lamellar kaolinite with water between adjacent 
layers. 

After having investigated the HNT model in its integrity, one could be interested to 
nanocomposites involving modified or functionalized HNTs for specific applications, 
and this constitutes another challenge, to tackle which one must resort to the usual 
compromises. To alleviate the burden, it can be considered that many applications of
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halloysite-based composites depend on the interactions or reactions of its outer and 
inner surfaces with molecules of interest. Then, most of the cases can be investigated 
by using local models of HNT instead of the whole nanotube. Conversely, it must 
be taken into consideration that now we must go into the details of interactions, 
adsorption geometries, local distortions, bonds breakings and formations, activation 
barriers, etc.; therefore, quantitative informations are needed if one wants to be 
predictive, and resorting to accurate DFT approaches cannot be avoided. Since this 
is expensive (or even impossible) both in terms of time and resources, a suitable 
choice must be done. A common way to proceed could be to tailor a portion of 
surface from the nanotube model. What could be a representative portion in terms of 
lateral extension and thickness would heavily depends on the nature of the system and 
on the properties the investigator is interested on but, again, the choice is sometimes 
restricted to what can be treated by DFT. One could assume that a coronene-like 
surface portion formed by 24 silicon tetrahedra and the same number of aluminum 
octahedra (depicted in Fig. 3) could represent a good, minimax, choice, for e.g., the 
adsorption of one molecule, or the surface modification with one molecular fragment. 
It could be treated as the model system of a ONIOM calculation or as a standalone 
molecule; in both cases, the DFT calculation would be performed using a HNT 
portion with Al24Si24O126H48 stoichiometry, where the additional hydrogen atoms 
would come from the need to saturate the dangling bonds originated by the cut (which 
is the role of the linking atoms in ONIOM). In order to obtain a reliable description 
of dispersion forces, one could use the B3LYP-D3 exchange–correlation functional, 
i.e., a hybrid one with Grimme correction; however, if one wants to take advantage 
of the resolution of identity approximation, a pure exchange–correlation functional 
should be used, in which case the choice could fall on some Minnesota functional, 
such as the M06-L. The basis set must be obviously of double-zeta quality plus 
polarization. If an ONIOM approach is employed, the high-level DFT method can 
be joined to a molecular mechanics force field (as CLAYFF, or the Universal Force 
Field, UFF) as low-level method. If instead the portion is investigated as a standalone 
unit, the user should pay attention to freeze the positions of some non-influent atomic 
centers (e.g., those on the borders); otherwise, the portion will distort and the spiral 
local curvature will be lost. Taking into account that a molecule of, say, 20–30 atoms 
is to be adsorbed on the HNT portion, the DFT geometry optimization of the entire 
system will take from 2 to 6 days on 32 shared-memory new generation processors.

10 Final Remarks 

Computational chemistry is an extremely important resource of modern science, 
which can work in synergy with the experiment. It can be useful for developing 
basic knowledge, for the interpretation of data and trends, for the prediction of the 
characteristics of new molecules or of the behavior of already known molecules in 
new or unusual conditions. It can be applied in essentially all fields of chemistry. 
However, before starting his/her computational work, the researcher who intends to
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Fig. 3 Nanotube portion with Al24Si24O126H48 stoichiometry, which could be used as a model 
to investigate the possible modification of the outer and inner surfaces of halloysite. Color code: 
yellow = Si, cyan = Al, orange = O, white = H

practice calculations should ask himself/herself the following set of questions: why 
do I want to make calculations on this system? Have I well identified the problem I 
want to investigate? Can I obtain the answers I need? What accuracy do I need? The 
one required to reproduce, for example, the rotational spectrum of a molecule is far 
greater than that commonly used to describe a reaction mechanism. In addition to 
being necessary to establish a correct way to proceed, having these issues clear helps 
to understand which methods, among the many available, should be used. It must be 
borne in mind that some types of computational investigations may be impossible, 
at least today, and that sometimes one could be satisfied with evaluating trends: the 
exact value of a particular quantity that refers to a physical property could be only a 
detail. 
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Abstract Natural clay minerals are known for their unique characteristics such as 
higher surface area and cation exchange capacity, layered structure, and porosity. 
However, due to negative surface charges and crystal structure, the widespread 
applications of natural inorganic clays are limited. Therefore, fabrication of clay-
based composite materials has gained significant attention of researchers in recent 
times owing to enhanced physiochemical properties and structural composition as 
compared to the pristine natural clay minerals. Clay-based composites can be fabri-
cated through combining clay minerals with the foreign materials via intercalation, 
mixing and/or exfoliation to tune the characteristics of clay for target applications. 
Modification of natural clay minerals and generation of clay composites have found 
a variety of new and interesting applications in various sectors due to improved phys-
iochemical and structural properties. Therefore, the new trends in the application of 
clay-based composites have been reviewed and discussed in this chapter. The utiliza-
tion of clay composites in environment, energy, agriculture, biomedical, and industry 
sectors has been discussed in detail. 
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1 Introduction 

The natural clay minerals often comprise hectorite, montmorillonite, laponite, 
zeolite, sepiolite, rectorite, saponite, vermiculite, kaolinite, and chlorite, which are 
generally occurred as hydrous aluminum phyllosilicates having iron, alkali metals, 
magnesium, and other cations [1]. Generally, the performance of clay minerals 
depends on the fundamental characteristics including surface area, porosity, pH, 
modifications, mineral types, as well as chemical and structural composition [2]. 
However, the occurrence of negative surface charges and the crystal structure of clays 
hinder their performance for environmental, industrial, and agricultural applications 
[2]. Moreover, the amount of exchangeable ions, texture quality, and soluble salts 
present in the clay minerals influence the performance and properties of the natural 
clay minerals. Isomorphic substitution and cations present in the sheets result in 
charge deficit, which varies with minerals creating different technical issues. Further-
more, the amount of non-clay minerals and heavy metals present in the clay minerals 
may affect their application and performance [3]. For instance, Xi et al. [4] reported 
that natural clay minerals are not suitable for the removal of anionic pollutants specifi-
cally inorganic oxyanions, i.e., chromate, nitrate, and arsenate from the contaminated 
media owing to the negative charges present on the surface of clay minerals, which 
repel such anions. Less reactivity, less adsorption capacity, and less surface area 
have also been observed in natural clay application [5]. It has been reported that the 
negative charge present on bentonite resulted in the charge repulsion and reduced 
the removal of diazo dye [6, 7]. Furthermore, the colloidal characteristics and micro-
sized particles are other factors responsible for restraining the regeneration and reuse 
of natural clays in wastewater treatment [2]. Although, the natural clay minerals are 
being used as efficient adsorbents in present era due to their cost-effectiveness, easy 
handling, efficiency, and eco-friendliness; nonetheless, still there are some issues 
related to them which need to be addressed while considering them for the removal 
of pollutants from aqueous medium. Therefore, the aforementioned factors must be 
considered before using the clay minerals’ environmental and industrial use. 

Natural clay minerals contain a mixture of cations on their surfaces and within 
the space between the sheets. The presence of cations between the interlayer spaces 
results in unique physiochemical properties of clay minerals supporting certain appli-
cations while limiting the others [3]. Therefore, researchers are now focusing on the 
modifications of natural clay minerals to tune their properties for targeted applica-
tions. Different methods to modify the clay minerals including cations and anions 
exchange, organic and inorganic complexes, organic and inorganic anions binding, 
acid treatments, pillaring with poly cations, intra and interparticle polymerization, 
ultrasound, plasma, and physical treatments have been introduced [8]. For instance, 
Faiza and Gerhard [9] and Kumari and Mohan [10] modified the clay minerals by 
using a suitable pillaring agent to generate highly resistant, thermally stable, porous 
materials with large surface area. Therefore, modification of natural clay minerals to 
produce clay-based composites could have improved properties for targeted appli-
cations in environmental and industrial sectors. Hence, this chapter discusses the
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modification of natural clay minerals with various foreign materials to produce clay-
based composites. Moreover, the new trends in the applications of clay composites 
in industry, agriculture, environment, and energy sector have been reviewed and 
discussed in this chapter. 

2 Modification of Clay Minerals 

Clay-based composites’ development has gained a huge attention of researchers 
recently owing to their improved physiochemical properties and structural composi-
tion, consequently resulting in better performance as compared to the pristine natural 
clay minerals [2]. Clay minerals can be modified by following various methods such 
as calcination, magnetization, acid activation, and polymer or surfactant activation 
depending upon the target application [11–14]. In acid activation process, the Ca2+ in 
clay mineral is partially dissolved in acidic solution to replace Ca2+ with proton and 
to leach out Al3+, Fe3+, and Mg2+ from the silicate layer [15], whereas, in calcination 
process, the clay is treated thermally (high temperature) until certain level of heat 
for a specific period of time [16]. Likewise, magnetization is a process of pretreating 
the clay mineral with iron-based materials [11]. 

Combining the clay minerals with carbonaceous materials such as activated carbon 
and biochar is one of the most common method of clay modification. Moreover, 
combining clay minerals with organic compound has also been quite an interesting 
clay composite these days, as this type of clay composite has the hydrophobic and 
organofilic characteristics [17]. Combining synthetic silicate with the natural clay 
minerals results in the development of hybrid silicate–clay composite with improved 
stability and non-toxicity as compared to the pristine materials [18]. These non-toxic 
hybrid composites could be considered perfect candidates for the removal of dyes and 
heavy metal ions from the environment [2]. Therefore, clay minerals’ modification 
and designing have gained much interest in recent times due to rapid industrialization 
and urbanization and gained a wide range of applications in agriculture, environment, 
energy, and industry sectors. 

3 New Trends in the Application of Clay Composites 

3.1 Application in the Environment 

A rapid increase in population and industrialization has resulted in various envi-
ronmental issues posing serious threats to the human health. The poisoning and 
degradation of the aquatic environment by numerous chemicals are one of modern 
society’s key global challenges. Likewise, industrial effluents pose a substantial risk 
to drinking water sources, including heavy metal, organic and inorganic wastes,
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aromatic compounds, dyes, and so on. Therefore, for a sustainable environment 
and ecosystem, removal of toxic pollutants from different environmental matrices 
is of prime importance. Various technologies have been developed to remove 
contaminants from the environment; however, majority of the traditional technolo-
gies are either inefficient or expensive. Therefore, in order to take the next step 
toward a greener environment, researchers are in surge to develop cost-effective 
and environment-friendly materials to remove a range of environmental pollutants 
such as greases, inks, paints, rheological modifiers, pharmaceuticals, petrochemi-
cals, and heavy metals [19]. Recently, removal of environmental contaminants using 
clay-based materials has gained much interest of the researchers. 

Elevated levels of organic micropollutants in the environment is an emerging 
global concern [20]. The introduction of various natural and anthropogenic organic 
micropollutants in consort with other persistent contaminants is posing a serious 
health risk. Polycyclic aromatic hydrocarbons (PAHs) are persistent and pervasive 
organic micropollutants, which tend to accumulate in aquatic sediments due to their 
hydrophobic nature, which is a substantial health concerns for both human and 
aquatic life [21]. Various materials have been used for PAHs’ degradation such as 
magnetic metal oxides–chitosan nanocomposites, graphene oxide, silver phosphate, 
and magnetic/graphene/chitosan nanocomposite. However, addition of clay-based 
materials into the removing agents could further enhance the flocculation process 
and result in better removal of the PAHs. For instance, Shabeer et al. [22] reported 
that combining clay minerals along with alum and poly aluminum chloride resulted 
in 37.4%–100.0% PAHs’ removal, which was far better than using poly aluminum 
chloride and alum alone (20–38% PAHs’ removal). Moreover, Cavallaro et al. [23] 
conducted a study and concluded that the toxicity of graphene oxide nanoplates in 
the aqueous phase could be substantially reduced by using planar kaolin clay. 

Release and accumulation of heavy metals in various environmental compart-
ments are another issue of the modern world. Heavy metals are released from indus-
tries, mining, vehicles, and agricultural activities, accumulate in the soil and water 
resources, and persist for longer period of times as these are non-degradable, subse-
quently deteriorating the health of ecosystem. For instance, Hg enters the water 
resources through many sources such as industrial activity, domestic effluents, and 
acid rain causing soil leaching. Likewise, Pb is introduced into the environment 
through industrial waste, automotive exhaust, incinerator ash, electronic wastes, and 
pesticides. Exposure to heavy metals may lead to cancer, renal and bone damage, 
breakdown of mucous membranes, and even impairment of production of proges-
terone and testosterone. Exposure to Hg has been linked to kidney, neurological 
system, and visual problems in humans, while Pb toxicity eventually leads to severe 
renal damage, anemia, hampered protein synthesis, and degeneration of the neuro-
logical system [19]. Therefore, it is need of the time to remove such dangerous 
heavy metals from environment on sustainable basis. Clay-based materials and their 
composites have been used by various researchers to remove heavy metals from the 
environment. For instance, Sundaram and Dharmalingam [24] synthesized magne-
tized polymer clay composites using bentonite, iron oxide, and monomer methyl 
methacrylate for the removal of Cr(VI) ions from contaminated water. The results
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revealed that the fabricated clay-based nanocomposite adsorbed 113 mg g−1 of 
Cr(VI) by following film diffusion and intraparticle diffusion mechanism [24]. In 
another work, organo-bentonite and polyacrylonitrile composites were synthesized 
and employed for the removal of heavy metals, and the results showed a maximum 
adsorption of 52.6, 65.4, and 77.4 mg g−1 for Cd(II), Zn(II), and Cu(II), respectively, 
at pH 6.0 by following ion exchange and metal chelation mechanisms [25]. Previ-
ously, chitosan–Al-pillared montmorillonite-based nanocomposite showed 96.0% 
and 99.5%, removal capacity for Cu (II) and Pb(II), respectively, at a pH of 6.5 
by following chemisorption process [26]. The authors further stated that such clay-
based nanocomposites had a stronger regeneration capacity. Wang et al. [27] have  
also used a similar kind of adsorbent (chitosan/montmorillonite nanocomposites) and 
observed its sorption capacity of 15.67 mg g−1 for Cr(VI). In another study, Msaadi 
et al. [28] synthesized ion-imprinted polymer/montmorillonite clay nanocomposite 
using a photopolymerization process and reported 301 mg g−1 of sorption capacity 
for Pb(II). In another study, nanocomposites were synthesized by using chitosan, 
methyl cellulose, and kaolin clay for the removal of Pb(II) ions [29]. The results 
revealed that application of nanochitosan/kaolin clay composites demonstrated 70% 
removal capacity for Pb(II) [29]. Therefore, clay-based composites can effectively 
be used for the efficient removal of heavy metals from the contaminated media. 

Although much efforts have been exerted to develop efficient clay-based compos-
ites for the removal of organic and inorganic pollutants from the environment, there is 
still need to focus on developing cost-effective, greener, and consistently performing 
clay-based composites with mass production system. Moreover, fabricating clay-
based nanosheets, nanotubes, and nanorods by exfoliation of clay minerals could 
produce highly efficient composite materials with larger surface area and more 
porosity. 

3.2 Application in Agriculture 

Due to unique characteristics of clay, the clay-based composites have various 
applications in agriculture sector including water conservation, nutrient retention, 
polluted soil remediation, wastewater treatment, and controlled-release fertilizers. 
Such composites can be used for effective water supply under water-stress circum-
stances, as well as for gradual and steady delivery of nutrients and insecticides 
contained in nanocarriers [30]. Thus, the uses of clay-based materials in agriculture 
sector have been discussed in this section. 

3.2.1 Fertilizers 

Inefficiency of chemical fertilizers is resulting in huge economic losses and envi-
ronmental pollution. Therefore, the development of controlled-release fertilizers, 
superabsorbent, and membrane-encapsulated fertilizers could provide a slow and
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sustainable delivery of nutrients and can help to accomplish sustainable development 
goals. It was shown that traditional chemical fertilizers treated and encapsulated with 
polymers had a gradual and constant release of nutrients for longer periods of time 
as compared to untreated fertilizers, which released roughly 90% of the contained 
nutrients during the first five days [31]. The explanation for this rapid release was 
hypothesized to be the breakdown of nutrients from untreated chemical fertilizers in 
water, which resulted in a rapid release. However, in the case of encapsulated slow-
release fertilizers, the nutrients absorbed in soil solution are said to be adsorbed 
on the surfaces of the polymers supplied and also imprisoned due to the polymers’ 
high absorption capacity as superabsorbents. As a result, the absorbed and adsorbed 
nutrients in the soil solution are released slowly, acting as a gradual and consistent 
supply of nutrients for a longer length of time [30]. However, the type of substance 
utilized as an adsorbent influences the gradual and continuous release of nutrients. 

Clay-based materials can be used as adsorbent agents in developing slow and 
controlled-release fertilizers. For instance, Sarkar et al. [32] investigated the impacts 
of polymers prepared from different types of clay (polymers synthesized from kaoli-
nite, micaceous, and montmorillonite clays) on nutrient release and found that kaoli-
nite clay-based materials showed the highest release of nutrients (90%) within 48 h 
of application, while montmorillonite clay-based materials released 70% of the nutri-
ents. Furthermore, the nutrient release was discovered to be independent of amor-
phous aluminosilicate. Previously, it was reported that encapsulating fertilizers like 
urea with polymers and nanoclays to produce nanoclay–polymer composites could 
result in slower nitrogen release than uncoated urea, which resulted in 90% nitrogen 
release on the fifth day of application [33]. The authors further reported that only 
61% of the nitrogen in encapsulated urea was released on the 30th day after applica-
tion, suggesting a huge potential of nanosized clay composites in developing efficient 
controlled-release fertilizers. 

3.2.2 Pesticides 

For controlling pests in crops, nanocarriers have been utilized successfully because 
of their slow and steady delivery and effectiveness [34]. For slow and steady release 
of pesticides, two mechanisms, i.e., entrapment and encapsulation via weak ionic 
attachments are generally used. These processes could be accomplished by ensuring 
their anchorage with plant roots and rhizospheric soil, which subsequently provide 
protection and stability to environment by reducing runoff of chemicals, and reduc-
tion in environmental degradation process due to efficient absorption [35]. There-
fore, nanoclay-encapsulated insecticides are more stable because they preserve the 
substance from degradation. Reduced premature degradation increased the avail-
ability of active components and decreased pesticide exposure to people and other 
living organisms, which leads to less pesticide consumption with more efficiency, 
resulting in environmental sustainability [36]. Alromeed et al. [37] synthesized a 
clay–gelatin-based composite of MCPA [(4-chloro-2-methylphenoxy) acetic acid] 
herbicide and demonstrated four-time decline in herbicide leaching with enhanced
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bioactivity as compared to commercial MCPA herbicide (used as control). Recent 
advancements in pesticide formulation have focused in developing pesticides with 
a gradual and continuous supply of active components due to enhanced solubility 
via microencapsulation [38]. However, the selection of encapsulating material is of 
critical importance, as it should be cheaper, non-toxic, and environment-friendly to 
ensure environmental sustainability [39–41]. 

3.3 Application in Biomedical 

Due to environment-friendliness and safety, clay-based materials are ideal candidates 
for biomedical applications such as drug packaging and delivery, bone cementing, 
wound healing, tissue engineering, cancer therapy, and enzyme stabilization [42]. 
Thus, in this section, the most common applications of clay-based materials in 
biomedical sector have been discussed. 

3.3.1 Pharmaceutical 

Clay composites are being utilized in pharmaceutical, cosmetics, biomaterials, and 
biosensor production, as well as in several medical devices. Clay composites are 
widely being used to enhance the efficiency of drug as carrier and even as the active 
ingredient as to prevent any toxin, bacteria, and pathogens. For instance, Asthana 
et al. [43] cohol with montmorillonite clay and produced a skin ointment, which 
helps to reduce the appearance blemishes and redness and also combats allergic 
reactions caused by irritating lotions or cleansers. The authors further explained that 
the combination of aloe vera gel (hydrated) with montmorillonite clay has the ability 
to bind free radicals, bacteria, and toxins living on the surface of the skin and provides 
extra moisture to the skin [43]. Likewise, combining biomaterials with clay minerals 
can enhance the effectiveness of biomaterial for an efficient wound dressing in tissue 
engineering. For example, Bonifacio et al. [44] developed a hydrogel by combining 
glycerol and gellan gum with halloysite nanotubes for the purpose of soft tissue engi-
neering (for regeneration of liver, skin, and pancreas). It was further reported that 
combining gellan gum with glycerol resulted in increased viscosity of the mixture, 
but halloysite nanotubes reduced water absorption by 30–35%. The addition of 5% 
halloysite nanotubes to chitosan/halloysite nanotube membranes increased mechan-
ical qualities as well as thermal stability [45]. Likewise, Yu et al. [46] combined 
Callicarpa nudiflora (medicinal herb) with collagen and organo-montmorillonite to 
produce a composite membrane. The result showed that the combination of herb with 
the clay composite has a significant result in reducing bacterial activity by 70% as 
compared to the herb alone. In another study, Kapusetti et al. [47] produced cement/ 
layered silicate nanohybrids with montmorillonite nanoclays to reduce cell necrosis 
and improve biocompatibility. Nanoclays’ composites with polymethyl methacry-
late, which is a bone cementing agent, strengthen and enhance the efficiency for bone
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cementing and bone implant applications with improved biological characteristics 
and mechanical strength [48]. Moreover, due to their implication as filler material, 
nanoclays’ application along with hydrogels improves the propagation and adhesion 
of cells and helps in desired tuning and restoration of tissue functionalities [49]. 

Clay composite’s wound healing applications have also been extensively 
researched in order to minimize pain, infection, and to enhance scar resistant and 
wound dressing in healing wounds [50–52]. Properties of clays such as flexibility 
and swelling are crucial in this context. Sabaa et al. [53] reported that a biodegrad-
able polyvinyl alcohol composite containing carboxymethyl chitosan and montmo-
rillonite demonstrated a greater swelling behavior and high antibacterial efficacy. 
Alike, a composite of polyvinyl alcohol and Iranian gum tragacanth containing 
kaolinite-based nanoclays has shown increased mechanical and chemical proper-
ties, demonstrating an efficient material for wound healing [54]. In nutshell, natural 
aluminosilicate clays along with their biodegradable composite proved non-toxic, 
biocompatible, and pH sensitive in drug delivery systems and possessed excellent 
stretching, filling, and healing properties in application for bone cementing, tissue 
engineering, and wound healing. Therefore, clay-based composite materials are being 
produced and effectively employed for various purposes in pharmaceutical industry. 

3.3.2 Drug Delivery 

Clay-based composites have also been used in drug delivery applications for anti-
inflammatories, antibiotics, antimicrobial, antihistamines, antialgal, antifungal, and 
anticancer therapies [55–63]. As the drug release is controlled in intercalated layered 
materials, application of such novel materials in the pharmaceutical sector has a great 
potential. The presence of clay in medicines can control the rate of drug release and 
thereby improves the dissolution of drug subsequently ensuring that the drugs have 
effectively reached the specific organ without affecting other organ in the body [64]. 
Tipa et al. [65] prepared polymer–clay composites based on pluronics and nanoclays 
with a 2 wt% addition of clay and observed a long-term drug delivery profile of up 
to 45 days. 

Mura et al. [66] studied various kinds of clays including bentonite, attapulgite, 
and sepiolite together to govern release and dissolution behavior of oxaprozin (an 
anti-inflammatory drug) and found sepiolite with best performance in enhancing 
therapeutic effectiveness. Likewise, Roozbahani et al. [61] reported that laponite 
nanoplatelets can efficiently be used for controlled and persistent release of anionic 
dexamethasone via encapsulation inside the interlayer space of laponite nanodisks. 
Zeynabad et al. [67] reported that an organo-modified laponite–polymer composite 
nanoclay enhanced the encapsulation effectiveness by 90% for a dual drug delivery 
system which depends on pH for cancer treatment. It has been established that the 
application of nanoclays serves as an efficient and useful strategy to enhance the 
therapeutic efficacy of less-soluble medicines such as oxyproline and cyclodextrin, 
subsequently reducing the quantities of such medications [42]. Tabasi et al. [68] 
used clay ceramics as nanocarrier and tried to explain the higher capacity of such
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materials for carrying drugs. In this research, nanoclay demonstrated remarkable 
potential in nanovaccine technology that can be used to prevent tumor growth and 
various infectious diseases such as COVID-19, influenza, pathogenic Escherichia 
coli (E. coli), and Leptospira. 

3.4 Application in Industry 

Clays are the oldest and perhaps one of the most interesting and versatile materials 
[69]. Unique properties of clays make them suitable for various industrial applica-
tions. Clays are becoming more and more popular today thanks to their intriguing 
characteristics, which include natural abundance, affordable prices, stability, and 
compatibility [70]. Clays are extremely adaptable and very affordable materials for 
the creation of sophisticated clay composites due to their rich intercalation chem-
istry, distinctive layered structure, high aspect ratio, and excellent in-plane strength 
and stiffness [69]. Clay-based composite materials have also been effectively used 
in energy generation and storage purposes. The utilization of clay composites in the 
energy industry may be characterized by (i) increased safety, (ii) increased comfort, 
(iii) lighter vehicles that save fuel and decrease CO2 emissions, and (iv) improved 
drivability [19]. Higher surface area and porosity are the most important factors to 
enhance thermal energy storage capacity. In this scenario, clay-based composites are 
of significant importance for energy storage purpose owing to their higher porosity 
and larger surface area [71]. Musyoka and Langmi [71] stated that the water-saturated 
clay minerals are efficient materials for underground storage of solar energy for longer 
period of time. Likewise, by Gabrielsson et al. (1997) [72] reported that soft clay can 
effectively store thermal energy even at 70 °C of temperature. 

It has been established that the additive manufacturing, often known as three-
dimensional (3D) printing, can potentially transform numerous industries; however, 
the wide-ranging effects of 3D printing on water treatment membranes are not under-
stood. The most common 3D printing plastics used are chlorinated polyethylene, 
acrylonitrile butadiene styrene, and polylactic acid, which are durable but bit expen-
sive [73]. Therefore, if combined with nanoclays, the usage of polypropylene in the 
form of plastic in various ratios to manufacture 3D filaments can be achieved with 
more efficiently as it is cheaper and cellulosis plastic, which is used as a softwood 
pulp [74]. Moreover, Youmoue et al. [75] stated that using sawdust as a porogen 
agent, clay-based ceramic composite materials with hydraulic permeability can be 
used as promising candidates for microfiltration. Therefore, based on the targeted 
application in industry, natural clay minerals can be appropriately modified to achieve 
efficient, cost-effective, and environment-friendly composite materials.
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4 Conclusion 

Natural clay minerals are cost-effective, abundant, and environment-friendly mate-
rials and are widely being used in various industrial and agricultural sectors. However, 
the crystal structure and negative charges on surface make then efficient materials 
for specific applications. Therefore, modifying the natural clay minerals with foreign 
materials to produce clay composite has gained much attention of the researchers 
recently. These modifications result in improved surface area, porosity, and other 
characteristics of the clay-based composite, making them suitable for variety of 
applications. Clay-based composites have widely been employed in agriculture sector 
(fertilizer and pesticides), environment (soil remediation and rehabilitation as well 
as wastewater treatment), industries, energy storage devices, and biomedical appli-
cations (pharmaceuticals and drug delivery). Future research should focus on devel-
oping the most efficient and low-cost modification techniques to design clay-based 
composites for versatile application. Moreover, new modification techniques should 
be explored to produce large-scale clay-based composites with consistent properties. 
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Abstract Clay minerals have gained a huge attention of the researcher in recent 
years owing to their widespread applications in environment, agriculture, industry, 
and pharmacy. Despite of the unique properties of clay, there are some limitations 
in agricultural and environmental applications of clays, which includes removing 
hydrophobic organic micropollutants, utilization of fixed-bed media and in floccu-
lation water treatment. Therefore, several researchers have attempted to fabricate 
clay-based composites with other materials such as biochar to improve and tune the 
properties of clays for targeted applications. Biochar is produced from the pyrolysis 
of waste materials and is characterized by a negative surface charge, larger surface 
area, numerous surface functional groups, high cationic exchange capacity, higher 
recalcitrance, and large pore volume. Therefore, synthesis of clay–biochar compos-
ites via surface, chemical, mechanical, or physical modifications could generate 
efficient materials with improved characteristics for specific applications. Thus, 
the techniques to synthesize clay–biochar composites for various applications are 
reviewed and discussed in this chapter. The variations in the chemical, physical, 
surface, and structural characteristics of clay–biochar composites are also discussed. 
Moreover, efficient, cost-effective, and environment-friendly technologies to synthe-
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recommended. 
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1 Introduction to Clay-Biochar Composites 

In a controlled process known as pyrolysis, organic waste from forestry and agri-
cultural operations is burnt to produce biochar, a material that resembles charcoal. 
Although it resembles regular charcoal in appearance, biochar is created using a 
particular procedure to lessen contamination and conserving carbon. In the process 
of pyrolysis, organic materials like wood and plants are burnt in an environment with 
limited oxygen. The substances burn with minimal to no harmful gas emissions. The 
organic material is turned into biochar during the pyrolysis process, a stable carbon 
form that would be hard to release into the atmosphere. Heat or energy produced 
by pyrolysis can be captured and used to generate clean energy. When it comes to 
stabilizing carbon, biochar is by far more effective and cleaner than other types of 
charcoal. Biochar made by the pyrolysis of biomass in the conditions of no or little 
oxygen is in fact carbon-rich charcoal [1, 2]. Biochar can have many applications 
such as environmental remediation [3]. This is as a result of its many functional 
groups on the surface, negative surface charge, as well as additional structural and 
textural characteristics like high porosity, large specific surface area, and substantial 
cation exchange capacity. These characteristics make biochar extremely effective in 
binding both organic and inorganic pollutants [4]. The sorts of raw materials that are 
generally easily accessible as waste materials have an impact on the physicochemical 
characteristics of biochar. A few factors affecting the charcoal pyrolysis process are 
temperature, heating rate, residence time, and reactor type [5]. It is well known that 
biochar has highly developed pores [6, 7], many functional groups [8] numerous 
inorganic nutrients [9], and very stable carbon [10]. Consequently, biochar has a 
variety of uses, including enhancing soil fertility [11], contaminants immobilization 
[12, 13], treatment of wastewater [14, 15], exhaust gas treatment [16] as well as  
in-place carbon storage. Sustainable waste management is indirectly supported by 
the utilization of biomass as a raw material to create biochar. 

Biochar activation or modification increases its physicochemical qualities even 
though unaltered biochar has demonstrated great performance in environmental 
applications [8]. There have been various attempts to activate biochar without the use 
of outside doping agents by using steam, gas, oxidants, and acids [17]. Engineered 
biochar is a prospective contender for a variety of environmental uses, including 
enhancement of soil fertility, immobilization of contaminants, and treatment of 
wastewater. Another way is the modification of biochar with other materials such 
as clay to enhance the properties of the biochar and results in a substance called 
clay-biochar composite. 

One of the world’s richest natural resources is clay. Although clay is widely used 
for various purposes, such as an adsorbent, however, various applications are strongly 
dependent on its structural and chemical composition, which determines its chemical 
and physical qualities [18]. Clays come in a variety of forms, but they are all distin-
guished by having a lot of surface hydroxyl groups, high cation exchange capacity, 
and good stability [1, 2]. These characteristics increase their potential for adsorption.
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However, clay can be combined with other materials to enhance its adsorbent quali-
ties. In light of this, clay-biochar composites made from biomass waste and biochar 
have been developed [18–23]. 

The ongoing green and sustainable remediation movement is in line with biochar 
that has been amended with clay minerals. Clay-biochar composite holds a great 
potential because it has numerous uses in both agriculture and environmental cleanup. 
The physical characteristics and chemical fertility of soil are immediately improved 
using various biochar composites and thus increase agricultural output. However, 
environmental-friendly and sustainable methods of soil remediation will require the 
development of new materials in the future [24]. Clay-biochar composites have been 
created in numerous experiments and utilized to remove a variety of contaminants, 
including methylene blue, cadmium, and arsenic [18]. In this chapter, novel trends 
of clay-biochar synthesis are identified and assessed critically. 

Although only a few studies have examined the production processes and envi-
ronmental applications of clay-biochar composites, it is still difficult to identify new 
patterns in the synthesis of this material. The goal of this chapter is to classify 
and characterize clay-biochar composites while also discussing the factors that lead 
to their production. Additionally, the necessity of clay-biochar composites will be 
explored, along with how to best tailor them to the intended use. 

2 Need to Synthesize Clay-Biochar Composites 

The Amazonians first discovered the benefits of biochar thousands of years ago when 
organic and agricultural waste were burnt and buried. We can still benefit from these 
advantages using modern science [25]. Here are a few advantages of biochar: It can 
assist in restoring deficient soil, it lessens waste by devising an effective method of 
recycling organic material; it serves as a carbon sink since the production of biochar 
from biomass produces less carbon dioxide than burning biomass; heavy metals from 
the soil can be absorbed by it; it raises the pH of the soil to make it less acidic; and also 
acts as a natural habitat for microorganisms that improve the soil’s quality, allowing 
plants to thrive where they couldn’t before. 

Despite all the benefits of biochar, it has some limitations that need to be aware of 
when using it. These incudes compacting of the soil as a result of regular biochar treat-
ment, hence, negatively impacting crop yield; it can limit the activity of earthworms 
in the soil which are essential for plant health, as they improve nutrient cycling, 
increase soil aeration, and promote better plant growth; although it increases crop 
production but it absorbs some of the useful nutrients in the soil and as a result, it 
decreases the nutrients available for the plants; it can absorb pesticides when applied 
to the soil and thus negatively impacting their effect; it can affect soil’s vulnerability 
with respect to harsh weather conditions. In order to fix those issues, combining clay 
minerals, a natural product with biochar, might improve the flaws and issues that
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arise from using biochar alone by altering the final product’s chemistry and physical 
makeup. 

In recent years, as an effective low-cost adsorbent for environmental applications, 
unique engineered biochar containing clay minerals dispersed on carbon surfaces 
inside the biochar matrix has been developed. Clay minerals have a variety of phys-
ical and chemical traits that increase the effectiveness of biochar when combined 
with it to form a composite. Clay minerals are frequently used in industrial engi-
neering, agriculture, and petroleum refining. Clay minerals possess a number of 
valuable physical and chemical characteristics including surface chemistry, particle 
shape, exchange capacity, lamellar structure, functional group, and surface area [26]. 
Heavy metals, dyes, and organic molecules, among other contaminants, can be effec-
tively fixed by clay minerals [27]. The clay minerals (kaolinite and montmorillonite) 
have received ample attention because they have the potential to be employed as 
inexpensive adsorbents. 

As an adsorbent, clay-biochar composites have many benefits, including being 
economical, simple to use, and environmentally benign. Biochar can be made from a 
variety of precursors, many of which are readily available, and it has a higher adsorp-
tion capacity than other common adsorbents. Many studies have shown that engi-
neered biochar, which is made from two inexpensive resources (clay and biochar), is 
an effective adsorbent for removing pollutants from the environment, such as heavy 
metals. 

3 Techniques to Synthesize Clay-Biochar Composites 

Clay-biochar composites have been synthesized with different techniques to suit 
their target application. There is variation in the ratio of biomass to clay or biochar 
to clay preparation. Also, the pyrolysis temperature varies resulting in different 
characteristics and properties of the produced composite. One of the techniques 
employed in synthesizing clay-biochar composite involves mixing the biomass and 
clay before pyrolyzis as seen in the production of montmorillonite and red earth– 
biochar composite by Premarathna et al. [23]. Here, 50 g clay was added to 2 L of 
deionized water and then sonicated with an ultrasonicator for 30 min, after which 
250 g of feedstock (municipal solid waste) was added to the clay suspension and then 
shaken for 2 h with a mechanical shaker to ensure homogeneity of the mixture. The 
clay-feedstock suspension was filtered from the liquid and oven-dried to remove the 
moisture after which it was subjected to pyrolysis (at 500 °C for 30 min) in a little 
amount of oxygen. The produced clay-biochar composite materials were thoroughly 
washed with deionized water to get rid of any soluble contaminants. A similar tech-
nique was practiced by Ismadji et al. [18] for the production of bentonite hydrochar 
composite though there were little modification. In this procedure, the clay to feed-
stock ratio was 1:2 (25 g of bentonite powder and 50 g of cassava peel powder). Also, 
the pyrolysis time was 1 h under the flow of nitrogen for some part of the pyrolysis 
period. Similarly, in a study by Rawal et al. [28] where iron-clay-biochar composite
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was produced, the clay minerals and biomass were mixed before pyrolysis. In this 
study, kaolinite and bentonite were the clay minerals, while bamboo was used as the 
feedstock with different pyrolysis temperature (250 °C, 350 °C, 450 °C, and 550 °C) 
for 30 min. Furthermore, Fosso-Kankeu et al. [20] produced bentonite–biochar 
composite from the pyrolysis of a mixture of bentonite and sweet sorghum bagasse 
(mass ratio of 1:5) at a pyrolysis temperature of 400 °C in the presence nitrogen. 
Similarly, Borthakur et al. [19] synthesized montmorillonite and red earth–biochar 
composite by pyrolyzing a mixture of municipal solid waste with montmorillonite 
and natural red earth at 500 °C for 30 min under an oxygen-less environment. Here, 
50 g of each of the montmorillonite and natural red earth and 250 g of the feedstock in 
2 L deionized water were mixed and shaken for 2 h. Filtered clay-feedstock suspen-
sions were dried in an oven overnight at 80 °C before being pyrolyzed at the aforemen-
tioned temperature to produce the composite. In a similar technique where pyrolysis 
was done after mixing biomass with clay, Chen et al. [29] produced attapulgite-
clay-biochar composite following the pyrolysis of attapulgite and bagasse mixture. 
In this study, 4 g of attapulgite was mixed with 20 g of bagasse in a beaker after 
which 50 ml of deionized water was added and the mixture was made into paste by 
stirring it vigorously with a magnetic stirrer. The paste was then ground into powder 
after being oven-dried at 105 °C. The dried substance was then subjected to pyrol-
ysis using a muffle furnace in an argon atmosphere at 700 °C for 4 h. The produced 
composite was washed severally with deionized water and then oven-dried. Similarly, 
a composite of attapulgite-clay and biochar was made by Yao et al. [30] following 
the technique stated by Li et al. [31]. Here, firstly, a stable suspension of attapulgite 
was made by mixing 2 g of attapulgite powder with 80 ml of deionized water, then 
ultrasonically sonicating the mixture for 30 min. Following that, 10 g of the biomass 
was added to the attapulgite suspensions and mixed by stirring for two hours. The 
biomass was then removed from the mixture and dried in an oven at 80 °C. The atta-
pulgite treated biomass feedstocks were then pyrolyzed under oxygen-limited envi-
ronment using a muffle furnace with a pyrolysis temperature of 500 °C for a period 
of 6 h to produce the composite. Likewise, biochar-montmorillonite composites 
were produced from the pyrolysis of a mixture of biomass (cauliflower leaves) and 
montmorillonite clay with a pyrolysis temperature of 500 °C for a period of 6 h [32]. 

Another technique is pyrolyzing the feedstock before mixing it with the clay 
mineral to form composite. For example, MgAl-LDH (Layered Double Hydroxide)/ 
biochar composite was produced by Meili et al. [4] by adopting the co-precipitation in 
accordance with Zhang et al. [33]. Here, 20 ml of totally dissolved solution containing 
2 mol of Mg and 1 mol of Al was prepared after which 1 g of biochar (produced 
from bovine bone) was added under continuous stirring while 3 M of NaOH was 
added drop-wisely until a pH of 10 was attained. The mixture was stirred for about 
4 h and then centrifuged to separate the solid material from the liquid. The solid 
material was thoroughly washed with deionized water to remove the impurities before 
being oven-dried at 60 °C for 16 h. Also, in another study, biochar-montmorillonite 
composite was synthesized by firstly producing the biochar (feedstock: peanut shell) 
before being mixed with montmorillonite clay [13]. In this study, the biomass was 
pyrolyzed using a muffle furnace at 250 °C for 3 h in an oxygen-limited environment
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after which the produced biochar was allowed to cool and was grinded into powder 
form and passed through a 100-mesh screen. 30 g of the produced biochar was mixed 
with 30 g montmorillonite in 600 ml deionized water and thoroughly stirred with 
a magnetic stirrer for 2 h. The mixture was then centrifuged to separate the solid 
material from the liquid and then dried with an oven at 105 °C. 

4 Types of Clay-Biochar Composites 

Different clay-biochar composites have been synthesized by various research based 
on the purpose of synthesis, available materials, and some other factors as given 
in Table 1. Types of clay-biochar composite include bentonite–biochar composite 
[18, 20–22], montmorillonite and red earth–biochar composite [19, 23], MgAl-
LDH/biochar composite [4], biochar-montmorillonite composites [13, 32, 34], iron-
clay-biochar composite [28], attapulgite-clay-biochar composite [29, 30], silica/ 
zeolite–biochar composite [35], biochar-chitosan/clay nanocomposite [36], and 
montmorillonite /kaolinite-biochar composites [31, 37].

5 Interactions of Clay and Biochar in Composite Materials 

Biochar can be produced using different materials such as plant waste, food waste, 
sewage sludge, and agriculture crop residues which are abundant and easy to 
collect [39]. An environmentally favorable carbonaceous material with a large 
specific surface area is called biochar [40]. On the other hand, due to their unique 
physical and chemical characteristics and potential uses, clay minerals are receiving 
more attention in the field of materials science and analytical sciences as they are 
highly helpful for contaminants removal from the environment [41]. The colloidal 
component of sediment, soil, and rocks is made up primarily of clay minerals, 
which are hydrous aluminosilicates [42]. In addition, the clay minerals also have 
a significant impact on the environment because they act as natural adsorbents for 
pollutants by accepting ions during ion exchange and adsorption or both [43]. 

Due to the influence of abiotic and/or biotic processes on its characteristics and 
adsorption capacity and its low surface area, biochar appears to be less promising 
than activated carbon in the context of the adsorptive removal of pollutants from the 
environment [44]. Therefore, designing the composite from both biochar and clay 
can be more efficient in the removal of pollutants from the environment. The clay 
minerals interact with biochar along with combination of Si and Al that can act as 
binding agents. Additionally, an organo-mineral complex is created when the clay
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that is attached to biochar’s surface is injected into its interior pores [31]. Therefore, 
there are several mechanisms of interactions between clay minerals and biochar: 

1. The surface interactions between clay minerals and biochar through direct elec-
trostatic interaction, ligand exchange reactions, H-bonding, and cation bridging 
[45, 46]. 

2. The electron donor–acceptor (EDA) interactions between clay minerals and 
biochar can occur [45, 47]. 

3. Biochar releases soluble organic molecules that can be intercalated with clay 
minerals [45, 48]. 

4. Clay minerals’ interlayer water is replaced by neutral organic molecules and 
is bounded by organic compounds, as occurs with smectites and binding of 
organic compounds as occur with kaolinite during H-bond and/or strong dipole 
interactions [48]. 

5. Also, the interactions can be hydrogen-π interactions between clay minerals 
by H silanol groups and by the face of electron-rich π-system of the aromatic 
ring in biochar, n-π electron donor–acceptor (EDA) interactions between a basal 
siloxane surface (clay minerals) and a nitro aromatic compound (biochar) [49]. 

6 Characterization of Clay-Biochar Composite 

The X-ray diffraction (XRD), Fourier transform infrared spectroscopic (FTIR), scan-
ning electron microscopy (SEM), EDX spectrum, and BET surface area are used 
to characterize the clay-biochar composites. There are some previous studies that 
described the differences between biochar and clay-biochar. The modification of 
biochar by clay has received wide attention from many researchers to remediate soil 
and water pollution. They proved that the modification of biochar with clay improves 
the surface area and enhances the functional group. Also, they mentioned that the clay 
distributes in the porous structure of biochar [20]. Table 2 presents the characteristics 
and properties of different clay-biochar composite.

6.1 X-Ray Diffraction (XRD) Analyses 

The X-ray diffraction (XRD) is used to explore mineralogical composition of clay-
biochar composite [54]. Yao et al. [31] described the modification of biochar by 
montmorillonite. The results of XRD analyses confirmed that the production of clay-
biochar composites was successful where the clay (montmorillonite) was implanted 
onto the carbon surfaces of the biochar matrix. Also, they mentioned that the quartz 
(SiO2) was found in clay-biochar composites and it was a common mineral within 
biochars. Another study for XRD analysis comparing between biochar and clay-
biochar composite by Wang et al. [13] mentioned that the two diffraction peaks at 
2º = 11 and 24.5° indicated biochar, while for montmorillonite-biochar showed
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four peaks at 2º = 5.7, 20.7, 34.9 and 60.8°. In addition, quartz (SiO2) was  a  
common impurity in clay with a sharp peak at 2º = 28.8°. Song et al. [55] reported 
that the main mineral component in the studied clay-biochar composite were silica 
and the secondary component was beidellite. Also, the XRD patterns showed the 
montmorillonite filled on biochar by four typical peaks at 6.5° (d = 13.6 Å), 17.2° 
(d = 5.2 Å), 19.9° (d = 4.46 Å) and 35.0° (d = 2.6 Å). In another study conducted 
in the modification of biochar by montmorillonite and kaolinite, the results revealed 
two peaks with centers at 2º = 24° and 43° corresponding to the strong and weak 
diffraction peaks respectively which indicated graphite (24°) and amorphous nature 
of carbon (43°) [56]. Additionally, the clay-biochar XRD pattern displayed primary 
reflection at 8.77, which is entirely lacking in both clay and biochar. The variations 
in the clay-biochar results demonstrated that the production technique employed 
successfully incorporated biochar onto the clay matrix [56]. 

6.2 Scanning Electron Microscopy (SEM) 

Fosso-Kankeu et al. [20]mentioned that the image of biochar can be seen as rod-
like structure and protrusions while the bentonite particles look like small lumps, 
and therefore, the surface texture for bentonite-biochar composite has a surface area 
larger than pristine biochar. In a research by Yao et al. [31], the SEM imaging of 
the clay-biochar composites showed that the surface area of the clay-biochar was 
covered by thin film structures which was also confirmed by the energy disper-
sive X-ray spectroscopy (EDX). In both the SEM imaging and the EDX spectrum, 
extremely high peaks for silicon, sodium, aluminum, calcium, iron, and magnesium 
could be seen on the clay-biochar composites surface, which are the main indica-
tive of clay minerals’ elemental composition [31]. Premarathna et al. [23] prepared 
montmorillonite-biochar and red earth-biochar, SEM images of the two compos-
ites showed that the pores present on the surfaces of biochar were able to remove 
tetracycline by enhancing surface adsorption. Also, the images of the composites 
from the SEM showed that clay particles bonded onto the surfaces of biochar that 
made the surfaces of the biochar to appear more rough and enhance the adsorption 
by the reactive surface than pristine biochar. However, the biochar pores remained 
open to the adsorbate molecules because the clay particles did not completely cover 
the biochar surfaces [23]. Likewise, modified biochar with montmorillonite with 
three temperatures (200, 350 and 700 °C) was applied for zinc removal [55]. It was 
observed that montmorillonite was bonded on the biochar appearing like scales. At 
200 °C, the montmorillonite particles might block the pores of biochar. At 350 °C, 
the montmorillonite particles adhered to the biochar surfaces and at 700 °C, the 
biochar surfaces developed a lamellar structure. From the results, the high temperate 
changed the morphology of biochar loaded with montmorillonite. In addition, the 
SEM-EDS of the attapulgite-biochar composite showed that the high temperature led 
to resurgence of C and O atoms, whereas the Si, Al, and Mg concentration dwarfed 
[38]. Furthermore, both the Transmission Electron Microscope (TEM) and SEM



104 M. A. Akanji et al.

images showed that pyrolyzing the mixture of biomass and iron-clay slurry resulted 
in the nanostructured minerals phases within the biochar’s porous structure [28]. In 
a previous study conducted by Rallet et al. [56], it showed that clay has a smooth 
and hollow surfaces, while biochar has a porous structure with rough surface. Hence, 
the clay particles were precipitated on the biochar surface but not entirely cover the 
whole surface. 

6.3 Surface Area 

Surface area is an important property of clay-biochar composites that needs to be 
studied because it affects their performance. Yao et al. [31] modified biochar by 
kaolinite and montmorillonite, the raw material treated with kaolinite decreased 
surface area, probably due to kaolinite may cover/clog the pores on the biochar. 
Another research mentioned that the BET surface area of the clay-biochar composites 
was twofold times that of pristine biochar which may be as a result of the precipitation 
of clay particles on the surfaces of biochar [23]. Likewise, in another research, it 
was reported that the BET surface area of biochar was 2.79 m2/g, while it was 
6.18 m2/g for montmorillonite-biochar [13]. Also, Song et al. [55] revealed that the 
montmorillonite-biochar composite exhibited larger surface area at higher pyrolysis 
temperature. 

6.4 Fourier-Transform Infrared Spectroscopic (FTIR) 

The FTIR spectra are used to investigate surface functional group of the clay-
biochar composite. There are many studies to describe the differences of the FTIR 
spectra between clay-biochar composites and pristine biochar. One of these studies 
by Premarathna et al. [23] conveyed that the FTIR spectra of clay-biochar composites 
revealed significant differences compared to biochar due to the introduction of Si–O 
functional groups onto clay-biochar. Also, the FTIR analysis of attapulgite-biochar 
showed the presence of absorption peaks at 1139 and 1027 cm−1 which were referred 
to the biochar C–O and attapulgite [38]. Another research of the FTIR spectrum of 
montmorillonite-biochar by Wang et al. [13] revealed that the peaks at 3620, 519, and 
468 cm−1 were assigned to −NH, Fe–O, and Si–O–Si, respectively. In this research, 
the FTIR demonstrated that the montmorillonite-biochar showed an oxygen func-
tional group, which increased its adsorption ability. As well, the hydroxyl peak got 
weaker with increasing pyrolysis temperature [55]. The obtained FTIR spectrums of 
the clay-biochar composites have C=O, C=C, Si–O–Si, Al–OH–Al, and Si–O–Al at 
1597, 1442, 1018, 875, 421 cm−1, where virtually the same functional groups were 
detected in clay (3695, 3621, 1633, 991, 793, 911, 680, and 519 cm−1) and biochar 
(1646, 1498, 1181, and 913 cm−1) with low intensities [56].
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6.5 CHNS Analyses and Energy Dispersive X-Ray 
Spectroscopy (EDX) Spectra 

The CHNS analyses are used to describe the content of elements in clay-biochar 
composites. Hence, modification of biochar with clay minerals could change the 
metal contents of the engineered biochars. Yao et al. [31] mentioned that the content 
of oxygen in clay-biochar composite (using kaolinite and montmorillonite as clay) 
is more than that of biochar. Likewise, elemental analysis showed that both kaolinite 
and montmorillonite modification dramatically enhanced the biochar aluminum and 
iron content [31]. Also, in this study, montmorillonite amendment increased the 
biochar’s sodium content. The EDX spectra of clay-biochar composites compared 
with other spectra provided evidence for the existence of clay on the biochar surface 
[56]. Furthermore, Wang et al. [13] showed that the EDS analysis revealed that 
the two main compositions of biochar were carbon and oxygen, while the typical 
elements of montmorillonite were silicon, oxygen, aluminum, magnesium, calcium, 
and iron. In addition, the EDS spectrum of the montmorillonite-biochar confirmed 
high peaks for silicon, oxygen, aluminum, magnesium, calcium, and iron. Similarly, 
the EDX spectra of clay presented high peaks of Si, Al, O, and Fe, which are the 
main metal composition [56]. Nevertheless, the chemical compositions in biochar 
were C, O, and Ca. 

7 Optimization and Tuning of Clay-Biochar Composite 
for Target Application 

The manufacture of sustainable biochar has drawn more attention in recent years 
due to its flexible physicochemical features and potential for use in a variety of 
industries. There have been extensive investigations done to characterize biochar 
generated from different feedstock and utilizing various production procedures and 
processing conditions. The major factors to be considered in determining the qualities 
of biochar required for particular applications are (i) choice of feedstocks and (ii) 
biochar production procedures [57]. Therefore, the choice of feedstock, tuning, and 
optimization of the production process are crucial for producing biochar with the 
required qualities. However, further clarification of these correlations is necessary 
for end users and stakeholders in biochar to be able to predict the physiochemical 
properties of biochar from specific feedstocks and production conditions, evaluate 
potential side effects of biochar use [58] and clay-biochar composites. 

The negative consequences on human health make heavy metal poisoning of water 
bodies a topic that is currently receiving more attention. Despite the outstanding 
adsorption performance of biochar, it has undergone a number of modifications to 
increase its adsorption capacity, overcome the challenge of particle separation, and 
reduce the problems associated with secondary pollution.
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To protect soil and water through intensive agricultural practices as well as signif-
icant industrial and transportation activities, a sustainable management of the envi-
ronment and agriculture is essential. A promising tool to address these challenges 
could be the application of clay-biochar composites. Then, modification of biochar 
could be used in a variety of applications, including as sustainable agriculture and 
removing pollution [59]. Biochar modification enables the achievement of biochar 
properties which are optimum for particular applications through improving the bene-
ficial biochar properties [59]. Clay minerals have a unique attraction for contaminants 
removal from contaminated sites [60, 61]. There are many types of clay minerals used 
to remove of contaminants from soil and water such as kaolinite, montmorillonite, 
bentonite and smectite. On the other hand, biochar has advanced properties such 
as high porosity, high functional groups, specific surface area, and cation exchange 
capacity [62]. Furthermore, modification of biochar with clay minerals can enhance 
the functionality of the composite to remove contaminants from the environment 
[31]. For instance, co-pyrolysis of montmorillonite and bamboo powder increased 
the maximum adsorption capacity of the composite for 34.72 mg P g−1 for PO3− 

4 and 
this is due to the electrostatic attraction or ionic bonding between the PO3− 

4 and 
cations present in the clay-biochar composite such as Ca2+, Mg2+, Al3+, and Fe3+ 

[34]. Because of improved surface complexation, attapulgite-biochar composites 
have been successful at immobilizing As and Cd in river sediments [13]. One of the 
factors to be considered in preparing clay-biochar composite is the pyrolysis temper-
ature. There are many studies that showed a successful production clay-biochar 
composite at 600 °C for 1 h [63, 64, 65]. 

8 Future Research Challenges and Prospects 

After entering the twenty-first century, biochar has become a focus of multidisci-
plinary research. Due to its unique qualities, widespread applications, and bright 
future, in light of issues with food security, environmental pollution, and energy 
scarcity, basic and practical research on the use of biochar in agriculture, the envi-
ronment, and energy has significantly risen. Even if there are various disagreements 
regarding biochar research, numerous studies have shown its significance from the 
standpoints of scientific development and practical application. 

By 2050, it is anticipated that the world’s demand for food will have doubled 
because of an expanding and more demanding population. Additionally, the produc-
tion of food is in competition with the increased need for biofuels. Environmental 
costs associated with the earlier agricultural boom included water eutrophication, the 
extinction of species and crop varieties, and a decline in ecosystem services. Using 
the “green revolution instruments,” it is unclear whether agriculture will be able to 
grow as it did in the previous 50 years. We require strategies to enhance nutrient 
cycling and usage effectiveness, as well as to restore and sustain soil fertility. There 
are several grounds to believe that future environmental harm and resource deple-
tion will reduce agricultural productivity. One of the biggest problems confronting
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humanity may be increasing agricultural productivity while conserving resources and 
reducing the impact on the environment. A more environmentally friendly revolution 
is required [66]. 

The study of biochar systems is a highly interdisciplinary field that draws on soil, 
forestry, and agricultural sciences as well as technologies for producing renewable 
energy. In order to handle the problems caused by the conflicts and synergies between 
growing crops for multiple objectives, such as energy production, carbon sequestra-
tion, or food, biochar offers special solutions. Biomass is burnt under a low oxygen 
supply to make biochar, which is carbonized organic matter. By lengthening the 
half-life of biomass, which would otherwise decay or be burnt, carbonization would 
slow down the carbon cycle. Such pyrogenic carbon has been demonstrated through 
research and historical data to play essential roles in soil fertility. Additionally, a 
sizable carbon sink would be produced by the resistance of carbonized organic mate-
rials and its non-fuel use (biochar) as a soil amendment. Despite the fact that biochar 
has ancient origins and can be found in naturally occurring (Chernozems or Mollisols) 
or artificially (Terra Preta in the Amazon) modified soils, integrating it into contem-
porary land-use systems is difficult and requires scientifically sound foundations as 
well as the ability to pass environmental and life cycle assessments [67]. 

Recent studies have shown that biochar may be used to remove contaminants from 
polluted water and soil ecosystems as well as amend soil for agricultural cultivation. 
Critical debate on the benefits and drawbacks of biochar for diverse soil applica-
tions (such as soil amendment and/or decontamination) is required to encourage the 
commercialization of biochar for large-scale uses [68] and also its composite with 
clay. 

A significant number of aromatic recalcitrant organic pollutants are produced by 
various paper, oil, leather, and textile industries and released into the environment, 
posing serious health risks to all living things. The leakage of residual dyes from 
the textile industry into water bodies upsets the ecosystem because they accumulate 
in aquatic life and kill it. This contaminated water is frequently utilized in agri-
culture and eventually gets to people via bioaccumulation processes. The synthetic 
dyes that are widely employed in the textile industry can cause cancer and genetic 
mutation in people when they come into touch with them physically or through 
the food chain. Before being released into nature, the harmful color effluent from 
the textile industries could be controlled through physical, chemical, and biological 
methods including oxidation, phytoremediation, membrane filtration, chemical, and 
adsorbents like biochar or microbes [66]. 

Environmental pollution has become a big issue on a global scale in recent years, 
negatively affecting both human health and the economy. Because soil’s environ-
mental characteristics are so intricate, repair and treatment are more difficult and 
expensive. Sustainable materials such as biochar, biomaterials, and composites offer 
an economical and effective remediation approach in this regard. Exactly, the inclu-
sion of metal oxides, surface agents, and nanomaterials can give biochar and its 
related composites unique features. 

Significant attention is given to soil remediation, particularly the removal of heavy 
metals using composites based on biochar [69]. Therefore, it is imperative to conduct
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more study on the synthesis of more eco-friendly materials such as clay-biochar 
composite in the heavy metal remediation, contaminants immobilization and for 
other environmental use. 

9 Conclusion 

In this chapter, clay-biochar composites are well discussed with their different appli-
cation as gathered from previous studies. In this chapter, it could be deduced that 
smaller particle size, higher stability, lamellar structure, high surface area, numerous 
surface hydroxyl and silanol groups, and high ion exchange capacity are among 
the prominent characteristics of clays which make them excellent candidates for 
environmental and agricultural applications. These unique features give clay good 
adsorption potentials. However, the combination of clay with biochar improved this 
features, hence, enhanced its adsorbent properties. Clay-biochar composites have 
been synthesized in numerous studies and were found to be more effective in the 
removal of contaminants such as methylene blue, cadmium, ammonium, cadmium, 
arsenic, and nitrate. Moreover, it is eco-friendly, more effective, and easy to produce. 
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Application of Clay-Biochar Composites 
as Adsorbents for Water Treatment 

Luiz Daniel da Silva Neto, Ícaro Mychel Gomes Leite de Sá, Rafaela Gabriel, 
Pollyanna Vanessa dos Santos Lins, José Teixeira Freire, and Lucas Meili 

Abstract Recently, biochar has been recommended as a supporting material for 
nanometric particles to prevent agglomeration and improve surface area. Among 
the conceivable uses, clay dispersion over biochar appears to be an intriguing and 
creative choice that allows for the simultaneous and synergistic exploitation of the 
adsorption capabilities of both materials. In fact, modifying biochar with clays to 
generate composites is projected to considerably increase its adsorptive activity, 
representing an important opportunity to broaden the uses of a sustainable low-cost 
adsorbent. In light of this, the purpose of this chapter is to investigate the adsorption 
of various contaminants on clays supported on biochar. The chapter will be divided 
into sections that cover the principles of clays, biochar, and their unique features, the 
main techniques of composite synthesis, and the use of these materials as adsorbents 
for various contaminants. 

Keywords Biochar · Clay-like adsorbents · Carbonaceous material · Pollutants 
removal ·Water treatment 

1 Introduction 

Clay minerals, which are plentiful in nature and are highly reactive geomaterials, have 
been employed for a variety of uses. Because of their low cost, availability, cation 
exchange capacity, strong removal efficiency, and selectivity, clay minerals have 
garnered a lot of interest as adsorbents for pollutants removal from aqueous media. 
However, because to their small surface area, weak affinity for organic contaminants, 
and difficulty in post-use recovery, this interest has been slow [1–3]. Clay adsorbents,
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are also often more effective when supported or disseminated over large surface area 
and low-cost porous substrates. Biochar is an intriguing alternative among these 
supporting materials because it combines strong textural features with a general 
environmental potential in terms of sustainability, low-cost manufacturing, and non-
toxicity [4]. 

Biochar, also known as pyrochar, is a carbon-rich substance made from waste and 
biomass resources including wood, leaves, dung, and tree roots [5]. Because of its 
intrinsic features, such as oxygenated functional groups, large surface area, increased 
mineral content, and high cation exchange capacity, and biochar is a promising 
adsorbent in wastewater treatment [6]. Biochar has recently been recommended as a 
supporting material for nanometric particles in order to prevent agglomeration and 
improve surface area [7–11]. The dispersion of clays onto biochar is an fascinating 
and new approach that enables for the simultaneous and synergistic exploitation 
of both materials’ adsorption characteristics. In fact, this modification to generate 
composites is projected to considerably increase the adsorptive capacity, and repre-
sents an important opportunity to broaden the uses of a sustainable low-cost adsorbent 
such as biochar in water treatment [4, 12]. 

Therefore, this chapter focus on the following subjects: (1) the main sources and 
the selection of biomasses; (2) the biochar production and main physic-chemical 
characteristics; (3) fundamentals about clays and modifications; (4) the synthesis and 
characteristics of clays-biochar composites; (5) clays-biochar composites application 
as adsorbents; and, finally, (6) the perspective and future directions of environmental 
uses of the clays-biochar composites. 

2 Biomass Selection 

Biomass sources cover a range of materials that can be used as raw materials to 
produce biochar. In general, the properties of biochar (BC) derive from the type of 
material (biomass) and the operational conditions of the conversion process (pyrol-
ysis) used in the production of this coal. The definition of these factors directly 
interferes with the quality of the biochar produced and should be aligned with the 
application and destination of these products [4, 13]. 

The fulfillment of these requirements promotes a true diversification of materials, 
leading to a branch of new products with optimized characteristics. Thus, from the 
perspective of optimizing the production of biochar from the point of view of the type 
of material, a rigid selection of raw material is necessary, focusing on the physical– 
chemical characteristics of the final product to be produced and its employability. 
This methodology generates a critical view about the selection of the starting material 
[13]. 

Biomass sources are differentiated into groups according to their characteristics 
or origins. The most usual classification categorizes raw materials as biomass of non-
woody vegetables, woody vegetables, and organic waste (agricultural, industrial, and 
urban) as shown in Table 1.
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Table 1 Classification of raw material 

Biomass origin Biomass 

Non-woody vegetables Water hyacinth biomass [14]; 

Woody vegetables Growing wood macaranga gigantea [15]; 

Organic 
waste: 

(1) Agricultural Torrefied rice [16], coconut inflorescence wastes [17], corn cob 
[18]; 

(2) Urban Municipal solid waste [19], sewage sludge [20]; 

(3) Industrial Waste rubber [21], plastic waste [22], paper mill sludge, and 
textile dyeing sludge [23] 

Other forms of biomass classification are also considered. Dermirbas [24] classi-
fies biomass according to origin, such as: vegetable, animal, and urban [24]. On the 
other hand, Cortez et al. [25] classify biomass according to the technological routes or 
levels of technological development adopted for its use, such as: traditional, modern, 
and improved [25]. Notably, several ways of biomass classifying can be considered, 
and this differentiation is fundamental to ensure that its use is carried out efficiently, 
to measure its impacts and potentials. 

In general, the properties of each biomass (chemical composition, ash content 
and composition, nutrient content, moisture content, particle size and shape, density, 
among others) play a decisive role in the evaluation of its predisposition for use as 
biochar. Therefore, to understand the benefits and direct the applications of biochar, 
it is important to evaluate the physicochemical variations of the biomass [4]. 

The chemical components of plants (cellulose, hemicellulose, and lignin) and 
their derivatives undergo different reactions during pyrolysis, such as: dehydration 
hemicellulose degradation, cellulose degradation, and degradation of lignin, with 
release of gases. The combination of these processes is complex, however it can be 
observed that lignin (the last component to be degraded) strongly influences the final 
structure of biochars, such as micro and macroporosity. This relationship between 
lignin and structural properties is even more evident when the pyrolysis conditions 
were milder [4, 26]. 

Considering the chemical composition of the biomass, Maia et al. makes an 
interesting differentiation of biochar based on their composition and consecutive 
physical properties [26]. According to the author, biomass with different lignin 
contents produces biochar with notable anatomical differences (such as porosity, 
grain size). Thus, the interrelation of the chemical and physical properties of the 
material produced is clear. 

Thus, one can think of organofunctionalized raw materials that are used to produce 
a biochar with a specific purpose. For example, biochar with high content of nutrient 
and mineral, such as agricultural residues, are often used as soil amendments to 
improve fertility, while those with high recalcitrance can function in carbon fixation 
[13]. 

In addition, other external factors contribute to the differentiation of the biochar 
produced. Moisture, for example, is a factor of great influence on transport, storage,
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and production process costs. Biomass with high moisture content (above 30%) 
impacts the total time of the pyrolysis process, as they can: increase the heating rate 
[27] cause inconstant maximum temperatures [28] and hampers the thermal transfer 
of heat in the biomass, due to the convective transport of water vapors [29]. 

Thus, it is understood that it is possible to produce biochar from any source 
of biomass. The limitation, however, is related to the differences in the chemical 
composition and morphology of these materials, as well as in the storage, transport 
and conversion that will produce materials with different characteristics, such as 
nutrient content, specific area, porosity, pH, ion exchange capacity, recalcitrance 
among others. 

3 Biochar  

Different methodologies are used to convert biomass into products with higher added 
value. This biomass can come from residues from various segments, such as agricul-
ture, agricultural crops, woody vegetables, urban, and industrial effluents. Biomass-
derived products are used in the generation of energy in the form of heat and elec-
tricity, or in the production of biofuels, such as ethanol, biodiesel, biogas, bio-oil, 
and biochar [30]. 

Pyrolysis is a process of thermal decomposition of biomass, in the absence or 
in limited oxygen conditions. As products, a gas phase (H2, CO2, CH4, etc.), a 
liquid phase (bio-oil, tar), and a solid phase (biochar) are obtained. Biochar is the 
solid fraction obtained from the pyrolysis process, consisting mostly of carbon sp2 

domains randomly arranged, with empty spaces between them. Among the proper-
ties of biochar, the mechanical stability, high surface area, porous structure, and the 
presence of different functional groups on the surface stand out [31]. These charac-
teristics are influenced by the composition and size of biomass particles. In addition 
to the type of biomass chosen, pyrolysis parameters also influence the gas/liquid/ 
solid ratio produced, parameters such as temperature, reaction time, and heating rate 
[21–23]. Table 2 shows some of the main types of pyrolysis, and the characteristic 
conditions of each type of. 

Table 2 Types of pyrolysis [38] 

Pyrolysis T (°C) Time (s) Heating rate 
(°C.s−1) 

Biochar (%) Bio-oil (%) Gas (%) 

Slow 350–700 300–126,000 0.02–0.83 30–35 18–20 30–35 

Intermediate 400–650 60–900 1.67–5.00 15–25 40–60 20–30 

Flash 500–900 < 1 > 1000 15–25 60–80 10–20 

Speedy 450–1400 0.2–10 1000–10,000 12–25 70–75 13–30 

Vacuum 300–600 0.001–1 6–60 25–30 45–50 15–20
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The different proportions of biomass constituents favor the formation of some 
products. In general, cellulose and hemicellulose favor the formation of bio-oil 
and gas; lignin assists in the formation of gases and biochar; proteins and lipids 
in microalgae tend to form higher proportions of bio-oil and gas [32, 35, 36]. 

Temperature Effect 

The temperature of the pyrolytic process plays an important function in the composi-
tion of the products. Hemicellulose thermally decomposes at 200–300 °C, cellulose 
is decomposed in the region of 300–380 °C, and the thermal decomposition range of 
lignin is 200–300 °C. Thus, the increase in the temperature of the pyrolysis process 
favors the formation of bio-oil and gas fractions [32, 37]. 

In different studies, Santos et al. [39, 40] evaluated the influence of the temperature 
of the pyrolysis process on the percentages of biochar, bio-oil and gas fractions, using 
Wodyetia bifurcata and Syagrus oleracea as a biomass source, according to Table 3 
[39, 40]. 

Thus, it was observed that the increase in process temperature favors the formation 
of liquid and gaseous fractions and decreases the percentage of biochar production. 

Heating rate 

In pyrolysis, the rate of heating influences the proportion of products, for example, 
the formation of biochar is favored in slow pyrolysis. In addition, flash and rapid 
pyrolysis are most used when the goal is bio-oil production. Thus, the increase in 
the rate of heating tends to the formation of bio-oil [41, 42]. 

In their studies, Klinger et al. [41] the effect of the heating rate on the pyrolysis 
process of Brassica napus. Thus, a decrease in biochar production was observed with 
the increase in the heating rate. The same effect was observed in the work of Aysu 
and Küçük [43], where Ferula orientalis was used as biomass in pyrolysis. Similarly, 
the decrease in the biochar fraction, and consequently, an increase in the amounts of 
bio-oil and gas were favored with the increase in the rate of heating. 

Effect of residence time 

The residence time is the contact time of the biomass inside the reactor during 
pyrolysis. This variable has a negative correlation with biochar yield, other studies 
also observe this effect [44–46]. This negative trend is expected, since it is possible to 
further volatilization of mass in longer conditions of pyrolysis. In pyrolysis, shorter 
residence times (seconds or minutes) are recommended when the goal is to obtain

Table 3 Pyrolysis of Wodyetia bifurcata and Syagrus oleracea. [39, 40] 

Yield (%) Wodyetia bifurcate Syagrus oleracea 

400 °C 500 °C 600 °C 700 °C 400 °C 500 °C 600 °C 700 °C 

Biochar 42,9 38,6 29,6 20,3 34,4 28,6 24,2 21,1 

Bio-oil 36,5 38,2 42,8 49,5 42,4 46,1 48,0 49,3 

Gas 20,6 23,2 27,6 30,2 23,2 25,3 27,8 29,6 



118 L. D. da Silva Neto et al.

bio-oil [47]. However, short times can compromise the heat transfer on the surface 
of the particles, thus impairing the complete conversion of biomass in the pyrolysis 
process. 

Biochar Activated 

In adsorption processes using biochar as adsorbent, the properties of greatest interest 
are the functional groups present, the surface area, porosity, and adsorption capacity. 
However, these properties can be improved. Therefore, modifications can be made 
through the activation of biochar, which can be physical or chemical. In activation, 
the objective is to open the pores, to obtain one of a biochar with larger volumes 
and pore diameters, a better distribution of pore size. In addition, activation can 
provide more active and available adsorption sites, greater mass transfer capacity, 
and increased active loading surface for catalysis process [30, 48, 49]. Figure 1 shows 
an image obtained by Scanning Electron Microscope (SEM) of a biochar based on 
orange peel in a), and the same after undergoing an activation process in b) [50]. 

In physical activation, also called thermal activation, the material is subjected to a 
heat treatment, and can be in a current usually containing an inert gas. This process can 
also be conducted under vacuum conditions or in an oxidizing/reducing atmosphere. 
Physical activation occurs in two steps, first a carbonization, followed by gasification 
[51]. In this process, the material is subjected to temperatures ranging between 600 
and 900 °C. First, the less stable chemical bond is broken, forming radical species. 
These species are easily stabilized with additions of hydrogen, thus promoting the 
formation of volatile compounds on the surface of the material. Then, at the highest 
temperatures, the rings condense to form carbon domains sp2, generating more empty 
spaces and modifying the structure of the functional groups present [52–54]. 

Chemical activation, in general, is performed by impregnating the lignocellulosic 
precursor with a chemical agent, and the impregnated material will be carbonized. 
After the process, the activating agent is removed through washes so that pH is around 
neutrality. Some examples of activating agents, commonly used in the chemical acti-
vation of biochar, are: H3PO4; NaOH; KOH; ZnCl2 and FeCl3 [41, 44, 45]. After 
carbonization, the activating agent is housed between the layers of the sp2 carbon

Fig. 1 SEM images of a biochars of orange peel: a) no activated; b) activated [50] 
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domains, which is expanded, in which after washing the material with an appro-
priate solution, promotes the formation of the homogeneous microporous structure. 
This activation usually occurs at lower temperatures when compared to physical 
activation, promoting higher yields of biochar [53, 57]. 

4 Clays 

Clays and clay minerals have been materials used since the dawn of humanity [58– 
60]. They are increasingly used in countless applications such as fertilizers, catalysts, 
foundry sands, refractory bricks, adsorbents, bleaching, and clarifying agents for oils 
and fats, paints, filtering agents, fillers for polymers and elastomers, paper, etc. [61, 
62]. This is due to the variety of existing clays and the properties that these mate-
rials present, such as swelling, adsorption, plasticity, and rheological and colloidal 
properties [63]. The use of clay minerals has received much attention as effective 
adsorbents for organic and inorganic pollutants in wastewater [64]. 

Historically, the term clay refers to small inorganic particles in the < 2 μm portion 
of a soil fraction, regardless of composition or crystallinity. Clay minerals refer 
to the specific phyllosilicates (the term for sheet silicate structures), the layered, 
hydrating, magnesium, or aluminum silicates in such a fraction [61]. Table 4 presents 
the distinction between clay and clay minerals [65]. 

Due to intrinsic characteristics and properties, clay minerals appear as excellent 
low-cost materials for minimizing surface water pollution, mainly by adsorption, and 
can be synthesized and adapted to meet specific needs [66–68]. 

4.1 Structure 

Clay minerals are hydrated phyllosilicates known as “leaf silicates” and are distin-
guished by their layered structure. Tetrahedral and octahedral sheets form the basic 
mineralogical structure of the phyllosilicate layers. The regular tetrahedral sheet 
consists of each silicon atom coordinating with four oxygen atoms. These silicon 
cations are linked through covalent bonds through shared oxygens and are arranged as

Table 4 Distinction between 
clay and mineral Clay Clay mineral 

Natural Natural and synthetic 

Fine-grained (< 2 μm or < 4  μm) No size criterion 

Phyllosilicates as principal 
constituents 

May include 
non-phyllosilicates 

Plastic Plastic 

Hardens on drying or firing Hardens on drying or firing 
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a hexagonal lattice along this basal plane. Octahedral sheets are generally composed 
of aluminum, magnesium, or iron atoms and are coordinated by a compact arrange-
ment of six oxygen atoms or hydroxyl groups in an octahedral configuration. These 
octahedrons are linked through shared edges forming sheets with a hexagonal or 
pseudo-hexagonal pattern [69–71]. 

Silicon and aluminum, the most abundant chemical elements in the earth’s crust 
after oxygen, are the predominant cations at tetrahedral and octahedral sites, respec-
tively [72]. There are cases where Al+2 can replace Si+4 in the tetrahedral sheet, 
causing a negative charge on the sheet. However, this substitution is relatively small, 
occurring at levels of up to 25% in micas. Occasionally Fe+3 ions can also be found 
in tetrahedral sheets. More cation variation is found in the octahedral layers. Cations 
such as Fe + 3, Fe+2, Mg+2, and occasionally Mn+2, Ni+2, Li+1, Zn+2, Cu+2, Cr+3, and 
titanium are identified octahedral sites. Isomorphic substitutions for higher charged 
cations, the most common substitution, leave the negative charge on these octahedral 
sheets. In dioctahedral minerals, the most common substitution is Mg+2 for Al+2 and 
Li+1 for Mg+2 in trioctahedral minerals [61, 72]. 

The wide variety of clays found in nature is due to the numerous substitutions that 
can occur at locations in tetrahedral and octahedral sheets, as the characteristics of 
the outer surface and the interlamellar region are altered during these ion exchange 
processes [65, 69]. There are two basic layering arrangements based on the proportion 
of tetrahedral and octahedral sheets in clay minerals, which gives the classification 
for these phyllosilicates. 

The free oxygen, known as apical oxygen (Oa), of all tetrahedrons, is disposed 
to the same side of the sheet and is responsible for forming a common plane with 
an octahedral anionic position, coming from the connection of the tetrahedral and 
octahedral sheets. The 1:1 layer structure consists of the repetition of a tetrahedral 
sheet and an octahedral sheet, while in the 2:1 layer structure, an octahedral sheet 
is intercalated between two tetrahedral sheets [61, 73, 74]. These materials can be 
modified to improve intrinsic characteristics and be synthesized and adapted to meet 
specific needs [66, 67]. 

4.2 Modified Clay Minerals for Environmental Applications 

Heat Treatment–Thermal activation 

Exposure of clay minerals to heat treatment can significantly alter the properties 
of the clay. These natural materials may contain water adsorbed on their surface 
or in the voids between their particles, causing mechanical resistance, viscosity, or 
plasticity in aqueous solution systems. The alteration in the materials occurs mainly 
by the redistribution of hydrated cationic species in the intermediate clay layers and 
dehydroxylation of the silanol and aluminol groups of the clay [75, 76]. 

Heat treatment of clay minerals can also change the pore size distribution and 
surface area of clay minerals. Changes in structure prevent the material from
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dissolving in aqueous media and increase mechanical strength and adsorption 
capacity [77]. 

Acid Treatment 

One of the most common chemical modifications in clays used for industrial and 
scientific purposes is their acid activation. The acid activation process alters the mate-
rial’s physical properties, chemical composition, and crystalline structure, increasing 
the specific area, apparent porosity, and surface acidity [78]. This process is usually 
done with strong acids such as sulfuric acid (H2SO4) or hydrochloric acid (HCl). 
Temperature, reaction time, and acid concentration are the control variables for 
obtaining activated mineral clay, and the values of these variables may vary from 
one mineral clay to another [79]. 

During the activation process, the acid exchanges its protons for the clay cations, 
partially dissolving the existing crystalline structure. In addition, the acid treatment 
can dissolve some impurities in the material, being one of the factors that help 
improve the properties of clays and increase the adsorption capacity [73, 79, 80]. At 
the end of the acid treatment process, the activated clay must be washed until there 
is no free acid on the material’s surface, ensuring that the surface acidity does not 
have a trace of free acid [80]. 

Organoclay Minerals 

Organic clays are prepared by the intercalation of organic molecules in the clay 
mineral structure. This intercalation presents particularities according to the types 
of organic compounds [81]. The binding mechanism between the organic cation and 
the charged mineral clay layers is electrostatic, but other forces may contribute to 
the adsorption of these cations. The attraction by the Van der Waals force between 
organic species and the clay mineral surface, as well as between adjacent organic 
species themselves, increases the adsorption forces [61]. Some organic molecules 
exchange with hydrated cations in the interlamellar space of the clay mineral and 
do not become adsorbed on its surface. The length of these alkyl chains can vary, 
increasing the level of complexity and hydrophobicity of the molecule. 

A clay mineral is hydrophilic due to the hydrated cations in the interlamellar layer. 
The hydrated cations can be replaced by organic cations of a hydrophobic nature, 
making the resulting clay mineral organophobic. Thus, the new material interacts 
differently concerning contaminants compared to the parent clay. An essential consid-
eration in selecting striker clay for the preparation of organic clay is its expansive 
nature. An expansive clay mineral would be able to intercalate the organic molecules 
into its interlayer structure, while others would adsorb the organic molecules as just 
an outer surface coating. The adsorption isotherms show that for large cations, Van 
der Waals forces dominate since the main interaction is between the adsorbed organic 
species themselves and not between the organic species and the clay surface [61]. 
The adsorption of organic cations depends on the pH of the solution. For cations to 
be the dominant species in the solution, the pH must be lower than the pK. If the 
medium is too acidic, adsorption may be impaired due to competition with H+ ions
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or metal cations released from the precursor network due to an acid attack. Adsorp-
tion will also depend on the solubility of the base in water, which in turn may be 
pH-dependent [62, 82]. 

Pillared Clay Minerals 

Pillared clays form a class of materials that have chemical species interspersed in 
the interlamellar space, giving them a highly porous structure with good thermal 
stability, greater hydrophobicity, and improved strength [83]. The most common 
procedure for obtaining a pillared clay mineral can be summarized in the following 
steps: swelling of the clay mineral in water or another polar solvent; exchange of 
natural interlamellar cations for cationic oligomers of the metal of interest; drying 
and calcination of the intercalated material to transform the metal species into oxides, 
acting as pillars and keeping the lamellae apart. Pillared clay minerals can undergo 
hydration and dehydration without harming their porosity [73, 83]. The following 
criteria must be met for a pillared clay material to be considered produced [61, 84].

. The minimum increase in basal spacing is equal to the diameter of the N2 molecule, 
commonly used to measure surface areas and pore volumes.

. The layers are vertically separated and do not collapse with solvent removal.

. The pillaring agent has molecular dimensions and is laterally spaced on a 
molecular length scale.

. The interlamellar space is porous. The minimum pore opening size is the diameter 
of the N2 molecules, and there is no upper limit to the pore size. 

An organic or inorganic compound, known as a pillaring agent, is sandwiched 
between adjacent layers of clay material. Inorganic agents, essentially oligomers, 
are more common than organic agents. The characteristics of pillared clays can be 
controlled and adjusted according to the pillaring agent. In addition, the new material 
is named according to the host clay mineral and pillaring agent [83, 85]. 

The pillared clays have Brønsted acidity and Lewis’s acidity, the first being asso-
ciated with the hydroxyl groups of the structure. In contrast, the second is attributed 
to the metal constituting the pillar. There is acidity at the edges of the clay minerals 
particles, being related to the acidity of both Brønsted and Lewis [86, 87]. 

Surfactant Treatment 

Over time, surfactants began to be used to change the properties of clays and improve 
their adsorption capacity. Surfactants are organic compounds that have polar and 
nonpolar characteristics and are usually classified based on their dissociation in water 
into cationic, anionic, and non-ionic surfactants. The main objective of the intercala-
tion of surfactant ions in the structure of the clay mineral is to transform hydrophilic 
surfaces into hydrophobic ones, and the extent of these modifications depends on the 
structure of the layers, the degree of swelling of the clays, the molecular size and the 
functional groups of the surfactant used [73, 88]. The main cationic surfactants are 
alkylammoniums and alkylamines (salts of fatty amines and quaternary ammonium). 
Some of the main anionic surfactants are soaps, lauryl sulfate, sulfosuccinate, etc.
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Non-ionic surfactants are not dissociative in water, such as amines, fatty acid esters, 
and ethoxylated linear alcohols, among others. 

The surface modification of clay minerals with cationic surfactants involves the 
process of cation exchange and the binding of the hydrophobic part in the layers 
of the material. The interlamellar spacing undergoes expansion due to the action 
of the surfactant, displacing the ions on the clay surface [64, 89–91]. In addition, 
the hydrophobicity, oleophilicity, basal spacing, particle size, and thermal properties 
of the modified materials strongly depend on the alkyl chain length and functional 
groups of the surfactants [73, 92]. Although anionic surfactants are cheaper and 
have many industrial applications, they are rarely used to modify clay minerals. 
Non-ionic surfactants present advantages compared to cationic and anionic surfac-
tants, presenting better thermal and chemical stability, being biodegradable and non-
toxic, offering the preservation of exchangeable inorganic cations after adsorption, 
and having the possibility of exchanging cations with organic and inorganic cations 
[73, 93–95]. 

Over time, a new group of surfactants was created. Gemini surfactants, also 
known as dimeric or biosurfactants, comprise molecules with two hydrophilic groups 
in the head and two hydrophobic groups in the tail, chemically connected by a 
rigid or flexible spacer, covalently bonded. Gemini surfactants can be divided into 
cationic, anionic, non-ionic, and zwitterionic. They have advantages over conven-
tional surfactants, such as water solubility, high thermal stability, differentiated aggre-
gation and phase behavior, antimicrobial activity, and excellent surface/interfacial 
and rheological properties [73, 96, 97]. 

5 Composites: Synthesis and Characteristics 

Recent studies show that clay minerals, biochar, and activated carbon are the main 
types of adsorbents for aqueous matrices and industrial effluents [98–101]. However, 
despite technological advances, clay minerals with only one modification hardly meet 
the requirements of real effluent treatment systems due to many pollutants in only 
one matrix [102]. From these observed limitations, studies on clay composites began 
[103, 104]. By definition, composites are solid materials resulting from combining 
two or more simple materials that develop a continuous phase [105]. The physical 
and chemical properties that make clay minerals interesting are particle size, surface 
chemistry, particle shape, and surface area. Due to their lamellar structure and high 
ability to perform ion exchange, clay minerals have the potential to fix several pollu-
tants, including heavy metals, dyes, emerging pollutants, and organic compounds 
[106]. Clay composites have received attention for presenting properties and perfor-
mance superior to their components [107–109]. In addition, clay composites can be 
treated with a combination of modification methods. According to the type of mate-
rial and modification, composites can be classified into three categories: clay-carbon 
material composites, organoclay, and silicate-clay hybrids [102, 110].



124 L. D. da Silva Neto et al.

Some methods, such as surface modification, have been used to create clay-carbon 
material composites (biochar-based materials), thus having their functions improved. 
The biochar acts as porous support for the composite, maintaining the distribution 
of mineral particles within the structure. Thus, the composite combines the sorption 
abilities of the two materials, having the adsorption capacity governed by the source 
of the biomass and the activation conditions of the materials, which ends up allowing 
the adsorption of a greater range of contaminants [102, 111]. Therefore, studies of 
the composite with clay minerals are studied to optimize their use, allowing the use 
of their adsorptive characteristics. These composites have promising applications 
in treating heavy metals, dyes, phenolic compounds, and ammonia [112–115]. In 
general, the most used types of synthesis of biochar/clay composites can be classified 
into two groups: pre-treatment methods and post-treatment methods. 

In pre-treatment methods, the biochar raw material is immersed in a clay mineral 
suspension, before the pyrolysis process occurs, this process will lead to the formation 
of a biochar with mineral particles on its surface after pyrolysis [116–119]. The 
post-treatment method consists of impregnating the biochar that has been previously 
prepared with a clay solution [120–122]. 

The synthesis of the composite biochar/LDH can take place in one or more steps, 
depending on whether the mixing of metal cations will occur before or after the 
carbonization process. In general, when the step of mixing the metallic precursors 
takes place before pyrolysis, the raw material and the metallic salts are mixed in an 
aqueous solution and subjected to high temperatures. However, most of the biochar/ 
LDH composites are prepared through the liquid phase deposition process, which 
consists of preparing the biochar using any of the methods, then putting it in contact 
with the metallic cations in the appropriate proportions to formation of LDH [9, 123]. 

Hydrothermal carbonization is a method that can also be used for composite 
synthesis. Hydrothermal conversion is the transformation of biomass in a single 
step to create a nanocomposite. In this process, a mixture is prepared that contains 
the raw material for the production of biochar, as well as the metallic salts that 
form the LDHs in a previously defined proportion, later, the pH is adjusted and the 
mixture is then placed in an autoclave and heated until the formation of the composite 
[124]. In the spontaneous self-assembly method, mixed metal solutions have the pH 
adjusted to 10 and together with the biochar it goes to age in the oven for a few days 
at a suitable temperature, then the material passes through filter paper, is washed 
with deionized water and dried [125]. Another alternative to produce biochar/LDH 
composites is pyrolysis assisted by electric field. This method consists of generating 
an electrochemical cell using the mixture of biochar with metal hydroxides, under 
constant agitation and acid pH, passing a current for a short period over time. This 
process generates a material containing a larger porous surface and a more uniform 
distribution of LDH [126]. A summary of the methods cited can be seen in Fig. 2.

Biochar/clay composites can also be synthesized by the method known as 
adsorption-pyrolysis, where the natural raw material together with the precursor 
of metallic cations is suspended in a basic medium. The main differences in this 
method are the presence of an aging step, as well as a drying, before the pyrolysis 
takes place under N2 atmosphere at a suitable temperature [127]. A similar method
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Fig. 2 Scheme of biochar/LDH synthesis by methods of a liquid phase deposition; b hydrothermal 
carbonization; c hydrothermal synthesis; d adsorption-pyrolysis method; e coprecipitation + heat 
treatment [4]
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cited in the literature consists of the initial stable suspension of clays, in this case 
montmorillonite and kaolinite, followed by sonication. The biochar raw material is 
then dipped in the clay suspension and stirred for a while, then it is dried in an oven. 
Finally, the mixture of raw material and clay is deposited in a quartz tube inside a 
tubular oven to produce composites through slow pyrolysis [106]. 

Studies on clay-polymer composites have expanded progressively in recent years 
[128, 129]. The composite consists of a material with at least one of the existing 
phases in a nanometric dimension, less than or equal to 100 nm [73]. The incorpora-
tion of clay minerals increases the adsorption capacity and provides mechanical and 
thermal stability to the polymer matrix. There are three main methods for preparing 
clay-polymer [73, 130, 131]:

. Interleaving by melting: the polymer and clay mineral are mixed and melted in a 
melting chamber under controlled conditions of temperature, shear, and residence 
time;

. In situ polymerization: involves the incorporation of the polymer into the 
interlamellar space of the clay mineral through the action of an initiator;

. Solvent extraction: the polymer is added to the dispersed clay mineral solution, 
which can dissolve the polymer. Intercalation occurs within the mineral clay 
layers, and the nanocomposite is produced after solvent removal. 

The third class of composite is the clay-silicate composite, where this inorganic-
inorganic hybrid material is considered a promising strategy due to its compatibility 
and stability characteristics [102, 104]. Due to its non-toxicity, the hybrid composite 
has drawn attention to removing heavy metals and dyes [132–134]. 

6 Adsorption of Pollutants 

6.1 Mechanism of Adsorption 

Proposing interaction mechanisms in adsorptive processes is not trivial. For cation 
adsorption, the pH value of the solution infers about the way in which the cations 
will be available to interact. Basic means favor the formation of precipitates of metal 
cations in the form of hydroxides, or even, can form soluble complexes. In acidic 
media, these metallic cations tend to be in free form, thus favoring electrostatic type 
interactions between cation and adsorbent. 

For organic pollutants, the pH value of the medium can affect the chemical form 
as the organic pollutant is found in the solution, thus directing the direction of the 
balance between its molecular and ionic form. Moreover, molecular species are 
susceptible to protonation, when in solution with higher concentrations of H3O+, or  
deprotonation, when in solutions with concentrations of OH− in a majority form. 
In addition to pollutants, the pH of the medium also interferes with the adsorbent 
surface.
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Fig. 3 Types of interactions between lamellar clays and inorganic and organic species. Source 
[138] 

Clays, for example, due to their characteristic layered structure, as well as the 
various possibilities of synthesis, can interact with organic and inorganic species by 
different routes. Thus, we highlight: ion exchange, quelation, surface complexation, 
precipitation, and isomorphic substitution, as can be observed in Fig. 3 [135–137]. 

In clays, adsorption mechanisms via precipitation were proposed in the studies 
by González et al. [140] and Rojas [139] [128, 129]. Yang et al. [141] suggested 
interactions of the superficial complexation type and precipitation in the adsorption 
of Pb2+ ions with modified LDH/MgAl [141]. In their studies, Chen et al. [128] 
synthesized LDH-MgAl interspersed with EDTA for removal of Cu ions in solution, 
attributing the mechanism to EDTA quelation. In addition, adsorbent regeneration 
was performed using Na2CO3 [142]. 

In biochar, the presence of C−H, C−O−H, C = O, and C = C connections, 
derived from the raw material of origin after the pyrolysis process, is expected. In 
addition, nitrogen, sulfur, and halogen atoms may be associated. This variety of 
species impacts the adsorptive process due to electrostatic, metal-π, π-π and Van 
der Waals forces, in addition to oxide-reduction, precipitation, complexation, and 
ion exchange reactions [143–145]. 

Acid and basic groups, such as carboxylics, amines, phenolics, quinones, 
and lactone, confer more polar characteristics, making the biochar surface more
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Fig. 4 Types of interactions on biochar in adsorption processes. Source Adapted [149] 

hydrophilic, with a tendency to interact with polar and ionic species. The surface 
load of the biochar is influenced by the presence of these groups and the pH of the 
solution. Similarly, nonpolar groups of type C−H, C–C, and C = C favor the adsorp-
tion of nonpolar organic contaminants [143, 146–148]. Figure 4 shows some types 
of interactions that can occur in biochar in adsorption processes. 

Adsorption also stands out for the possibility of combining adsorbent materials, to 
potentiate their adsorptive and morphological properties, for the removal of inorganic 
or organic pollutants. In view of this, composites consisting of biochar and clays are 
promising. In these composites, biochar provides a porous structure that can support 
micro and clay nanoparticles within the carbonaceous matrix [150–152]. 

Gao and Goldfarb [147] synthesized a composite showed a strengthening in the 
aromatic structures of biochars, as well as increases in the superficial functional 
groups containing oxygen. In addition, the results obtained from adsorption isotherms 
indicated that the composites had higher adsorption capacities than the isolated 
biochars. Finally, the adsorption mechanism, with methylene blue, was assigned 
as hydrogen bonds [153]. 

6.2 Dyes, Metals, Emergent Pollutants, Pesticides, 
and Herbicides 

Urbanization and industrial growth are sources with great potential for contamination 
of the environment. The result of these activities, water and soil contamination has 
become a serious problem, with a great need to develop technologies that are capable 
of performing wastewater treatment, as well as soil remediation to remove toxic 
contaminants [154]. 

The textile industry uses a lot of water during the dye manufacturing process, 
generating a large amount of effluent that contains dyes, inorganic ions, and wetting



Application of Clay-Biochar Composites as Adsorbents for Water … 129

agents in its composition. These effluents have high concentrations of heavy metals, 
acidic properties, dark color, and components that do not readily biodegrade. In this 
way, the incorrect disposal or leakage of this effluent into the environment can cause 
serious risks to human health [9, 127]. 

Due to the development of new techniques for detecting pollutants in water 
treatment plants, a new class of pollutants has been identified, which are known 
as emerging pollutants. These pollutants consist of a group of natural or synthetic 
substances, generally found in low concentrations, harmful to the environment and 
to humans and, in general, are not included in monitoring routines. In this class of 
pollutants we can mention: pharmaceuticals, personal hygiene products, pesticides, 
among others [154–156]. 

Heavy metals such as As, Pb, Zn, Cu, Ni, and Ag are widely found in natural 
waters, as well as in effluents, these substances can cause many problems to human 
health, entering the body through the food chain and causing irreversible damage, 
that can be transferred to the next generation [157]. 

The adsorption technique using biochar as an adsorbing agent to remove pollutants 
in aqueous solution has been enshrined in engineering for some decades, however, 
works have shown a better performance of biochar when its surface is enriched 
with clays [106, 158]. An alternative for these types of contaminants is the use of 
biochar/clay composites, as has already been established in the literature by several 
researchers. The results of the isothermal experiments indicated that the enrichment 
of bagasse biochar with montmorillonite greatly increased the adsorption capacity of 
the ethylene blue dye. Which went from 30.35% removal with the use of pure biochar, 
to 84.33% with the use of composite [106]. Biochar and clay mineral composites 
were studied for nitrate removal in aqueous medium, the material resulting from 
the pyrolysis of rice straw and montmorillonite resulted in a higher percentage of 
contaminant removal, the composite was able to adsorb 80% more nitrate from the 
water, when compared to pure biochar [159]. In another study, also with montmo-
rillonite, however, corn husk-based biochar adsorbed approximately 241% more Zn 
from the water, when compared to pure biochar [160]. Overall, most research results 
indicate that the adsorptive capacity of biochar increases with the enrichment of 
the surface with clays. Table 5 presents data from several articles in the literature 
containing the biochar used, clay, synthesis method and the pollutant removed.

7 Perspective and Future Directions 

Currently, in the field of water treatment, the innovation of the research is focused on 
the exploration of new adsorbents, and its main technological route is the optimization 
of the material that presents high performance, is multifunctional and low cost. 
Among these approaches, adsorption using clay/BC composites has been widely 
used as the most preferred approach for the removal of different contaminants. 

As emphasized in this chapter, clay/BC composites have fascinating characteris-
tics due to their sustainable nature, low cost, and potential to efficiently remove many
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Table 5 Articles in the literature containing the biochar used, clay, synthesis method, and the 
pollutant removed 

Raw material Clays Synthesis Adsorbate Reference 

Bamboo Montmorillonite adsorption-pyrolysis Methylene Blue [106] 

Bamboo Kaolinite adsorption-pyrolysis Methylene Blue [106] 

Berry Montmorillonite adsorption-pyrolysis Methylene Blue [106] 

Berry Kaolinite Adsorption-pyrolysis Methylene blue [106] 

Hickory chips Montmorillonite Adsorption-pyrolysis Methylene blue [106] 

Hickory chips Kaolinite Adsorption-pyrolysis Methylene blue [106] 

Wheat straw MgFe Coprecipitation Nitrate [161] 

Rami 
(Boehmerianivea) 

MgAl Co-pyrolysis Violet crystal [127] 

Wood Pine Nife Co-pyrolysis As (V) [125] 

Wood Pine Nife Coprecipitation As (V) [125] 

Husk Rice MgFe Coprecipitation Pb (II) [162] 

Camellia oil-tea 
shells 

MgFe Hydrothermal Pb (II) [163] 

Caraganakorshinskii MgAl Electro-assisted Phosphate [164] 

Tobacco stalk MgAl One hydrothermal step Phosphate [165] 

Banana straw ZnAl Hydrothermal Phosphate [166] 

Husk Rice MgAl Co-pyrolysis Phosphate [167] 

Bamboo MgAl Co-calcination Cr (IV) [168] 

Bone bovine MgAl Coprecipitation Methylene blue [9] 

Bone bovine MgAl Coprecipitation Caffeine [154] 

Corn straw Montmorillonite Hydrothermal Zn [160] 

Bone bovine MgAl Coprecipitation Diclofenac [169]

toxic pollutants [4]. However, for the effective application of composites there are 
still some limitations and gaps present in the ongoing research highlighted below. 

The detailed study of the structure and surface of composites is imperative to 
expand their applications since the incorporation of different materials can overcome 
the limitations of pure materials. Many works produce composites of this class, but 
do not highlight the synergistic effect of the composition and what benefits are 
acquired from the formation of the composite. For example, Fang et al. (2021) cite 
that BC have limited adsorption of oxyanions, such as phosphate ions (P), and are 
difficult to disperse in solution [170]. Thus, the functionalization of BC with a clay 
is required to supply this deficiency, as in the case of HDLs that can adsorb several 
types of oxyanions, among the phosphate. Therefore, it is understood that without 
this preliminary assessment there is no purpose in merging the two materials. 

In this direction, the attention of the research should be based in the study of the 
characteristics of the pure components and of the composites. For this purpose, a
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detailed characterization capable of revealing its textural, structural, morphological, 
and chemical characteristics is required before being used in some adsorptive process, 
in order to know and understand the adsorption/desorption processes that occur when 
submitted to contact with contaminants. 

This point converges with the need to expand the coverage of pollutants that these 
adsorbents can effectively treat. It is imperative to search for advanced functional-
ized materials that can cover a wide range of pollutants. Many works produce the 
composite and prepare one or some solutions with certain pollutants and discuss the 
adsorption of these pollutants, without making inferences to the others that are abun-
dantly available in real waters or do not study the effect of the interfering pollutant. 
There are still few works that demonstrate the application of clay/BC composites 
for the removal of pollutants from real waters. It is important to expand this field of 
research and evaluate adsorption mechanisms in practical applications [171]. 

Another line of research, with great potential for exploration, is to produce multi-
functional composites with the ability to treat various types of pollutants simultane-
ously. For this, more than one type of BC or clays can be tested in the same composite. 
With the purpose of increasing, mainly, the number of functional groups to increase 
the removal efficiency of potentially toxic elements. 

It is also worth mentioning the importance of determining the fraction of each 
component of the composites. Interestingly, in many works, the composites are 
produced in a fixed composition and remain fixed throughout the batch of exper-
iments and no details are given about the determination of the amount of clay and 
biochar in the composite. It is necessary to optimize the proportion of clay or BC in 
the composite so as not to employ an excess amount of the more expensive or less 
active material in the adsorption process. 

However, for the effective use of clay/BC composites as an adsorbent, a study 
on their production on an industrial scale is required. The specific literature is still 
silent on this topic; many works are limited to bench tests without mentioning the 
challenges of designing bench tests for an industrial level production. This industrial 
feasibility is also linked to a cost analysis; although BCs are produced from residual 
biomass and the synthesis of clays is easily synthesized, there is a cost associated 
with converting materials into adsorbents. 

Thus, it is urgent to improve or develop an economical method for the mass produc-
tion of clays, biochars and their composites. Therefore, alternative methods need to be 
explored. More recent articles already mention more modern production methods. To 
produce biochar, microwave-assisted pyrolysis, steam activation-assisted pyrolysis, 
co-pyrolysis, hydrothermal and flash carbonization, roasting and gasification can be 
mentioned as alternatives [171, 172]. While for clays, more modern microwave and 
ball milling techniques can be mentioned, used, for example, in the production of 
LDHs [173]. 

Finally, it is also important to highlight that there is limited data on studies of regen-
eration and reuse of composites in real water. Linked to this, there is the problem of 
elimination of clay after its use. Fang et al. [170] highlight that BC/LDH compos-
ites used as adsorbents for P-contaminated water could be used as fertilizers in 
agriculture, but that there are no studies to explore this theme [170].
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The field of analysis of clay/BC composites is wide, and other factors besides 
those mentioned in this text, which must be analyzed in the specific case, must 
be considered. In general, it can be assumed that advanced research encompassing 
the selection of raw materials, characterization, conversion techniques, optimiza-
tion of synthesis parameters to produce BCs, clays and their composites should be 
considered in the future. 
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Abstract Clay-biochar composites have widely been employed to improve soil 
quality, fertility, crop productivity, nutrient retention, carbon sequestration, as well as 
to immobilize organic and inorganic pollutants, and reduce greenhouse gases emis-
sion. Several natural clay minerals are smaller in size with poor flow-ability and 
cannot be used exclusively. Therefore, combining clays with biochar could combine 
the benefits of both materials and exhibited superior performance when applied as 
soil amendments. Therefore, the potential applications and mechanistic insights of 
clay-biochar composites in soil are reviewed and discussed in this chapter. Moreover, 
the environmental and agricultural performance of different clay-biochar compos-
ites, factors affecting the properties and performance of clay-biochar composites, 
and significance of these composites in mitigating climate change are discussed. 
Furthermore, future research challenges in synthesis of clay-biochar composites and 
their application in soil are proposed. 

Keywords Climate change · Food security · Environmental pollution ·
Adsorption · Nutrient retention 

1 Introduction 

The rapid rate of urbanization and industrialization as a result of various anthro-
pogenic ventures has emerged as a source of environmental pollution [1]. As a conse-
quence of these anthropogenic activities, several kinds of waste are discharged into
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water bodies and terrestrial environment, which ultimately cause serious environ-
mental deterioration. Such kind of waste includes number of organic and inorganic 
pollutants, soluble salts, partially decomposed farm yard waste, and several kind of 
pharmaceutical wastes. Among these pollutants, several pollutants are classified for 
their tenacious nature and severe toxicity such as some carbon based pollutants and 
heavy metals [2]. Along with surface soil contamination, these pollutants deteriorate 
ground water resources due to leaching and lateral movement which poses serious 
threats to plant growth, microbial activity, and human health as well [3]. Hence, it 
is important to overcome such kind of environmental pollution and restoration of 
terrestrial and aquatic resources by utilization of some feasible strategies and prac-
tical techniques. A number of techniques have been tried earlier for riddance of these 
pollutants including precipitation, adsorption, bio-sorption, ion exchange, filtration, 
coagulation, and cementation/ stabilization. Due to its feasibility, easy to practice 
and being economical, adsorption is widely accepted technique among them [4]. 

Many adsorbents have been utilized earlier for adsorption of such pollutants 
and among them clay minerals are easily available and viable adsorbent. Clays 
are hydrous aluminosilicate minerals composed of a mixture of fine-grained clay 
minerals and clay-sized crystals of other minerals such as quartz, carbonates, and 
metal oxides [5]. Clays have the potential to act as natural scavengers for heavy 
metals and other pollutants in polluted soil and water systems [6]. Clay minerals 
have a quite high surface area [7] along with easy accessibility, non-toxic and have 
lamellar structure [8]. Due to surface negative charge, clay minerals have tendency 
for surface sorption and exchange of cationic inorganic and organic pollutants [9]. 
These properties of clay minerals make it suitable adsorbent for heavy metals immo-
bilization and removal of several other organic pollutants as well [10]. Though being 
a good adsorbent of several pollutants, clay minerals have some surface characteris-
tics which constraint their adsorption efficiency. Combination of clay minerals with 
organic materials such as compost, biosolids, chicken waste, farmyard manure could 
be suitable strategy to improve their surface characteristics and adsorption efficiency 
[11]. 

Biochar is one of the organic adsorbents which can be combined with clay minerals 
to make clay-biochar composite. Biochar is solid by product of controlled combus-
tion of organic wastes and possess high surface area, porous structure, plenty of 
surface functional groups, high cation exchange capacity, and excellent adsorption 
capacity for several kind of pollutants [12, 13]. Clay-biochar composite supports and 
reinforces each other sorptive characteristics and improves adsorption efficiency. A 
composite of bark chip biochar with montmorillonite effectively immobilizes Cu, Zn, 
and Pb in metal contaminated soil by ion exchange mechanism [14]. Bamboo-derived 
biochar acts as a slow-released fertilizer for NH4 

+ when co-pyrolyzed with clay 
mineral montmorillonite [15, 16]. Wang et al. [17] reported that biochar and Si-rich 
montmorillonite composite effectively remediates AS contaminated soil. Struvite 
(NH4MgPO4) is a nutrient-rich mineral that has been commonly used as a fertilizer. 
Co-precipitation of struvite with biochar could enhance the slow-release behavior 
of composite which ultimately favors soil fertility and metal immobilization [18, 
19, 20]. Mineral additives can also reduce the potential toxicity of biochar produced
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from waste materials, making it more useful material for soil application [21]. Earlier 
studies also reported promising results in enhancing soil carbon fraction and carbon 
sequestration by soil application of various kind of clay-biochar composites [22, 23, 
24]. Therefore, utilization of clay minerals by making their composites with other 
organic materials such as biochar might be helpful in improving their surface charac-
teristics and adsorption efficiency and also make them suitable material for various 
soil application. 

2 Applications of Clay Minerals and Biochar to Solve 
the Major Soil Problems 

Clay minerals have been used in the past in multiple ways such as catalyst, coag-
ulants, colloid stabilizers, chemicals support, coating material, cosmetics, sorbents, 
pottery, drilling, filling, and construction material. In the modern era, natural clay 
minerals are being used worldwide as efficient adsorbents. Clay minerals have a 
very important role in the agriculture sectors and have been used in the past for 
several purposes [25]. From the last few decades, clay is being used to remove heavy 
metals and several other pollutants such as dyes [26] and fluorides [27]. These clays 
contain a huge number of pores with large surface area which enable them as suitable 
substrate for ion exchange and adsorption. Additionally, being easily available, non-
toxic, economical, and ecofriendly materials, clay minerals have wide scale industrial 
and environmental applications. Montmorillonite, bentonite, and attapulgite minerals 
are commonly used to mitigate heavy metals toxicity and decrease their mobility by 
surface sorption mechanism [28]. In another study, Zhang et al. [29] found 88.7% 
removal of Cu from Cu contaminated soil after application of attapulgite clay deposits 
for 2 months. Zotiadis and Argyraki [30] conducted a field experiment using atta-
pulgite clay deposits for the removal of heavy metals from metal contaminated soil, 
and they reported the excellent adsorption capacity of attapulgite. Zhang et al. [28] 
found higher soil pH and 24.7% decline in Cu concentration in Cu contaminated soil 
by addition of montmorillonite. In a field study to observe influence of combined 
application of Ca-bentonite, Na-bentonite, and zeolite, Usman et al. [31] found up to 
57% decrease in heavy metal concentration. Cd was removed from the brown rice, 
during field and pot experiment using sepiolite, and it was noted that with increasing 
pH and dose rate, adsorption was increased [32]. Although clay minerals have been 
endorsed for having good adsorptive characteristics, but their adsorption capacity 
is mediocre occasionally which could be due to their layer structure and surface 
ions. Biochar is an emerging technology in the recent times, and it is hypothesized 
that by combining both adsorbents (clay and biochar) will reinforce their sorptive 
characteristics. 

Biochar, which is produced by the thermal combustion of organic waste under 
a controlled supply of oxygen, has ample potential to increase soil and water 
ecosystem quality. High cation exchange capacity, mechanical strength, adsorption
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capacity, organic carbon content, long half-life, nutrient, and water holding capacity 
make biochar a pragmatic material for soil remediation [33]. Biochar is equipped 
with porous surface, net negative surface charge, and bundle of functional groups, 
which make it an efficient adsorbent for long range of organic and inorganic pollu-
tants. In addition to its application for soil remediation, biochar has been also applied 
to improve soil quality and productivity by increasing essential nutrient and water 
holding capacity of soil [34]. Toxic metals/metalloids and organic contaminants can 
be efficiently adsorbed by the biochar [35]. As a result, these contaminants become 
unavailable for plants, humans, animal, and environment. Hence, biochar could be 
used effectively as a remediation tool to decontaminate the soil. 

3 Constraints in the Application of Clay and Biochar 

Clay minerals are non-expensive, easy to handle, effective, and environment friendly, 
but there are some drawbacks which need to be solved. There are some factors that 
influence the properties of clays that include exchangeable cations, soluble salts, 
and texture of the clays. Cations present in the octahedral and tetrahedral sheets of 
minerals causes the charge deficit and less efficiency toward ions sorption. Sometime 
a mixture of cations is found on the surface and sheets of the naturally deposited clays 
which makes it impossible to use the clays for certain purposes. Cations found in the 
interlayer spaces, helps to make the physiochemical characteristics unique for certain 
applications. Texture and structure of the clays have a great effect on the adsorption 
capacities of the clays. Therefore, before selecting and using the clays, the mentioned 
factors should be considered. To increase the surface area, permeability, and adsorp-
tion capacity of the clay minerals, they need to be modified. There are different 
modification techniques including ion exchange, inorganic and organic complexes/ 
binding, pillaring with poly cations acid treatments, inter- and intra-particle poly-
merization, ultrasonication, and physical treatments [36, 37]. Montmorillonite is a 
2:1 clay type, hydrophilic in nature which makes it unable for polymer matrices. 
Some of the clays show a less reactivity, low adsorption capacity, and low surface 
area when they are in natural forms for example kaolin [38]. It was also reported that 
when bentonite was used to remove dye, the negative charge on the surface caused 
the repulsion of the dye and showed less adsorption [39, 40]. Clay minerals are not 
efficient adsorbent all the time, sometime they don’t perform well. For example, 
montmorillonite has net negative charge and sometimes it adsorbed cationic dyes 
which include methylene blue, rhodamine B, crystal violet [41]. To minimize the 
addressed problems, clay minerals could be combined with biochar to make the 
composites which could reinforce the adsorption capacity of both adsorbents. 

Although, clay and biochar are being used to treat the soil problems; they are 
being applied both individually and in the form of composites. However, there are 
some kinds of limitations that need to be overcome before their applications to the 
soil. Clay and biochar, no doubt are easy to prepare, handle, environment friendly, 
and cost effective, but while preparing their composites some kinds of problems have
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been noted such as the need of some expensive chemicals to be added and release of 
chemicals and by products to the environment [42]. Its very challenging to deal with 
organic compounds and plausible research work has been conducted to find best 
suited organic compound, which needs further interpretation and analytical trials 
in variable environmental conditions. Moreover, ammonium surfactants have health 
effects to the researchers. Ammonium salts may accumulate in the environment when 
organic compounds are used [42]. 

4 Application of Clay-Biochar Composites in Soil 

Clay minerals, which are recognized for their excellent adsorptive characteristics, 
exclusive layer structure, surface chemistry, high ion exchange capacity, and wide 
surface area have broad industrial, agricultural, and petroleum application. Such 
revered surface and interlayer properties make them worthy and effective adsorbent 
for heavy metals, dyes, wastewater, and soil-based organic and inorganic pollutants 
[43]. Even though, excellent ion exchange capacity, broad specific surface area, sorp-
tive properties, and interlayer chemistry allow broad environmental application of 
clay, in natural conditions, certain surface properties and presence of diverse cations 
on surface and in interlayers of clay minerals make their environmental applica-
tion near impossible [37]. Generally, clay minerals are modified to enhance their 
surface properties, permeability, ion exchange capacity, to add desired surface and 
interlayer cations, and to improve adsorption ability. Clay minerals are modified 
by numerous ways such as addition of inorganic/organic complexes of cations and 
anions, binding of specific cation and anions specifically on edges, acid modifica-
tion, clay-metal hydroxide complexes, inter- and intra-particle polymerization, and 
physical treatment with some organic materials including compost, chicken manure, 
activated carbon, and carbon nanotubes [44, 36, 37]. Modification of clay minerals 
with organic materials geneses intercalation of large organic molecules in layers 
of clay, which leads to expansion of clay minerals and organic ions (cations and 
anions) addition. Such sort of clay mineral interlayer expansion and ions addition 
enhances surface charge and specific surface area, increases ion exchange capacity, 
and improves its sorptive characteristics. Biochar, which is pyrogenic carbonaceous 
organic material produced by controlled combustion of organic waste has received 
plausible attention as soil amendment and carbon fixer [45]. On its application as soil 
amendment, biochar improves soil quality, enhances crop productivity, soil nutrient 
and water holding capacity, mitigate greenhouse gases emission, and lastly carbon 
sequestration. Combination of clay with biochar generate clay-biochar composite 
which results in upgraded functionalities and improved environmental application 
of both materials. Biochar provides porous structure, which eventually host and 
sustenance distribution micro- and nano-particles of clay within carbonic matrix of 
biochar [46]. Generation of such kind of composite by using two low cost materials 
(biochar-clay) could be helpful in improving soil fertility, soil quality, removing
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various inorganic and organic pollutants, mitigating greenhouse gases emission, and 
finally carbon sequestration on its soil application. 

4.1 Soil Fertility and Crop Production 

Insight to sustainable consumption of esteemed soil resources, soil quality and 
productivity have emerged as widely accredited conception, undertaking soil 
restraints at varied dimensions and adapting management practices to ensure long-
term sustained soil fertility and crop productivity. In general, due to over utiliza-
tion and lacking management practices, globally soil faces a number of quality 
related concerns including poor soil structure, water holding capacity, nutrient loss by 
leaching, organic and inorganic contamination, poor activity, and lower population 
of soil microorganisms and faunal depletion [47]. Recent application of advanced 
biochar-clay composites worked very well in improving soil fertility and overall crop 
productivity by restoring and improving soil structure and texture, enhancing soil 
porosity and water holding capacity, replenishing soil with essential nutrients, halting 
nutrient loss by leaching, fixing, and completely immobilizing soil and water born 
organic and inorganic pollutants (Table 1). Combination of organo-clay minerals with 
biochar effectively improved soil structure and soil aggregation acting as cementing 
agent [48]. Chen et al. [15, 16] stated that a montmorillonite-biochar composite 
showed great potential in control releasing of NH4 

+ and PO4 
3−. The retention of 

NH4 
+ revealed high cation exchange capacity of montmorillonite, and PO4 

3− avail-
ability was linked to ionic bonding on cationic surface of biochar. In a nutshell, 
an ultimate clay-biochar composite for soil fertility possess abundant porous struc-
tures with higher ion exchange capacity; however, sorption of nutrients should be 
reversible for better uptake by plants.

4.2 Immobilization of Organic Pollutants 

In comparison with inorganic contaminants, which are persistent in soil for longer 
period due to their slow leaching nature, organic pollutants such as herbicides 
and pharmaceutical waste are more persistent in soil with half-life of more than 
100 years [2]. Extensive scientific work has been conducted on biochar to use it 
as an adsorbent for such inorganic and organic contaminants, since it has been 
endorsed as an economical, environment friendly, and efficient adsorbent against 
other existing adsorbents and remediation techniques which have high investment 
cost and poor efficiency against a range of adsorbents [53, 54, 55]. Additionally, 
treating biochar with a number of foreign materials such as metal/metal oxide impreg-
nation, elemental coating, nutrient enrichment, polymerization, and clay-biochar 
composite to improve its surface properties, reinforce its potential in removing toxic 
organic and inorganic pollutants [56, 57]. Owing to its net negative surface charge,
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Table 1 Soil application of various clay mineral-biochar composites 

Clay mineral Biochar 
feedstock 

Preparation 
method 

Soil 
application 

Performance Reference 

Struvite Wheat 
straw 

Co-precipitation Controlled 
release 
fertilizer 

Continuous 
supply of P for 
over period of 
2 months 

Hu et al. 
[18] 

Montmorillonite Bamboo Co-pyrolysis Slow-release 
fertilizer 

Controlled release 
of NH4 

+ 

(0.3–4.9%) within 
1–4 days 

Chen et al. 
[15, 16] 

Attapulgite Yak dung Co-pyrolysis To promote 
pasture 
growth 

Higher soil 
productivity and 
12.8% increase in 
pasture biomass 

Rafiq et al. 
[49] 

Natural clay Yak dung Co-pyrolysis Grazing field 
application to 
enhance 
bluegrass 
production 

A positive impact 
on yield and 
quality of 
bluegrass and soil 
properties 

Rafiq et al. 
[49] 

Bentonite Cotton 
straw 

Impregnation Slow release 
of nutrients in 
soil 

Around 72.6% 
release of P 
within 2 weeks 

An et al. 
[50] 

Struvite Impregnation As N, P 
fertilizer to 
improve soil 
nutrient 
availability 

During period of 
3 months N and P 
release was 10.62 
and 6.84% 
cumulatively 

Hu et al. 
[18] 

Montmorillonite Cotton 
stalks and 
cotton 
straw 

Impregnation 
encapsulation 

Biochar and 
biofilm 
composite 
toward P SRF 
in soil 

The cumulative 
PO4 

3− release 
after 30 d was 76, 
65, 60, and 53.5% 
for each type of 
composite 

An et al. 
[51] 

Bentonite Cotton 
stalks 

Encapsulation Enhance 
nutrient 
retention and 
availability in 
soil 

Below 80% 
release of N. P 
and K during 
period of 1 month 

An et al. 
[52]

clay minerals are also recognized as good adsorbent of cationic inorganic pollu-
tants such as heavy metals and organic pollutants including dyes and herbicides 
[9]. Clay-biochar composite proves very useful in removing organic toxins and also 
reinforces each other sorptive and surface properties to further improve their adsorp-
tion capacities. A number of previous studies reported that clay-biochar composites 
successfully removed higher amount of organic pollutants than biochar and clay alone 
(Table 2). Kim et al. [58] reported 61% and 72% removal efficiency of atenolol by
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employing biochar and biochar-kaolinite (BC-KLN) composite (1:5 ratio), respec-
tively. Similarly, Zhang et al. [29] found 143% more adsorption of norfloxacin (NOR) 
by biochar-montmorillonite (BC-MMT) composites against biochar alone. Conse-
quently, utilization of different kind of clay-biochar composites to remove organic 
pollutants from terrestrial and aqueous environment proves beneficial and effective.

4.3 Immobilization of Inorganic Pollutants 

Biochar composites with various clay minerals aid in immobilization and removal 
of inorganic pollutants in terrestrial and aquatic environments in many ways. Former 
studies showed excellent potential of clay-biochar composites in mitigating and 
finally completely removing toxic effects of inorganic pollutants. In a research study, 
Wang et al. [17] found significance of biochar-palygorskite composite in removing 
arsenic (As) contents from a river stream, which were 1.20 mg L−1 and 0.20 mg L−1 

overlaying in water stream after treating contaminated water with biochar alone and 
biochar-palygorskite composite, respectively. Arif et al. [65] found lowest mobility 
index of 0.350 for Cd in soil by application nano-clay and biochar composite, which 
was 0.518 by using walnut derived biochar alone. Rice straw biochar and montmo-
rillonite composite absorbed 80% more nitrate from aquatic medium than treating 
same water with unmodified biochar [66]. Overall findings of many previous studies 
proved effective utilization of biochar for adsorption stabilization of inorganic pollu-
tants from aquatic medium and soil, which can be further improved by biochar 
modification and producing clay-biochar composites (Table 3).

4.4 Mitigation of Climate Change 

Recycling of organic feedstock in to some valuable product such as biochar, is a plau-
sible strategy in lessening harmful effects of climate change. Biochar application to 
offset global warming has been advocated previously with an anticipated potential to 
lessen anthropogenic flux of CO2–C by 12% in equivalence with greenhouse gases 
emission (GHG) [70, 71]. Earlier, many studies endorsed virgin biochar potential in 
mitigating GHG emission and ultimately lowering global warming; however, recent 
research work showed utilization of biochar composites further improved its effi-
cacy in alleviating GHG emission and overall climate change [72, 70]. Evidences 
showed co-pyrolysis of feedstock with clay mineral enhanced biochar aromaticity, 
soil stability, and long-term soil carbon storage [73, 10]. The stable bond between 
Si–C in Si-biochar composite indicated higher carbon stability of biochar on its soil 
application [74]. GHG release in soil amended with biochar composite is regulated 
by both type of biochar composite and soil physical properties with more effective 
mitigation of GHG emission in course textured soil [10] (Table 4).
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Table 4 Application of biochar and composite biochar in mitigating gaseous emission in 
environment 

Biochar type Reduction in gaseous emission (%) References 

CO2 CH4 N2O NH3 

Wheat straw compost and 
bamboo wood biochar 

5.5–72.6 12.5–72.9 19.0–77.4 12.4–81.6 Awasthi et al.  
[75] 

Poultry waste and wheat 
straw 

NA 20.5–61.5 19.2–48.1 4.7–15.1 Chen et al. [76] 

Sawdust and pig manure NA 15.5–26.1 9.2–24.8 NA Chen et al. [15, 
16] 

Barley straw and poultry 
manure compost with hard 
wood and soft wood 
biochar composite 

21.5–22.9 77.9–83.6 35.3–43.0 16.1–35.3 Chowdhury et al. 
[77] 

Solid wet age waste and 
green waste compost with 
Holm oak biochar 

52.9 95.1 NA 14.2 Vandecasteele 
et al. [78] 

Sugarcane straw and 
poultry litter compost with 
poultry litter and green 
waste biochar composite 

NA 77.8–83.3 54.9–60.2 68.2–74.9 Agyarko-Mintah 
et al. [79] 

CO2 sequestration (mmol g−1) 

CO2 activated olive stones 
and almond shells biochar 

CO2 adsorption performance was better for 
biochar from olive stones at 25 °C 
(3 mmol g−1) 

González et al. 
[80] 

Hydrothermal 
carbonization of Jujun 
grass and Camellia 
japonica, and KOH/N2 
activation 

CO2 adsorption 3–21 mmol g−1 Coromina et al. 
[81] 

5 Future Research Challenges and Projections 

This chapter provides evidence about production of biochar and clay-biochar 
composites and their soil application to improve soil physiochemical properties, 
soil productivity and overall soil health, to remove organic and inorganic pollutant 
toxicity and prominent impact of clay-biochar composites on easing climate change. 
Since many advantages of clay-biochar composites implication have been reported 
already, especially with remediation perspective, however, some limitations in impli-
cation still exist and research gaps need to be covered as well. In earlier studies, 
adsorption techniques were prominent practices focused to test clay-biochar compos-
ites efficiency in removing pollutants toxicity; however, some pilot-scale research 
work required to predict composite performance and maximum adsorption capacity 
in real environment. Additionally, several facts are needed to be further considered 
for clay-biochar industrial application and estimated cost should be considered as
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well, especially for contaminant remediation purpose. The production process of 
biochar and clay-biochar composites releases some airborne materials which should 
be considered as well. The complex process involved in manufacturing and modifica-
tion of composites is costly and limited to its large scale application. More classified 
research is required for industrial and soil implication and composite stability after 
application and risk of secondary pollution should also be addressed as well. 

Progressive efforts for developing efficient analytical techniques for accurate 
determination and reliable clay-biochar composites analyses should be focused. 
Additionally, feasible techniques should be employed for further modification to 
generate more efficient clay-biochar composite for remediation of broad range 
of contaminants. A comprehensive assessment must be done to for modification 
of single biochar with a number of clay minerals to observe broad picture and 
better insight to future application for multicomponent adsorption. In nutshell, such 
composite materials could provide excellent opportunity as future study and large 
scale environmental applications. 

6 Conclusion 

The production of clay-biochar composite reinforces each others performance as 
soil amendment and pollutants removal material as well as overcomes their limita-
tion when applied individually. The resultant composite material showed significant 
impact in increasing surface functional groups, surface properties, overall porosity, 
and adsorptive characteristics. Green materials such as natural clay minerals as 
primary tamper agent on their combination with biochar (clay-biochar composite) 
prove useful in enhancing biochar performance at various angles such as improve soil 
quality and productivity, decrease pollutants mobility and plant availability, enhance 
soil moisture and water retention, limit greenhouse gases emission and their harmful 
effect and also revamp soil carbon sequestration. Undoubtedly, enhancing biochar 
performance by combination with natural clay minerals is a frontline in biochar study. 
Further advancement and expansion of scientific work in fabrication and suitable 
modification techniques and their enduring field application potentially anticipate a 
strategy headed for a viable forthcoming. 
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Abstract Biochar has attracted great attention recently due to its significant role in 
solving many environmental challenges. This chapter contains an overview of biochar 
derived clay composites applications for greenhouse gas (GHG) emissions. Biochar 
application is a potential method for reducing GHG emissions through carbon (C) 
sequestration and nitrous oxide (N2O) mitigation. Especially, biochar application for 
the purposes of water and wastewater treatment could be regarded as a GHG miti-
gation technique in recent years. From this perspective, this chapter presented the 
GHG emission mitigation potential of clay-biochar composites. This study mainly 
concentrated on carbon dioxide (CO2) and N2O emissions reduction using this novel 
biochar type. This chapter mainly suggested on clay-biochar composites applica-
tions for GHG emissions reduction in water and wastewater. This study mainly 
concentrated on GHG emissions resulting from anaerobic wastewater treatment in 
this context, and this chapter contains the subtitles given below:
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1 Introduction 

Greenhouse gas emissions from water and wastewater treatment have been regarded 
as one of the main contributors to global warming [9, 21, 53, 55]. Majorly, carbon 
dioxide (CO2) and nitrous oxide (N2O) have been released from water and wastew-
ater treatment processes [21]. Some technologies and reduction policies have been 
developed to mitigate GHG emissions from water and wastewater treatment [56]. 
GHG storage systems, carbon capture systems, designs and experiments based on 
biomimicry, using renewable energy sources, green bind applications, process modi-
fications, innovative low-carbon water, and wastewater treatment processes (biochar 
applications, microalgal treatment, etc.), and optimization of operational conditions 
have been considered as the main GHG emissions mitigation techniques for water 
and wastewater treatment sector [53, 55]. Also, some new policies and strategies 
have been declared for the reduction of GHG emissions [21]. European Union (EU) 
Green Deal is the new growth strategy of the European Union (EU) that includes the 
main aims of zeroing net greenhouse gas emissions by 2050 and ending the depen-
dence of economic growth on resource use [11]. With the EU Green Deal, a strategy 
has been proposed that envisages zeroing the greenhouse gas (GHG) emissions of 
the EU industry by 2050. Among the research topics within the framework of adap-
tation to the Green Deal, the major topic has been considered as “Climate Change, 
Environment and Biodiversity: Studies to Contribute to the Aim of Regulation of 
Climate Change, Carbon Emissions and Greenhouse Gas Emissions”. According to 
the statement, GHG emissions should be mitigated in considerable quantities, and 
this mitigation of GHG emissions could lead to economic wealth all over the world 
[11]. According to the EU Green Deal fit for 55 packages [10], approximately 40% 
of mitigation should be ensured for the water and waste sector by 2030 [56]. Water 
and wastewater collection and treatment sector has been regarded as one of the main 
GHG emissions resources [20, 54]. In this context, some regulations and technical 
control strategies should be enhanced and declared to reduce GHG emissions from 
water and wastewater treatment sector. 

There are several GHG mitigation methods such as modification of process config-
urations and conditions, microalgal treatment methods, usage of renewable energy 
resources for water and wastewater systems. Amon them, renewable energy appli-
cations have been preferred commonly by water sector authorities [57, 61]. Further-
more, biomass energy could be an efficient mitigation way due to many advantages. 
These advantages could be considered that biomass energy is cheaper and feasible 
for application in the water and wastewater treatment plants [12, 25]. Among types 
of biomass energy, biochar application is commonly used for greenhouse gas emis-
sion mitigation at water and wastewater treatment plants [5, 27, 65]. It is generally 
applied since biochar application is known also a water and wastewater treatment 
technique [18, 45, 46]. 

Biochar is a carbon-rich substance which could be derived from various 
organic and inorganic waste feedstocks. Biochar has gained raising significance 
because of its unique natural stable structure such as high carbon content and ion
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exchange capacity and large surface area [33, 47]. Biochar has attracted great atten-
tion in recent years due to its important role in solving many environmental problems 
and challenges [33]. It is less expensive than other treatment methods and can imme-
diately adsorb greenhouse gas emissions from water and wastewater [34, 36, 57]. 
Biochar, a carbon-rich substance generated from the pyrolysis or carbonization of 
biomass wastes, is a crucial substance of interest as it could remove pollutants and 
applied as a negative carbon emission technology [24, 33, 57, 59]. Many research 
have confirmed that the addition of clay during the pyrolysis of biomass is beneficial 
for the generation of biochar with a high stability [15, 58]. Carbon dioxide (CO2) 
and nitrous oxide (N2O) are the main greenhouse gases from water and wastewater 
treatment which could be adsorbed by clay-based biochar [44]. It is known that the 
stability of biochar is a significant parameter to measure the capacity of biochar for 
carbon sequestration [58]. 

From this point of view, this chapter aimed that CO2 and N2O emissions reduction 
using this novel biochar type (clay-based biochar). Also, this chapter mainly recom-
mended on clay-biochar composites applications for GHG emissions reduction in 
water and wastewater. 

2 GHG Emissions Mitigation Using Biochar 

Biochar is a porous carbonaceous substance with large specific surface area, and it 
is generated with the help pyrolysis of biomass in sealed containers, under limited 
oxygen environment [32]. Biochar is generated by pyrolysis of biomass such as 
agricultural crops, fertilizers, and solid wastes [36, 57, 59]. Traditionally biochar 
is applied for carbon sequestration due to its adsorption capacity in water and 
wastewaters so it could be a greenhouse gas mitigation technique [33, 53]. 

Biochar resolves unstable organic carbon in biomass into inorganic carbon, while 
ensuring long-term carbon sequestration and mitigating the net GHG emissions [41]. 
The modification of biochar with clay minerals could enhance the pyrolysis process 
of biomass, raise the stage of aromatic condensation, and also mitigate the oxidation 
of biochar, so the stability of biochar has been enhanced [58]. Clay minerals play role 
as a natural scavenger of contaminants in water and wastewater, through the uptake 
of cations and anions either through ion exchange or adsorption [2]. It could be 
considered that addition of clay into biochar could increase the adsorption capacity of 
pollutants and greenhouse gases. N2O and CO2 are regarded as the main greenhouse 
gases from water and wastewater treatment processes [54]. 

The mechanism of biochar to remove nitrous oxide is as follows: Denitrification 
is an important mechanism to reduce nitrate (NO3) in water and wastewater. The 
biochar is thought to act as an electron shuttle to reduce N2O. Biochar is a persistent 
compound that could remain in water for many years. N2O is produced by microor-
ganisms through nitrification and denitrification. Biochar quickly adsorbs ammonia 
from the soil and acts as a buffer, thus indirectly reducing ammonia evaporation [33]. 
This may also carry out to the aquatic environment. In addition, the biochar is an
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effective adsorber of dissolved ammonium and nitrate, which causes nitrous oxide 
emissions to the atmosphere [3]. Therefore, biochar application might be a possible 
method for N2O reduction in water. Water and wastewater treatment plants have been 
regarded as one of the most significant sources of indirect greenhouse gas emissions 
[21]. Methodologies on this subject are inadequate and open to development. 

Water supplies may contain CO2 due to its geogenic structure and water-rock inter-
actions. Carbonic acid is formed due to the dissolution of CO2 in water, which turns 
into bicarbonate (HCO3

−) and this is a two-way reaction. When water is exposed to 
the atmosphere, CO2 is released into the atmosphere and calcite (CaCO3) precipitates. 
For this reason, it is predicted that CO2 emissions may occur due to the treatment of 
groundwater. Due to the carbon sequestration capacity of the biochar, it can adsorb 
CO2 emissions [33]. Studies are generally aimed at the removal of CO2 emissions 
originating from the soil with biochar. It is foreseen in this direction that the CO2 

emission arising from the treatment of water will be captured by the biochar. It is 
known that biochar will greatly affect the carbon dynamics in groundwater and store 
carbon in its body. CO2 emissions also could be considered to be originated by respi-
ration of aerobic biomass and living organisms in wastewater [53]. CO2 emission in 
wastewater could be released that the materials which cannot settle with the help of 
flocculation process [53]. 

From this perspective, clay-based biochar could adsorb N2O and CO2 immediately 
from water and wastewater. This chapter contains an overview of biochar derived 
clay composites applications for GHG emissions from water and wastewater. 

3 GHG Emissions Reduction Potential of Clay-Biochar 
Composites in Water and Wastewater 

In the literature, there are studies on reducing N2O emission from the soil with the 
addition of biochar [33]. In terms of water and wastewater treatment, there are only 
a limited number of studies on the minimization of N2O from water and wastewater 
using biochar derived biomass. Table 1 shows the studies on N2O emissions reduction 
potential of clay-biochar composites in water and wastewater. There are limited 
studies in the literature related to CO2 mitigation using biochar. Biochar application 
is a novel and recent treatment technique for water and wastewater [57]. The possible 
schematic theme of this chapter for CO2 and N2O uptake of clay-biochar composites 
is given in Fig. 1.

Biochar is a porous carbonaceous substance with a large specific surface area 
generated by the pyrolysis which comprises of carbon and mineral fractions. It is 
known that generating biochar-based composites enables to combine the advantages 
of biochar with additive minerals, which the resulting composites usually raises the 
removal efficiency in functional groups, pore properties, surface area, and catalytic 
degradation ability [60]. Adsorption is the major mechanism for biochar to remove
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Table 1 N2O emissions reduction potential of biochar composites in water and wastewater 

Reference Type of 
biochar 

Case study 

Sun et al. [44] Sewage 
sludge 

At wastewater filtration, it has been determined that lower N2O 
emission is released with the application of biochar 

Zhou et al. 
[65] 

Bamboo It has been determined that lower N2O emissions occur with the 
application of biochar in the constructed wetland 

Bock et al. [4] Wood 
chips 

It was determined that the N2O emission decreased with the 
addition of biochar in the wastewater bioreactor 

Guo et al. [18] Cattail It has been confirmed that N2O emission could be reduced with 
increasing biochar dose in constructed wetland 

Liang et al. 
[25] 

Bamboo It has been reported that the N2O emission decreased by 
56.0–67.5% with the addition of biochar in a constructed wetland 
where wastewater is treated 

Zhou et al. 
[66] 

Bamboo It has been determined that the N2O emission is reduced by 20% 
with the addition of biochar in the constructed wetland where 
domestic wastewater is treated 

Zheng et al. 
[64] 

Corn stalk It has been determined that the N2O emission resulting from the 
treatment of synthetic wastewater is reduced by biochar 

Ji et al. [22] Tree 
branch 

It has been proven that N2O emission can be reduced by increasing 
biochar application in constructed wetland 

Feng et al. 
[12] 

Bamboo It has been proven that N2O emission can be reduced with 
increasing biochar dose in constructed wetland 

Fig. 1 Schematic summary of the study

contaminants and GHG emissions. The adsorption capacity of biochar has corre-
sponded to its surface area, pore size, functional groups, and ion exchange capacity 
[47]. Biochar has been modified with acids, metal ions, and alkali and oxidizing 
substances to amend the physicochemical properties [1]. Clay addition to biochar 
has increased the pore size, and it leads to higher adsorption capacity. Clay-biochar 
composite is generated while mixing the raw biomass before pyrolysis or the mixing 
of produced biochar with clay minerals [6]. This composite has been defined by 
high porosity and a considerable compatibility with water pollutants [14]. From this
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point of view, clay addition to biochar could be a good alternative for reducing GHG 
emissions from water and wastewater. [62] reported that clay-mineral modification 
enhanced that organomineral layer of clay raises the biochar stability when biochar is 
applied to soil [62]. Yao et al. [52] revealed that clay particles increase the adsorption 
capacity of biochar. This novel biochar type could be similarly used for N2O and 
CO2 adsorption from water and wastewater. 

Surface modification has been used to generate biochar-based materials, particu-
larly biochar-based composites with improved functions for many purposes [52]. In 
clay-based composites, the biochar is the porous structure to serve the distribution 
of the nanoparticles. This specification could be considered for the generation of a 
novel kind of engineered biochar with clay particles has high sorption ability [52]. 
These composites have unique characteristics and functions inherited from both clay 
and biochar which could be carried out since the feedstock materials are effective 
and cheaper. 

These clay-biochar composites have higher potential to be used as a novel and 
low-cost adsorbent for water and wastewater treatment, especially for the removal of 
pollutants. Furthermore, due to the synthesis and low-cost, clay-biochar composites 
could also be used in to improve water quality and carbon sequestration. The stability 
of biochar is an important indicator in determining the potential of biochar for carbon 
sequestration. It is known that addition of clay to biochar will increase the stability of 
the biochar. From this point of view, CO2 adsorption using clay-based biochar would 
be more effective than using raw biochar. Due to nitrate removal by this novel biochar, 
also N2O emissions reduction has been indirectly achieved. The adsorbent specifica-
tions of clays could be enhanced by different amendments, and higher contaminant 
adsorption is determined in modified clays than that in natural clays. Premarathna 
et al. [32] investigated antibiotics removal from water using clay-based biochar. They 
reported that higher adsorption efficiency while using clay-biochar composites. The 
restricted studies on this topic have confirmed that clay-biochar composites have 
better performance than raw biochar for water and wastewater treatment due to their 
stability and adsorption capacity. Indirectly, this specific qualification might accel-
erate the GHG adsorption capacity from water and wastewater. N2O and CO2 would 
uptake in larger amounts from water and wastewater when clay-biochar composites 
are applied. 

The amount of GHG emissions has varied according to applied water and wastew-
ater treatment process. In this context, direct GHG emissions have been resulted due 
to the treatment process [31]. Among them, anaerobic treatment is widely used tech-
nique for wastewater treatment. In the end of this process, biogas is a mixture of the 
important greenhouse gases which are CO2 and methane (CH4) is released to the 
atmosphere [16, 17, 29]. The addition of clay-based biochar to this process could 
decrease the GHG emissions from anaerobic wastewater configurations. Also, biogas 
treatment is very important topic to deal with the disadvantages of anaerobic wastew-
ater treatment. Especially, clay-based biochar could be applied for desulphurization 
process of biogas.
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4 GHG Emissions Reduction Potential of Anaerobic 
Wastewater Treatment Using Clay-Based Biochar 

Anaerobic treatment is the conversion of microorganisms into other products and 
by-products in the absence of oxygen and in the presence of anaerobic microor-
ganisms [13, 29]. Biogas management is an environmental and economic challenge 
resulted from anaerobic treatment [29]. From this point of view, biochar application 
which is cheaper and innovative method could be an alternative technique for biogas 
desulphurization (H2S removal) and GHG emissions mitigation. It contains mainly 
CO2, CH4, and hydrogen sulfide (H2S). This chapter recommended on clay-based 
biochar application for the reduction of GHG emissions and biochar desulphuriza-
tion process. Biochar adsorption process has carried out for the H2S removal from 
biogas in recent years [7, 30, 38, 43, 67]. 

H2S is often associated with the smell of rotten eggs which is a colorless, heavier 
than air, poisonous, and corrosive gas [13, 29, 49]. When released into the environ-
ment, hydrogen sulfide disperses into the air and forms sulfur dioxide (SO2) and 
sulfuric acid. It is estimated that H2S remains in the atmosphere for about 18 h. SO2 

is regarded as an indirect greenhouse gas as it forms aerosols when combined with 
elemental carbon. Surprisingly, aerosols contribute to both cooling and warming of 
the earth. Although H2S is not a direct greenhouse gas, it is considered an indi-
rect greenhouse gas since it is the source of SO2 in the atmosphere [21]. Also, 
H2S has the significant poison effect to fauna and flora and human health [63]. SO2 

is formed by the oxidation of H2S, and it is an indirect greenhouse gas with the limit 
concentration of 150 µgm−3 24−h [49]. H2S comprises 0–3% of biogas which is 
the undesirable component of biogas [29]. H2S leads to a significant maintenance 
requirement at anaerobic wastewater configurations [13]. In this case, H2S should be 
removed from biogas using effective treatment methods. Adsorption and absorption 
have been applied for H2S removal [13]. Adsorption is regarded as the best tech-
nique for H2S removal due to its main operation, minimum operational cost, and 
higher removal efficiency [28]. The main adsorbent is activated carbon generated 
from petroleum which is non-renewable. In last decades, biochar derived from waste 
biomass materials which are renewable, less expensive, and sustainability has been 
applied for this purpose [28]. So, biochar could be an innovative and alternative 
technique for biogas treatment in terms of H2S removal. Cost-effective H2S removal 
agents derived from many feedstocks could be supported by clay which is the name 
under the clay-based biochar. 

In this context, biochar adsorption process, which is a cheap and innovative 
method, can be a unique method and solution for H2S removal from anaerobic 
wastewater treatment due to its many advantages. Clay addition could improve the 
H2S adsorption capacity of the biochar. In the literature, related studies were investi-
gated using Web of Science (WOS) data base. Table 2. shows the details about H2S 
removal from biogas using various biochar feedstocks.
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Table 2 H2S removal using biochar 

Reference Type of biochar Biochar production 
technique 

Case study/removal efficiency 

Choudhury and 
Lansing [7] 

Corncob and 
maple (Fe 
catalyzed) 

Pyrolysis H2S removal from biogas 
resulting from anaerobic 
decomposition (90.5% of H2S 
removal) 

Scheufele et al. 
[40] 

Babassu Pyrolysis, fixed bed 
column 

A new mathematical model was 
developed to remove H2S using a 
new type of biochar 

Sahota et al. [37] Leaf Carbonization (200, 
300, and 400 °C) 

H2S removal from biogas, (84.2% 
of H2S removal at 400 °C) 

Kanjanarong 
et al. [23] 

Wood sawdust 
and anaerobic 
sludge 

Continuous fluid 
pyrolytic reactor, 
Continuous 
stirred-tank reactor 
(CSTR), 600 °C 

H2S removal resulting from 
anaerobic wastewater treatment 
(98% of H2S removal efficiency) 

Oliveira et al. 
[30] 

Soft and hard tree Pyrolysis, CSTR (in 
the range of 550 and 
800 °C) 

H2S removal resulting from 
anaerobic wastewater treatment 
(>98% removal efficiency) 

Das et al. [8] Compost and 
spruce 

Pyrolysis, 650 °C H2S removal from anaerobic 
filter (70% of H2S removal) 

Xu et al. [50] Pig manure and 
sludge 

Slow pyrolysis Pig manure adsorbs H2S more  
effectively than treatment 
sludge-based biochar 

Han et al. [19] Macroalgae Pyrolysis H2S removal from biogas 
(40–60% of H2S removal 
efficiency) 

Li et al. [26] Sewage sludge Microwave 
supported pyrolysis, 
650 °C 

78.4% of H2S removal efficiency 

Yang et al. [51] Reed black liquor Fast pyrolysis, 
500 °C 

60 mg/gH2S of removal capacity 

Ma et al. [28] Nitrogen-based 
plant (sawdust) 

Co-pyrolysis (in the 
range of 
600–900 °C) 

54.8 mg/gH2S of removal 
capacity 

Su et al. [42] Coconut shell 
and various 
animal manures 

Pyrolysis, 750 °C 38.73 mgH2S/g biochar of 
removal efficiency 

Ro et al. [35] Pine tree Pyrolysis, 
500–600 °C 

2.51 mg/g H2S of removal 
efficiency 

Zhu et al. [67] Wood, sewage 
sludge, activated 
ash 

Pyrolysis, 
450–700 °C 

H2S removal from biogas 
(2.2–3.22 mg/g H2S of removal 
efficiency)

(continued)
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Table 2 (continued)

Reference Type of biochar Biochar production
technique

Case study/removal efficiency

Wang et al. [48] Poplar sawdust Pyrolysis H2S removal from biogas (%78 
of H2S removal) 

Seo et al. [39] Rice shell Pyrolysis, 
400–500 °C 

24.41 mg/g H2S of removal 
efficiency 

Sawalha et al. 
[38] 

Almond shells, 
eucalyptus and 
coffee granules 

Pyrolysis, 500 °C H2S removal from biogas, 
almond shell (690 mg H2S/g 
adsorbent), eucalyptus (230 mg 
H2S/g adsorbent), and coffee 
granules (22 mg H2S/g 
adsorbent) 

As seen from Table 2, H2S removal with biochar is generally applied for the 
purpose of removing H2S from biogas (desulphurization). Pyrolysis is the frequently 
applied production technique. From this perspective, clay-based biochar could be an 
effective material for H2S removal from biogas. 

5 Conclusions 

This chapter recommended that biochar derived clay composites applications for 
greenhouse gas emissions. Furthermore, biochar application for the purposes of 
water and wastewater treatment could be considered as a greenhouse gas emission 
mitigation technique, recently. Also, this chapter mainly focused on clay-biochar 
composites applications for GHG emissions reduction in water and wastewater. It 
might be possible to reduce N2O and CO2 emissions in water and wastewater using 
clay-biochar composites. The limited numbers of studies on this topic have confirmed 
that clay-biochar composites have better performance than raw biochar for water and 
wastewater treatment due to their stability and adsorption capacity. The stability of 
biochar is a significant parameter in defining the potential of biochar for carbon 
sequestration and greenhouse gas emission uptake. It is confirmed in many studies 
that addition of clay to biochar will increase the stability of the biochar. 

Also, H2S removal from biogas which is the end-product of anaerobic wastew-
ater treatment is possible using various types of biochar in the literature. H2S is  
regarded as also an indirect greenhouse gas recently. Clay addition could improve 
the adsorption capacity and stability of biochar for more effective H2S removal from 
biogas. This chapter also recommended that the application of clay-based biochar 
for desulphurization. 

In our future work, the feasibility of this strategy for improving the stability of 
biochar with clay addition for CO2 and N2O emissions from water and wastewater 
will be investigated. This application is a novel research topic for GHG emissions
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reduction, so the studies in this topic will be increased in near future. Also, H2S 
removal of biogas using clay-based biochar would be experienced in the near future. 
This review chapter could be a guide for the new research about this topic. 
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9. Demir, Ö., Yapıcıoğlu, P.: Investigation of GHG emission sources and reducing GHG emissions 
in a municipal wastewater treatment plant. Greenh. Gases: Sci. Technol. 9(5), 948–964 (2019) 

10. European (EU) Commission, European Green Deal 2021 Fit for 55 Package: The EU’s Fit 
for 55 Package—Key Takeaways From Bernstein Renewables, Chemical, Airlines & Energy 
Teams (2021) 

11. European (EU) Commission, Communication from the Commission to the European Parlia-
ment, the 533 European Council, the Council, the European Economic and Social Committee 
and the 534 Committee of the Regions–The European Green Deal (2019) 

12. Feng, Y., Li, D., Sun, H., Xue, L., Zhou, B., Yang, L., Xing, B.: Wood vinegar and biochar 
co-application mitigates nitrous oxide and methane emissions from rice paddy soil: a two-year 
experiment. Environ. Pollut. 267, 115403 (2020) 

13. Filibeli, A., Büyükkamacı, N., Ayol, A.: Anaerobic Treatment, 2nd edn. Dokuz Eylül 
Engineering Faculty Publication, İzmir (2009) 
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Surface Modification of Clay 
with Organics 

Marina Massaro, César Viseras-Iborra, and Serena Riela 

Abstract Clay minerals are emerging materials which because of their interesting 
physico-chemical features and morphologies have attracted considerable attention 
in the last few years. From a chemical point of view, their different chemical compo-
sitions allow to modify the clay surface opening the doorway to several strategies 
to tune the clay’s properties. Specifically, it generates nanoarchitectures which have 
found application in several fields, ranging from biology to industry. Different kind of 
modification can be envisaged based on the supramolecular interactions of molecules 
or species with the clay surface or the linkage of specific functionalities. Herein we 
report the last results in the chemical manipulation of clays surfaces to develop 
“smart” and multifunctional nanomaterials which have been used as drug carrier 
and delivery systems, for pollutant removal and as filler for the reinforcement of 
polymeric matrices. The advantage to modify the clay surfaces over the use of the 
pristine ones will be also highlighted. 

Keywords Clay minerals · Halloysite nanotubes · Hectorite · Supramolecular 
functionalization · Covalent modification 

1 Introduction 

The increase in industrialization and urbanization led to an indiscriminate release of 
pollutants in the surrounding environment. Up to now, environmental pollution is one 
of the major problem that humanity has to face. Therefore, several efforts have been
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made to find the best solutions to removal hazardous materials from the environment. 
In the years, several systems-based, for example, on silica [1], activated carbon [2], 
carbon nanotubes [3] and so on, have been used as adsorbent for pollutant, but their 
high operating costs jeopardize their utilization for a large scale applications. In 
the first decade of XXI century, it was explored the possibility to use natural clay 
minerals as sorbent for environmental purposes. The advantages associated to them 
were soon clear. Indeed, clay minerals are cheaper than other already used systems, 
and they also provide highly specific surface area. 

Clay minerals, formed as products of chemical weathering of other silicate 
minerals at the earth’s surface [4], are natural layer-type phyllosilicate. Depending on 
the possible arrangements of tetrahedral (T) and octahedral (O) sheets, clay minerals 
can be classified in different groups the main of which are 1:1 and 2:1. The TO-type 
structure (1:1) has an octahedral aluminium sheet bonded to a tetrahedral silicon 
sheet, which belong to this group phyllosilicates such as kaolinite and halloysite. 
On the contrary, the structure of the TOT type (2:1) consists of an octahedral sheet 
Al3+, Fe3+ or Mg2+ sandwiched between two tetrahedral sheets of Si4+ or Al3+. In  
this class of clay minerals belong Hectorite, montmorillonite, and illite are among 
the clay minerals that belong to this group (Fig. 1). 

Because of clay minerals are naturally available and thus are cheap materials, they 
have been used as raw materials for hundreds of industrial applications such as in 
construction applications and engineering, food processing, environmental remedi-
ation and so on as testified by the increasing number of publications and patents in 
the last 20 years (Fig. 2).

The use of clay minerals for environmental purposes is renowned since ancient 
time, the first example, indeed, dates back 5000 years ago, when Greeks and Cypriots

Fig. 1 Representation of tetrahedral and octahedral sheets and 1:1 (TO) and 2:1 (TOT) arrange-
ments in the structure of clay minerals. Reproduced with permission from [5] 
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Fig. 2 a Distribution (%) of scientific publications in ‘patent’ and ‘journal’ for clay minerals; 
comparison of the number of b scientific publications and c patents on the different applications 
fields of clay minerals. Data analysis of publications, as on October 2022, was done using the 
SciFinder Scholar search system using as ‘Document type’ the ‘Journal’ and ‘Patent’, respectively

usually used clay minerals for bleaching fleece and clothes, and removal of grease and 
stains form [6]. In the years, owing to their wider natural availability in soils and mine 
deposits, low cost and biocompatibility, clay minerals have been extensively used 
as adsorbent materials for several pollutants. Since they possess external surfaces 
intrinsically negatively charged and hydrophilic and high cation exchange capacity, 
they show adsorption capabilities towards both cationic and hydrophilic contaminants 
and inorganic and organic contaminant cations through cation exchange mechanisms. 

Among the different clay minerals that can be used for environmental purposes, 
the most investigated ones are those of kaolin group with a stoichiometry of 1:1, for 
example halloysite and those with a stoichiometry 2:1, belonging to smectite group 
such as hectorite. 

However, pristine clay minerals often suffer from some limitations due to the fact 
that, when applied for the adsorption of pollutant, they often don’t match the required 
level of remediation for certain compounds/elements. To solve these problems, 
several modifications of clay minerals surfaces are envisaged, both supramolecular 
and covalent [7–10]. 

In this chapter, we summarize the latest research findings on the modification of 
halloysite and its combination with hectorite for application in environmental field. 

2 Halloysite 

Halloysite is a phyllosilicate clay mineral with stoichiometric of 1:1 and a general 
formula of Al2Si2O5(OH)4·nH2O. Naturally, it is mainly found with a nanotubular 
morphology; thus, it is commonly known as halloysite nanotubes (HNTs). From a 
geological point of view, the tubes arise from kaolinite by means of the kaolinization 
process; during this, siloxane groups were placed at the HNTs external surface, 
whereas the inner one is mainly constituted by a gibbsite-like array of aluminol (Al– 
OH) groups. Of course, during the rolling process, some defects are created, and 
they are present at the edge of the tubes as Al–OH and Si–OH groups. Z-potential 
measurements on an aqueous dispersion of HNTs showed that the nanomaterial
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Fig. 3 Comparison of the number of a scientific publications and b patents on the different appli-
cations fields of clay minerals; c distribution (%) of scientific publications in ‘patent’ and ‘journal’ 
for halloysite. Data analysis of publications, as on October 2022, was done using the SciFinder 
Scholar search system using as ‘Document type’ the ‘Journal’ and ‘Patent’, respectively 

possesses a negatively charged external surface and a positively charged lumen. All 
these features make that HNTs can be selectively modified by exploiting different 
strategies that have allowed the synthesis of different hybrid nanomaterials which 
can be used as fillers in polymeric matrices [11, 12], biological carriers [13, 14], 
catalysts [15–17] and so on [18] (Fig. 3a, b). The increasing interest towards this 
clay is witnessed by the enormous number of publications and patents related to the 
clay. It is noteworthy that in the last years the number of publications is greater than 
that of patent, even double in number in 2022, indicating an actual involvement of 
academia beside the industrial application. 

The first documented example of the use of halloysite as adsorbent material for 
the removal of organic pollutant dates back to 2008, when Zhao and Liu [19] studied 
the adsorption capacity of the clay towards methylene blue, chosen as cation dye 
model. In their work, the authors demonstrated that HNTs could efficiently adsorb 
the dye showing a maximum adsorption capacity of 84.3 mg·g−1. These results 
highlighted the possibility to use the clay for large scale applications. However, as 
other clay, the use of pristine HNTs for industrial purposes is often hampered by 
some disadvantages. 

Therefore, the functionalization of HNTs is crucial to fully exploit the potentiality 
of HNTs-based nanomaterials for the utilization in environmental field. 

Generally speaking, the functionalization of HNTs surfaces can be based on two 
different approaches: (i) the supramolecular one and (ii) the covalent modification. 

The first one is mainly based on electrostatic attraction and van der Waals interac-
tions, hydrogen bonding and hydrophobic effects. The HNTs lumen indeed is posi-
tively charged, and therefore, it can successfully interact with negatively charged or 
with electron-rich molecules; in addition, it offers a more hydrophobic environment 
in comparison with surrounding medium which led to the use of the clay as nanocon-
tainer for the loading of different organic molecules. Conversely, the external surface, 
negatively charged, can interact via electrostatic attraction or hydrogen bonding with 
positively charged or neutral molecules.
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The covalent modification of HNTs external surface exploits the silica chemistry; 
in particular, it envisages the grafting of organosilanes, via a condensation reaction, 
between the silanes and the few Si–OH groups of the HNTs present on the edges or 
on external surface defects [20]. 

The grafting reactions are carried out in toluene, in water/alcohol mixtures or 
under solvent-free conditions under MW irradiation. In the years, different organosi-
lanes, bearing different terminal groups, have been used for the HNT modifica-
tion. Usually, the amount of silane grafted onto the HNTs’ surface has been esti-
mated by thermogravimetric analysis measurements. More recently, Licandro et al. 
reported a new method based on the quantification of Fmoc groups attached to 
3-aminopropyltrimethoxysilane (APTES) by UV–vis after their release from the 
HNTs–APTES–Fmoc system [21]. 

Table 1 summarizes the different strategies adopted for the modification of HNTs 
surfaces.

2.1 Metal Ions Removal 

The increase in industrialization and urbanization has led to an indiscriminate release 
of pollutants in the environment. Heavy metal ions are one of the most prevalent 
harmful species in wastewater and pose a major concern to human health. These, have 
been classified by US Environmental Protection Agency as dangerous pollutants that 
due to their no biodegradability and linger, are toxic even at low dose [57]. Therefore, 
to find adsorbent materials able to remove heavy metal ions from water represents 
a challenge for scientific community. Halloysite is an emerging inorganic adsorbent 
material which can be used for this purpose. 

However, the extensive use of HNTs for the removal of metal ions is limited by the 
occurrence of less metal ion-binding active sites, pristine HNTs low loading capacity 
and poor selectivity to specific metals [58]. The modification of the surfaces is the 
most adopted strategy to overcome these limits. 

Table 2 reported some HNTs-based nanomaterials used for the removal of heavy 
metal ions from the environment.

The functionalization of HNTs surface with a positively charged surfactant, 
hexadecyltrimethylammonium bromide was useful to avoid rapid agglomeration and 
precipitation of HNTs nanoparticles. The obtained nanomaterial was used by Bing 
et al. [67] as adsorbent for Cr(IV) removal. It was found that the functionalized HNTs 
reached an adsorption capacity of 4.3 mg/g (corresponding at ca. 90% of total Cr(IV) 
removal) after 5 min, reaching 4.4 mg/g (92% removal efficiency) in 10 min. These 
findings highlighted that the adsorbent showed a rather rapid adsorption rate; thus, 
a contact time of 30 min is enough for complete adsorption of Cr(VI). In addition, 
this nanomaterial showed recyclability and reusability for several cycles. 

The functionalization of HNTs by the in situ polymerization of pyrrole enables 
the synthesis of polypyrrole-coated HNTs which showed enhanced ability in Cr(VI) 
removal [69]. Indeed, in this case, an excellent adsorption capacity of 149.25 mg g−1
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Table 2 HNTs nanomaterials used as adsorbent of heavy metal ions 

Nanomaterial Metal Reference 

HNTs-alginate Cu(II) Water [59] 

HNTs modified with polydopamine Cd(II) and Pb(II) Water [60] 

HNTs-aniline/Fe3O4 Sb(V) and Cr(VI) Water [58] 

HNTs-NH2@PVDF Cr(VI), Cd(II) and Cu(II) Water [61] 

Alkaline activated HNTs Several metals Water [62] 

HNTs, pristine, calcined and 
acid-activated 

Cd(II), Pb(II), As(V), and Zn(II) Water [63] 

HNTs/chitosan/spirulina Cr(VI) [64] 

HNTs-SH or HNTs-NH2 Cu, Cd,  Zn, As,  Pb Soil [65] 

HNTs/diethanolamine/ 
triethanolamine 

Zn(II), Cd(II), Pb(II), and Cu(II) Water [66] 

HNTs/hexadecyltrimethylammonium 
bromide 

Cr(VI) Water [67] 

HNTs/alginate Pb(II) Water [68]

at pH 2.0 was observed. The nanomaterial also was recyclable for at least three 
cycles without loss of its original removal efficiency. The most important aspect of 
this work was due to the fact that the authors tested the adsorption capacity of the 
nanocomposite on Cr(VI) contaminated chrome mine wastewater and groundwater 
and the results highlighted the feasibility of the material to be applied as adsorbent 
for the remediation of Cr(VI). 

The covalent modification of HNTs external surface with organosilanes bearing 
amino groups led to synthesis of a series of nanomaterials which showed enhanced 
adsorption abilities towards metal ions, owing to the high affinity between the latter 
and amino groups. The amino-modified HNTs were used as they are or as filler for 
filtration membranes. For example, He et al. reported the incorporation of different 
concentration of HNTs-NH2 into polyvinylidene fluoride (PVDF) nanofiltration 
membranes and the obtained nanocomposite was tested as adsorbent for Cu(II), 
Cr(IV) and Cd(II) ions from simulated wastewater (Fig. 4). The results showed 
that the amount of metal ions removed depended from the concentration of modified 
HNTs into the membrane and that, due to the presence of HNTs, blend membrane had 
better anti-pollution and reuse performances compared with PVDF membrane [61].

In another work, HNTs-NH2 were used as adsorbent for the removal of Pb2+ ions. 
The experimental results showed that the introduction of amino functionalities onto 
HNTs external surface was crucial in the increasing of adsorption rate and that the 
adsorption efficiency is better by increasing the pH and decreasing the ionic strength 
of the medium, in comparison with data obtained in the presence of pristine HNTs 
at the same experimental conditions (Fig. 5) [70].

Going further, several organosilanes bearing amino groups were used to improve 
the adsorption performances of the HNTs-based materials. For example, N-β-
Aminoethyl-γ-aminopropyl trimethoxysilane was used to modify HNTs external
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Fig. 4 Nanofiltration membrane based on amino-modified HNTs and PVDF for metal ions removal. 
Reproduced with permission from [61]

Fig. 5 Adsorption isotherms of Pb(II) ions on a HNTs-NH2 and b pristine HNTs from aqueous 
solutions at pH = 5.0 containing NaCl 0.10 (squares), 0.25 (circles), 0.50 (triangles) mol L−1 and 
at T = 25 °C. Experimental data fitted with Freundlich (dashed lines), Langmuir (continuous lines) 
and Sips (dotted lines) models. Reproduced with permission from [70]

surface to develop a sorbent material with enhanced performance in Cr(VI) removal 
from wastewater [71]. The experimental findings highlighted that electrostatic 
interaction between Cr(VI) ions and adsorbents is crucial in the adsorption process. 

Based on these considerations, Wang et al. varied the terminal groups onto the 
silane to obtain different HNTs-based nanomaterials which can interact in different 
way with the metals [58]. The adsorption efficiency was tested for the simultaneously 
removal of Sb(V) and Cr(VI) ions from simulated wastewater. The used silanes are 
depicted in Fig. 6.

It was found that the HNTs modified with the KH-42 showed, among the inves-
tigated nanomaterials, the highest removal efficiency towards Cr(VI) which can 
be attributed to the interactions between HCrO4

− and aromatic compounds on
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Fig. 6 Silanes used for the functionalization of HNTs for environmental purposes. Reproduced 
with permission from [72]

HNTs, forming anion-π complexes. Conversely, KH-108-modified HNTs showed 
the highest removal efficiency for Sb(V) at acidic conditions, which might be due 
to the interaction between negatively charged Sb(OH)6− and the positively charged 
amino functional groups present in acidic environment. 

Amino and thiol-modified HNTs were successfully used for the removal of Hg(II) 
ions [73]. The authors of this study demonstrated that the introduction of the organic 
groups increases the adsorption capacity of pristine HNTs in a pH range of 3–5 and 
besides the pH, the factors which influence the adsorption are the ionic medium, and 
the ionic strength of aqueous solution. By mechanistic considerations, it is possible 
to conclude that modified HNTs remove the Hg(II) ions by a physical adsorption 
mechanism enhanced by ion exchange. 

These results demonstrated that by the modification of HNTs, not only improves 
the adsorption properties in comparison to the pristine clay, but also it is possible to 
remove selectively a metal ion over another. For example, the introduction of acry-
lonitrile onto HNTs, by the modification of their surface with vinyltriethoxysilane 
[74], serves as scaffold to synthetize an amidoxime group which was selective for 
uranium adsorption. The experimental results highlighted an adsorption capacity of 
456.24 mg g−1 in 32 ppm uranium-spiked simulated seawater with a saturation time 
of 13 h. In natural seawater, the material reached the uranium extraction capacity of 
5.70 mg g−1 and 9.01 mg g−1 after a field test of 5 days and 30 days, respectively. 

The post-modification of HNTs-NH2 nanomaterial with the coumarin derivative 
(7-hydroxy-2-ox-2H-chromene-5-carbaldehyde) was useful for Zn(II) ion removal. 
This nanomaterial indeed showed a selectively turn-on fluorescence response in the 
presence of the metal ions.
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Similarly, PAMAM units bearing terminal alkyne were linked onto the external 
surface of thiol modified HNTs by a thiol-yne click reaction [75] affording a nanoma-
terial which showed an high affinity for Pb(II) ions. The adsorption studies demon-
strated that the synthetized nanomaterial possesses a high adsorption capacity of 
194.4 mg g−1. Recyclability studies showed that it is highly recyclable possessing 
90% of the maximum adsorption capacity after six consecutive runs. 

These examples showed that by the suitable choose of the starting organosilanes, 
it is possible to obtain nanomaterials with tunable surface to improve the utilization 
of HNTs in heavy metal ions removal. 

2.2 Organic Pollutants 

According to the Convention of Stockholm, another class of persistent pollutants in 
wastewater is represented by the so-called Persistent Organic Pollutant [76]. These 
are mainly carbon-based molecules, such as dyestuffs, solvents, industrial chemical 
by-products (polycyclic aromatic hydrocarbons, dioxins, perfluorinated compounds) 
and pesticides [77, 78] that are released in the environment from different sources, and 
therefore, their removal is of fundamental importance. Currently, several methods 
are employed to treat the wastewater in order to reduce the presence of contaminants 
[79]. Some of them are based on the use of modified halloysite as adsorbent materials, 
catalysts for photodegradation or reduction of organic molecules. 

2.2.1 Adsorption 

By the physisorption of Fe3O4 nanoparticles onto HNTs external surface, Ma et al. 
[80] developed a magnetic nanomaterial that was used as inorganic sorbent for methy-
lene blue and Nile Red, chosen as models for cationic dyes, and methyl orange, as 
the anionic one. Due to the different HNTs charged surfaces, the nanomaterial was 
selective for cationic dyes that were successfully on the negatively charged external 
surface, whereas poor adsorption towards the anionic methyl orange was observed. 
The functionalization of the surface with magnetic nanoparticles, allowed easier 
recyclability than the pristine HNTs. 

By exploiting an electrostatic self-assembly process Liu, Zhang et al. reported the 
loading of HNTs on the surface of reduced graphene oxide sheets [81] to obtain a 
nanosystem that, after its modification with APTES, showed promising adsorption 
capacities towards Rhodamine B. 

A magnetic nanomaterial based on HNTs was fabricated by the modification of 
the clay surface with carboxylic groups. The nanomaterial was then used as support 
for the synthesis of molecular imprinted polymers which material showed a fast and 
selective recognition of 2,4,6-trichlorophenol from aqueous solutions [82]. 

The introduction of HNTs as filler in polydopamine matrix allowed to obtain 
two different nanomaterials, which showed, depending on the synthetic pathway,



188 M. Massaro et al.

promising adsorption capability for the development of membrane coating for 
Rhodamine B removal [83]. 

Cyclodextrin units were linked on thiol modified HNTs, by a thiol-ene reaction 
in the presence of AIBN, under MW irradiation in solvent-free conditions [84]. By 
adopting this strategy, it was possible to obtain a hyper-reticulated system, similar to 
a nanosponge, which possesses two different cavities useful for organic dyes adsorp-
tion. Adsorption studies and kinetic experiments showed the existence of different 
interaction sites and high adsorption efficiencies towards Rhodamine B. In addition, 
by expanding the scope of the nanomaterial, it was demonstrated a selectivity in the 
removal cationic dyes in comparison to the anionic ones. 

The supramolecular functionalization of both HNTs with cucurbit[8]uril 
molecules [54] was a useful strategy to synthetize used as nanosponges for the capture 
of aromatic compounds. Due to the high hydrophobicity of the system, indeed, it was 
possible to remove pyrene from aqueous systems and toluene molecules from both 
liquid and gas phases. In the latter case, the nanosponges showed a high performance 
in capturing toluene gas with respect to the pristine HNTs. The adsorbed amount of 
toluene, indeed, is larger for the nanosponges in all contact times investigated; for 
example, after 2 h, the toluene amount captured by the nanosponge is ca. 50 times 
larger than that of pristine HNTs. 

2.2.2 Photodegradation 

Supporting metal nanoparticles onto HNTs is a strategy common adopted to 
synthetize valuable photocatalysts which have been used for environmental purposes 
[85–91]. Some of them are reported in Table 3.

As it is possible to note from Table 3, the most used nanoparticles are the TiO2 

ones which were supported on HNTs showing promising photocatalytic activity. 
An electrospun carbon doped TiO2/HNTs nanofiber was proposed by Liu et al. 

[94] to generate a photocatalyst for the degradation of organic dyes. The experimental 
findings highlighted that the visible light photocatalytic efficiency of the nanofiber 
was enhanced by a HNTs doping amount of ca. 8%, greater than that of commercial 
anatase TiO2. 

Recently, to improve their photocatalytic properties, Lee et al. synthetized a La3+ 

doped TiO2 on HNTs (La/TiO2@HNTs) nanomaterial [100] by a multi-step proce-
dure (Fig. 7) to achieve a synergistic photolysis activity enhancement. The combina-
tion of HNTs and lanthanum doping on TiO2, indeed, increased the catalytic activity 
of the nanoparticles by ca. 3 times with respect to undoped TiO2. The use of HNTs 
as support also ensures recyclability by offering an easy separation method using 
centrifugation.

The complexation of EDTA inside the HNTs lumen was helpful in the immobi-
lization of α-Fe2O3 because of the strong affinity of EDTA for Fe3+ ions [101]. The 
nanomaterial so obtained showed enhanced photocatalytic activity towards organic 
dyes under UV, vis and direct sunlight irradiation at room temperature with respect 
to pristine HNTs.
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Table 3 Metal nanoparticles 
supported on HNTs for 
application as photocatalysts 
for pollutant removal 

Metal NPs Pollutant Reference 

TiO2 RhB [89] 

CdS Tetracycline [86] 

ZnO Tetracycline [88] 

AgNPs MB [87] 

CeO2/ 
AgBr 

MO [85] 

Au-Ni/ 
Fe3O4 

Congo Red [90] 

TiO2 MB [92–94] 

ZnO or 
TiO2 

MB [95] 

LaFeO3 Chlortetracycline [96] 

TiO2 and 
Fe2O3 

2-chloro-, 2,6-dichloroaniline and 
aniline 

[97] 

W18O49 MO [98] 

Fe3O4 MB [99]

Fig. 7 Synthesis of La/TiO2@HNTs nanomaterial. Reproduced with permission from [100]

Commercial bulk ZnO were immobilized onto HNTs in a phosphate buffer pH 8.0 
affording the HNT@ZnO nanomaterial [102]. It was very efficient for the photodegra-
dation of methyl orange and Rhodamine B under UV light. The authors of the work 
also demonstrated, by mechanistic studied and trapping experiments that the main 
species responsible for the photodegradation of the dyes are·OH radicals produced 
during the process.
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2.2.3 Reduction Reactions 

The loading of Ag nanoparticles (AgNPs) into HNTs lumen by electrostatic inter-
actions by negatively charged N-acetyl-L-cysteine-modified AgNPs [103] and the 
positively charged HNTs lumen led to the development of an innovative system with 
good catalytic performance and reusability for 4-nitrophenol reduction. Similarly, 
the immobilization of Co3O4 nanoparticles onto HNTs by a non-aqueous depo-
sition–precipitation, followed by thermal treatment, was found to be a successful 
strategy to obtain an efficient nanomaterial for the reduction of 4-nitrophenol and 
organic dyes [104]. 

Catalytic studies showed that the Co3O4/HNTs nanomaterial displayed enhanced 
performances towards the reduction of aqueous organic contaminants in terms of 
durability, conversion rate, and induction period with respect to the unsupported 
Co3O4 nanoparticles. These promising results were explained by an influence of 
HNTs as support which endowed Co3O4 nanoparticle with the cooperative effects 
and the specific structural characteristics. 

Modification of HNTs external surface with thiol groups was useful for the 
immobilization of AuNPs, by exploiting the strong gold-thiol affinity [105]. The 
so-obtained nanomaterial demonstrated to be highly active in the reduction of 
4-nitrophenol showing remarkable TOF values (up to 2 204 530 h−1). 

Besides the functionalization approaches described above, other strategies have 
been adopted to increase the adsorption efficiency of HNTs towards different pollu-
tants. For example, it is possible to intercalate small molecules into halloysite inter-
layer. In this context, Khelifa et al. reported the intercalation of sodium acetate into 
HNTs [106]. This strategy allowed the authors to an increase of HNTs’ adsorption 
properties towards metal ions. In particular, they demonstrated high efficiency in 
the Cu(II) ions adsorption and that the intercalated HNTs retained the loaded Cu(II) 
metal 2.2 times larger than pristine clay. 

Furthermore, chemical manipulation of HNTs surfaces by the treatment with 
strong acid or base helps in the development of systems which showed, in comparison 
with pristine HNTs, enhanced adsorption capacities. For example, acid-treated HNTs 
were employed to remove a series of chloroanilines, namely 3-,4-chloroaniline and 
3,4 dichloroaniline [107]. By using different acid concentrations, ranging from 20 to 
65 mass%, it was found that the modified HNTs showed the best adsorption capacity 
when treated with 50% sulphuric acid. 

2.3 Carriers for Pesticides 

When the environment is concerned, it has to be faced another problem deriving 
from the extensive use of pesticides. The growth of population required more and 
more food production which is hampered by the climate changes, and agricultural 
crop pests, to mention some of them. These lead to an indiscriminate introduction of 
pesticides in the environment that contaminate soil, water and even food.
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The development of systems capable to carrier and gradually release the pesticides 
is crucial to reduce their environmental impact. In this context halloysite, which has 
shown excellent eco-compatibility, [108–110] represents an inexpensive carrier for 
several pesticides. 

Acid treated HNTs were used as carrier for chlorpyrifos (CPF), a hydrophobic 
pesticide, followed by the coating of the tubes with alginate gels, used to slow down 
the release of the CPF from the tubes. To increase the loading of the active ingredient, 
a three-dimensional structure involving the acid-treated HNTs was also created via 
a step-by-step modification of the HNTs surface with Ca2+ and EDTA2− exploiting 
their strong coordination interactions (Fig. 8) [111]. 

In addition, the obtained system showed an increase of ca. 86%, in comparison 
with pristine CPF, of foliar adhesion property against rain rinsing, probably because 
of the strong interactions which exist between alginate and plant leaves. 

A similar strategy was used for the development of a novel pesticide based on 
CPF to fight the growth of beet armyworm (which grows fastest at 35 °C) [112]. 
In this case, HNTs were covalently modified by a thermo-responsive polymer, the 
poly-isopropylacrylamide (PNIPAAM), and the obtained nanomaterial was further 
coated with polydopamine in an attempt to slow down the CPF release. The use of 
the thermoresponsive PNIPAAM was crucial since the final nanomaterial showed a 
release rate, of the active specie, ca. 2.5 times higher at 35 °C than that at 25 °C. 

A xylene solution of chlorantraniliprole (CAP) was mixed with an aqueous disper-
sion of HNTs affording a three-dimensional network structure that showed impor-
tant properties for application in agriculture. Indeed, the CAP in the nanocomposite 
possessed enhanced leaf adhesion, rain erosion resistance and insecticidal effect with 
respect to “free” CAP [113]. Promising insecticidal activity was showed by in vivo 
test on S. frugiperda, selected as pest model. 

The advantage to use HNTs for agricultural purposes relies also in the possibility 
to develop nanosystems for pesticides preservation. In this context, for example, the 
loading of pyrethrum extract into HNTs lumen allowed the protection of the active 
species from UV light and avoided the hydrolysis in aqueous media the pyrethrins,

Fig. 8 Schematic representation of the HNTs/CPF pesticide. Reproduced with permission from 
[111] 
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main components of the natural extract. These advantages translate into an enhanced 
pesticidal activity. In vivo tests on G. mellonella, chosen as pest model, indeed showed 
that the nanomaterial was highly active even at half dose respect to the recommended 
field dose [114]. 

2.4 Combination of Clays for Environmental Purposes: 
Covalent Modification of HNTs with Hectorite 

Recently, to fully exploit the feasibility of HNTs as adsorbent material for several 
hazardous species, beside the modification of their surfaces or the chemical manip-
ulation, it has been proposed the combination with other clays. In particular, from 
an experimental point of view, it results advantageous the covalent linkage between 
HNTs with another clay with complementary adsorption capability such as hectorite. 

Hectorite (Ht) is a clay mineral belonging to the smectite group, with an ideal 
chemical formula of Na0.3Mg2.7Li0.3Si4O10(OH)2. Chemically, it is constituted by 
different layers of Si–O–Mg(Li)–O–Si–with hydrated cations (e.g. Na+, Li+) in the  
interlayer space. Similar to other clays, Ht nanolayers showed different charged 
surfaces, in particular it is negative on the basal faces (composed of Si–O–Si groups) 
and pH-dependent charge on the edges [115]. Furthermore, the Si–O–Si groups 
confer hydrophobic properties to the basal faces, while the Si–OH groups present at 
the edges can be chemically modified [116, 117], by a similar approach used for HNTs 
external surface. The advantage to use Ht for environmental purposes relies in its 
high cation exchange capacity (CEC) that is in the range from 50 to 150 mmol/100 g 
in a pH range from 6 to 13 [118], and specific surface area about 350 m2 g−1 [119]. 

When it is used as adsorbent material, the main forces involved in the adsorption 
process are based on electrostatic attractions, surface complexation, Van der Waals 
force and ion exchange between adsorbates and the surface of hectorite [115]. The 
modification of the edge with organics, of course increases the adsorption selectivity 
and capacity towards heavy metal ions. As example, the modification of the Ht edges 
by grafting 2-(3-(2-aminoethylthio)propylthio)ethanamine allowed to obtain a good 
nanoadsorbent for the removal of Hg(II) and Ag(I) ions from aqueous environment 
[120]. Supramolecular functionalization of Ht with cetylpyridinium bromide gave a 
nanomaterial which possessed enhanced adsorption capability towards Neutral Red 
in comparison with the pristine clay [121].
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From these premises, it is clear that the combination of Ht and HNTs could be 
beneficial in improving HNTs properties by the design and development of nanoar-
chitectures which could benefit, in terms of thermal stability, adsorption abilities, 
solvent resistance and so on, of both Ht and HNTs properties. 

The covalent linkage between the two clays was achieved by a multi-step proce-
dure where the both pristine clays were firstly modified with suitable organosilanes 
bearing complementary terminal groups. In particular, HNTs external surface was 
modified by 3-mercaptopropyltrimethoxy silane, whereas the Ht edges were reacted 
with 3-aminopropryltrimethoxy silane followed by a nucleophilic substitution with 
allyl bromide to introduce allyl groups at Ht edges [122]. 

Afterwards, the two clays were linked by a thiol-ene reaction mediated by AIBN 
under MW irradiation in solvent-free conditions. The covalent linkage was verified 
by several techniques, and by morphological investigations by S/TEM analysis, it 
was highlighted that the morphology of the nanomaterial obtained is coherent with 
the combination of the two clays, indeed, it was found the HNTs results covered by 
Ht (Fig. 9), conversely to the physical mixture which shows the two clays randomly 
dispersed.

The nanomaterial showed promising adsorption ability to simultaneously remove 
both ciprofloxacin (chosen as antibiotic model) and Ag+ ions. The experimental 
results showed that the nanomaterial can adsorb ca. 2.6 wt% of ciprofloxacin and 
ca. 8 wt% of Ag+ ions, as estimated by thermogravimetric analysis and AgCl test, 
respectively. 

3 Conclusions 

Clay minerals were used as adsorbent materials from ancient time. Among them, 
halloysite nanotubes, because of their interesting physico-chemical properties are 
among the most studied ones for environmental purposes. Their modification both 
by supramolecular and covalent approaches improves their adsorption capabilities 
towards heavy metal ions and organic hazardous molecules in comparison with 
the pristine HNTs. Furthermore, their covalent combination with other clays, with 
complementary adsorption capability, such as hectorite, allowed to obtain innovative 
nanoadsorbent to simultaneous remove from wastewater different pollutant. 

Therefore, the introduction of organic functionalities onto the clays surface repre-
sent a valuable strategy to obtain cheap and efficient nanoadsorbent for environmental 
purposes.
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Fig. 9 a, b TEM image of HNTs-Ht nanomaterial (scale bar 200 and 20 nm, respectively); c corre-
sponding EDX image of Al and Mg from STEM image (scale bar 60 nm); d EDX spectrum of the 
HNTs-Ht nanomaterial; e TEM image of the physical mixture constituted by HNTs and Ht (scale 
bar 0.2 μm); and f the corresponding EDX image of Al and Mg from STEM image (scale bar 
0.4 μm). Reproduced with permission from [122]
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I.: Synthesis, characterization and photocatalytic activity of TiO2-halloysite and Fe2O3-
halloysite nanocomposites for photodegradation of chloroanilines in water. Appl. Clay Sci. 
149, 118–126 (2017). https://doi.org/10.1016/j.clay.2017.08.016 

98. Peng, H., Wu, D., Wan, H., Jia, L., Chen, G., Li, J., Cao, Y., Liu, X., Ma, R.: Facile synthesis 
and characterization of halloysite@W18O49 nanocomposite with enhanced photocatalytic 
properties. Appl. Clay Sci. 183, 105319 (2019). https://doi.org/10.1016/j.clay.2019.105319 

99. Zhang, D., Cui, Y., Yang, G., Liu, M., Zhu, G., Sheng, X., Deng, F., Zhou, N., Zhang, X., Wei, 
Y.: Mussel-inspired fabrication of halloysite nanotube-based magnetic composites as catalysts 
for highly efficient degradation of organic dyes. Appl. Clay Sci. 198, 105835 (2020). https:// 
doi.org/10.1016/j.clay.2020.105835 

100. Lee, J., Seong, S., Jin, S., Jeong, Y., Noh, J.: Synergetic photocatalytic-activity enhancement 
of lanthanum doped TiO2 on halloysite nanocomposites for degradation of organic dye. J. 
Ind. Eng. Chem. 100, 126–133 (2021). https://doi.org/10.1016/j.jiec.2021.05.029 

101. Das, S., Jana, S.: A tubular nanoreactor directing the formation of in situ iron oxide nanorods 
with superior photocatalytic activity. Environ. Sci. Nano 4(3), 596–603 (2017). https://doi. 
org/10.1039/C6EN00570E

https://doi.org/10.1016/j.clay.2014.11.008
https://doi.org/10.1016/j.clay.2014.11.008
https://doi.org/10.1016/j.apsusc.2012.07.102
https://doi.org/10.1039/C5RA17360D
https://doi.org/10.1039/C5RA17360D
https://doi.org/10.1039/C5RA20024E
https://doi.org/10.1186/s11671-016-1252-9
https://doi.org/10.1186/s11671-016-1252-9
https://doi.org/10.1016/j.matchemphys.2014.11.075
https://doi.org/10.1111/j.1755-6724.2006.tb00243.x
https://doi.org/10.1007/s11814-014-0162-8
https://doi.org/10.1007/s11814-014-0162-8
https://doi.org/10.1016/j.jcis.2014.10.026
https://doi.org/10.1016/j.clay.2014.04.019
https://doi.org/10.1016/j.clay.2014.04.019
https://doi.org/10.1007/s00339-016-0240-3
https://doi.org/10.1016/j.clay.2017.08.016
https://doi.org/10.1016/j.clay.2019.105319
https://doi.org/10.1016/j.clay.2020.105835
https://doi.org/10.1016/j.clay.2020.105835
https://doi.org/10.1016/j.jiec.2021.05.029
https://doi.org/10.1039/C6EN00570E
https://doi.org/10.1039/C6EN00570E


Surface Modification of Clay with Organics 201

102. Massaro, M., Casiello, M., D’Accolti, L., Lazzara, G., Nacci, A., Nicotra, G., Noto, R., 
Pettignano, A., Spinella, C., Riela, S.: One-pot synthesis of ZnO nanoparticles supported on 
halloysite nanotubes for catalytic applications. Appl. Clay Sci. 189 (2020). https://doi.org/10. 
1016/j.clay.2020.105527 

103. Zeng, X., Wang, Q., Wang, H., Yang, Y.: Catalytically active silver nanoparticles loaded in the 
lumen of halloysite nanotubes via electrostatic interactions. J. Mater. Sci. 52(14), 8391–8400 
(2017). https://doi.org/10.1007/s10853-017-1073-y 

104. Zhang, M., Su, X., Ma, L., Khan, A., Wang, L., Wang, J., Maloletnev, A.S., Yang, C.: Promo-
tion effects of halloysite nanotubes on catalytic activity of Co3O4 nanoparticles toward reduc-
tion of 4-nitrophenol and organic dyes. J. Hazard. Mater. 403, 123870 (2021). https://doi.org/ 
10.1016/j.jhazmat.2020.123870 

105. Massaro, M., Colletti, C.G., Fiore, B., La Parola, V., Lazzara, G., Guernelli, S., Zaccheroni, 
N., Riela, S.: Gold nanoparticles stabilized by modified halloysite nanotubes for catalytic 
applications. Appl. Organomet. Chem. 33(3) (2019). https://doi.org/10.1002/aoc.4665 

106. Mellouk, S., Belhakem, A., Marouf-Khelifa, K., Schott, J., Khelifa, A.: Cu(II) adsorption by 
halloysites intercalated with sodium acetate. J. Colloid Interface Sci. 360(2), 716–724 (2011). 
https://doi.org/10.1016/j.jcis.2011.05.001 

107. Szczepanik, B., Słomkiewicz, P., Garnuszek, M., Czech, K.: Adsorption of chloroanilines 
from aqueous solutions on the modified halloysite. Appl. Clay Sci. 101, 260–264 (2014). 
https://doi.org/10.1016/j.clay.2014.08.013 

108. Bellani, L., Giorgetti, L., Riela, S., Lazzara, G., Scialabba, A., Massaro, M.: Ecotoxicity 
of halloysite nanotube–supported palladium nanoparticles in Raphanus sativus L. Environ. 
Toxicol. Chem. 35(10), 2503–2510 (2016). https://doi.org/10.1002/etc.3412 

109. Huang, X., Huang, Y., Wang, D., Liu, M., Li, J., Chen, D.: Cellular response of freshwater 
algae to halloysite nanotubes: alteration of oxidative stress and membrane function. Environ. 
Sci. Nano 8(11), 3262–3272 (2021). https://doi.org/10.1039/D1EN00531F 

110. Chen, L., Guo, Z., Lao, B., Li, C., Zhu, J., Yu, R., Liu, M.: Phytotoxicity of halloysite nanotubes 
using wheat as a model: seed germination and growth. Environ. Sci. Nano 8(10), 3015–3027 
(2021). https://doi.org/10.1039/D1EN00507C 

111. Teng, G., Chen, C., Jing, N., Chen, C., Duan, Y., Zhang, L., Wu, Z., Zhang, J.: Halloysite 
nanotubes-based composite material with acid/alkali dual pH response and foliar adhesion 
for smart delivery of hydrophobic pesticide. Chem. Eng. J. 451, 139052 (2023). https://doi. 
org/10.1016/j.cej.2022.139052 

112. Qin, Y., An, T., Cheng, H., Su, W., Meng, G., Wu, J., Guo, X., Liu, Z.: Functionalized 
halloysite nanotubes as chlorpyrifos carriers with high adhesion and temperature response for 
controlling of beet armyworm. Appl. Clay Sci. 222, 106488 (2022). https://doi.org/10.1016/ 
j.clay.2022.106488 

113. Chen, L., Huang, J., Chen, J., Shi, Q., Chen, T., Qi, G., Liu, M.: Halloysite nanotube-based 
pesticide formulations with enhanced rain erosion resistance, foliar adhesion, and insecticidal 
effect. ACS Appl. Mater. Interfaces 14(36), 41605–41617 (2022). https://doi.org/10.1021/acs 
ami.2c11234 

114. Massaro, M., Pieraccini, S., Guernelli, S., Dindo, M.L., Francati, S., Liotta, L.F., Colletti, 
G.C., Masiero, S., Riela, S.: Photostability assessment of natural pyrethrins using halloysite 
nanotube carrier system. Appl. Clay Sci. 230, 106719 (2022). https://doi.org/10.1016/j.clay. 
2022.106719 

115. Zhang, J., Zhou, C.H., Petit, S., Zhang, H.: Hectorite: synthesis, modification, assembly and 
applications. Appl. Clay Sci. 177, 114–138 (2019). https://doi.org/10.1016/j.clay.2019.05.001 

116. Colletti, C.G., Massaro, M., Lazzara, G., Cavallaro, G., Milioto, S., Pibiri, I., Noto, R., Riela, 
S.: Synthesis, characterization and study of covalently modified triazole LAPONITE® edges. 
Appl. Clay Sci. 187 (2020). https://doi.org/10.1016/j.clay.2020.105489 

117. Notarbartolo, M., Massaro, M., de Melo Barbosa, R., Emili, C., Liotta, L.F., Poma, P., Raymo, 
F.M., Sànchez-Espejo, R., Vago, R., Viseras-Iborra, C., Riela, S.: Exploring the cellular uptake 
of hectorite clay mineral and its drug carrier capabilities. Colloids Surf. B: Biointerfaces, 
112931 (2022). https://doi.org/10.1016/j.colsurfb.2022.112931

https://doi.org/10.1016/j.clay.2020.105527
https://doi.org/10.1016/j.clay.2020.105527
https://doi.org/10.1007/s10853-017-1073-y
https://doi.org/10.1016/j.jhazmat.2020.123870
https://doi.org/10.1016/j.jhazmat.2020.123870
https://doi.org/10.1002/aoc.4665
https://doi.org/10.1016/j.jcis.2011.05.001
https://doi.org/10.1016/j.clay.2014.08.013
https://doi.org/10.1002/etc.3412
https://doi.org/10.1039/D1EN00531F
https://doi.org/10.1039/D1EN00507C
https://doi.org/10.1016/j.cej.2022.139052
https://doi.org/10.1016/j.cej.2022.139052
https://doi.org/10.1016/j.clay.2022.106488
https://doi.org/10.1016/j.clay.2022.106488
https://doi.org/10.1021/acsami.2c11234
https://doi.org/10.1021/acsami.2c11234
https://doi.org/10.1016/j.clay.2022.106719
https://doi.org/10.1016/j.clay.2022.106719
https://doi.org/10.1016/j.clay.2019.05.001
https://doi.org/10.1016/j.clay.2020.105489
https://doi.org/10.1016/j.colsurfb.2022.112931


202 M. Massaro et al.

118. Delavernhe, L., Pilavtepe, M., Emmerich, K.: Cation exchange capacity of natural and 
synthetic hectorite. Appl. Clay Sci. 151, 175–180 (2018). https://doi.org/10.1016/j.clay.2017. 
10.007 

119. Hegyesi, N., Vad, R.T., Pukánszky, B.: Determination of the specific surface area of layered 
silicates by methylene blue adsorption: the role of structure, pH and layer charge. Appl. Clay 
Sci. 146, 50–55 (2017). https://doi.org/10.1016/j.clay.2017.05.007 

120. Phothitontimongkol, T., Siebers, N., Sukpirom, N., Unob, F.: Preparation and characterization 
of novel organo-clay minerals for Hg(II) ions adsorption from aqueous solution. Appl. Clay 
Sci. 43(3), 343–349 (2009). https://doi.org/10.1016/j.clay.2008.09.016 

121. Yue, D., Jing, Y., Ma, J., Xia, C., Yin, X., Jia, Y.: Removal of Neutral Red from aqueous 
solution by using modified hectorite. Desalination 267(1), 9–15 (2011). https://doi.org/10. 
1016/j.desal.2010.08.038 

122. Massaro, M., Viseras Iborra, C., Cavallaro, G., Colletti, C.G., García-Villén, F., Lazzara, G., 
Riela, S.: Synthesis and characterization of nanomaterial based on halloysite and hectorite 
clay minerals covalently bridged. Nanomaterials 11(2), 506 (2021)

https://doi.org/10.1016/j.clay.2017.10.007
https://doi.org/10.1016/j.clay.2017.10.007
https://doi.org/10.1016/j.clay.2017.05.007
https://doi.org/10.1016/j.clay.2008.09.016
https://doi.org/10.1016/j.desal.2010.08.038
https://doi.org/10.1016/j.desal.2010.08.038


Organoclay with Surfactants: 
Detoxification of Hazardous Compounds 

Anusha Ekanayake, Anushka Upamali Rajapaksha, 
and Meththika Vithanage 

Abstract The synthesis of organoclays by intercalation of surfactants and their 
application for environmental remediation has attracted a great deal of attention 
recently. Organoclays have demonstrated promising sorption capacities for a variety 
of organic compounds, particularly hydrophobic chemicals, as well as for inorganic 
metals and anions. There are still some gaps in our knowledge of the molecular 
mechanisms underlying the synthesis of organoclays and contaminant removal by 
these substances. In this context, this chapter gives an overview of the preparation, 
applications, and limits of organoclay materials in environmental remediation. This 
work revealed that the sorption efficiency depends on the nature of the organoclay, 
type of pollutant, pH, contact time, and concentration of pollutant. The adsorption of 
pollutants on organoclay is governed by a variety of mechanisms, depending on the 
type of pollutant and the physicochemical characteristics of the organoclay, including 
hydrophobic interactions, ion exchange, and electrostatic interactions. Despite the 
wealth of knowledge on the formation, characteristics, and application of organoclays 
as adsorbents, some problems remain unresolved. The use of organoclays seems to 
be restricted to batch experiments and has not yet been researched under dynamic 
conditions that would reduce the efficiency of adsorption which indicates the need 
for pilot and field scale studies to evaluate the efficacy of modified organoclays in 
removing contaminants under various environmental conditions in the future. 
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1 Introduction 

Clay minerals are used as effective adsorbents for the elimination of various organic 
and inorganic micropollutants in different environmental systems concerning their 
availability, non-toxicity, low cost, and high adsorptive and ion exchange properties 
[1]. The sorptive capacity of layered clay minerals is related to their large specific 
surface area, cation exchange capacity (CEC), small particle size, reactive func-
tional groups, swelling and hydration properties, and multiple adsorption sites [2, 3]. 
Natural clays are known as phyllosilicates composed of hydrated aluminosilicates 
and weathered rocks. The layered molecular structure of clay minerals is based on 
the stacking of two basic sheets of SiO4 tetrahedron and Al(OH)3 octahedrons which 
are held together by van der Waals forces between oxygen and hydroxyl molecules 
forming an interlayer of water molecules [4] (Fig. 1). The hydrophilic and polar 
nature of the outer and inner surfaces of the majority of clay minerals results in strong 
affinities for low- and high-molecular weight, primarily cationic organic compounds. 
However, the negative charge of the clay minerals has restricted their application in 
the remediation of anionic pollutants [5]. The exchangeable cations such as Na+, 
K+, Ca2+, and Mg2+ which occupy the interlayer sites of clay minerals balanced 
the excess negative charge of clays [5]. These charge-balancing cations/counter ions 
form bonds with water molecules, making the clays hydrophilic [1]. Therefore, the 
reactivity of clay minerals toward non-ionic organic molecules is reduced, which are 
essentially hydrophobic in the presence of water and do not effectively compete with 
water [6]. 

Recent research has focused on enhancing the mechanical properties of clay 
through different types of modifications to increase their suitability for removing 
a variety of contaminants, including anionic and non-ionic pollutants [7]. A variety 
of mechanical, physical, and chemical methods are used to modify clay materials. 
Clay is physically modified through techniques including grinding and heat acti-
vation, which alter the physiochemical properties of clay minerals such as surface

Fig. 1 The structure of 2:1 type clay mineral 
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area, swelling, porosity, and water dispersibility [8]. Further modification of clay 
minerals could be achieved via chemical processes such as acid activation, interca-
lation, and pillaring of organic molecules, or depositing external nanoparticles on 
surfaces to achieve the desired surface characteristics for the optimal immobilization 
of particular contaminants [9, 10]. 

The introduction of long-chain organic compounds has increased the sorption 
capacities of clay minerals toward hydrophobic organic compounds by refining their 
pore structure and imparting hydrophobic properties to the clay surface [11, 12]. 
The resulting modified clays are known as organoclays [4]. Several surfactants have 
been used to modify clay minerals over the years, including cationic [13], anionic 
[14], nonionic [15], and zwitterionic [16, 17] surfactants with different lengths and 
numbers of alkyl chains. It has been shown that the species in the interlayer have a 
significant impact on the structural features of the resultant organoclays [17]. 

Montmorillonite (Mnt) has taken the lead among all other expandable clay 
minerals in the synthesis of organoclays due to its charge density, cation 
exchange capacity (CEC), propensity for intercalating simple and polymeric organic 
compounds, swelling ability, availability in the ground, and low cost [18–20]. 

2 Modification of Surfactant-Based Organoclay 

The term ‘organoclays’ denotes a group of modified clays prepared by substituting 
organic molecules for inorganic cations in a cation exchange reaction [18, 21]. 
Organoclays synthesized by the association of clay minerals with surfactants are 
often employed in the development of polymer nanocomposites [22], remediation of 
different types of pollutants [23], and several other applications such as rheological 
control agents; cosmetics; refractory varnish; and paints [24]. Organoclays made 
from ecofriendly organic compounds such as amino acids (e.g., arginine, lysine) 
[25], polymers [26], silane agents [27], and vitamins (thiamine) [28] have also been 
used for the application of contaminant removal. 

Surfactants are amphiphilic molecules, containing two parts with opposing polar-
ities: a hydrophilic head group that is attracted to polar phases and a hydrophobic tail 
group with an affinity for nonpolar phases [29]. The intercalation of surfactants in 
the internal structure of clay minerals switches the surface properties of the raw clay 
mineral from hydrophilic to hydrophobic, increases the specific surface area to large 
extent, and increases the basal spacing exposing more adsorption sites promoting the 
applicability of clay minerals in different areas [4].
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2.1 Organoclays Modified by Single and Dual Cationic 
Surfactants 

The type of clay mineral and chemical composition of the surfactant employed for 
surface modification are the key determinants of the final properties of organoclays. 
The synthesis of organoclays with cationic surfactants like quaternary ammonium, 
which may be readily intercalated into the clay interlayer via cation exchange, has 
gained great interest as a more contemporary way of preparing organoclays [30, 31]. 
The basal spacing, surface hydrophobicity, and catalytic properties of natural clay 
are all impacted by their modification with cationic surfactants [32]. 

Although cation exchange is the main mechanism governing the adsorption of 
cationic surfactants by natural clay minerals, electrostatic interactions among nega-
tively charged clay surface and organic cations, and van der Waals forces (hydrogen 
bonds) between the alkyl chain and the clay surface were also identified as driving 
forces governed the synthesis of organoclays with cationic surfactants [4, 33]. 

In the organoclays, short alkyl chain surfactants like benzyltrimethylammonium 
(BTA), are arranged in a single layer with a limited basal spacing, where the CEC of 
the clay mineral is the unit of measurement. Thus, a permanent interlayer-free space 
is created, allowing for the accommodation of a wide range of non-ionic organic 
substances [4]. The sorption capacity of the modified organoclay is influenced by 
the size of the intercalated alkylammonium ion as it determines how much interlayer 
space it occupies [6]. The stoichiometric exchange with the inorganic cations causes 
the loading of surfactants with long alkyl chains (such as hexadecyltrimethylam-
monium (HDTMA) and benzyldecyltrimethylammonium (BDTA)) which increases 
linearly as a function of the CEC and attains a threshold level, which is equal to or 
greater than the CEC value. With an increase in the long-chain surfactant concen-
tration, it can be arranged differently, such as lateral monolayer(s), bilayer(s), and a 
paraffin structure inside the interlayer space of organoclays [2, 34] (Fig. 2). In addi-
tion to the alkyl chain length of the surfactant, the layer charge of the clay mineral 
further affects the arrangement of intercalated organic cations in the clay mineral 
interlayer. The transition from monolayer to bilayer occurs even at smaller chain 
length values (shorter chain length) as the layer charge increases. In highly charged 
2:1 layer silicates, the paraffin-type structure is favored, resulting in broad basal 
spacings (> 2.2 nm) [6].

Organoclays can be synthesized through a solid-state reaction, a semi-solid state 
or a suspension with the aqueous suspension approach currently being the most 
prevalent [35, 36]. In the aqueous suspension method, clay mineral is mixed with a 
suspension of a cationic surfactant mostly in a microwave heating system which has 
been useful for complete surface coverage of clay mineral with cationic surfactants 
[35, 37]. The process of preparing organoclays by solid-state reaction involves adding 
clay minerals and a cationic modifier to the ball mill and milling those together [38, 
39]. The addition of raw clay minerals, a cationic modifier, and a small amount 
of water to the ball mill will produce a semi-solid-state reaction as an alternative
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Fig. 2 a Schematic representation of formation of organoclay and possible arrangements of long-
chain surfactants in the interlayer space of expanding 2:1 layer clay minerals, b monolayer, c bilayer, 
d paraffin-type, and e pseudo-trilayer [1, 6]
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technique [39]. Zhou et al. [36] who compared the performances of organoclays 
prepared from these three different methods reported that organoclays synthesized 
through the aqueous dispersion method had better properties of a great adsorbent. 
This was attributed to the even distribution of modifiers in the liquid phase on the 
surface of organoclay which leads to improved performance. 

Surfactant intercalation improves the adsorption performance of organoclays to 
varying degrees, depending on the chemical composition and structural layout of the 
intercalated surfactants [2, 40]. For instance, surfactants with long alkyl chains, such 
as HDTMA, produce a favorable organic environment for the adsorption of alkanes or 
hydrophobic chemicals in the clay interlayer region, whereas an excellent affinity for 
aromatic molecules, including phenols, dyes, and other chemicals, is demonstrated 
by organoclays modified with surfactants containing aromatic rings, such as BDTA 
or BTA [2, 40, 41]. 

Thus, cationic organoclays outperform layered double hydroxides in terms of 
their capacity to adsorb both inorganic (for instance, nitrate and chromates) [42, 43] 
and organic compounds (diclofenac and phenols) [2, 44]. However, there are limita-
tions with these engineered layered materials (pH condition, affinity to carbonates, 
etc.), which are primarily intended for laboratory experiments or other technological 
applications. 

2.2 Organoclays Modified by Zwitterionic Surfactants 

Due to the non-environmentally friendly nature of cationic surfactants in biomedical 
applications and the paucity of biocompatibility data in biological sectors, the use 
of cationic surfactants as modifiers in organoclay synthesis is frequently hampered 
[45]. Thus the use of alternative surfactants, such as zwitterionic surfactants has 
become the focus of research on the synthesis of organoclay [4]. The challenge 
of secondary contamination brought on by the release of surfactants from conven-
tional organoclays can be resolved by the introduction of zwitterionic surfactants, 
which have excellent water solubility and are biologically safe and biodegradable 
compounds [46, 47]. Due to their improved biocompatibility and simultaneous pres-
ence of both a cationic hydrophobic group and an anionic hydrophilic group, it is 
expected that organoclays modified by zwitterions will find widespread applications 
in environmental engineering [45, 48]. 

The majority of zwitterionic surfactants enter the spacing via exchanging with 
the inorganic cations in the interlayer space and are adsorbing onto the interlayer 
cation sites at low surfactant loadings [17]. The second and third driving forces 
take the stage when the surfactant loading is higher than the CEC of Mnt. The 
molecules of the surfactant then bind to the surface-adsorbed surfactant via van der 
Waal forces. While others have adhered to the clay surface, certain surfactants enter 
the interlayers. However, no apparent exchange of the zwitterionic surfactant with 
the interlayer Ca2+ has occurred during the intercalation of the zwitterionic surfactant 
3-(N,N-dimethylpalmityl-ammonio) propane sulfonate (SB 16) to Mnts. Instead of
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an exchange reaction, an ion–dipole interaction between the head groups of SB16 
and the surface of Mnt-containing cations drives the intercalation mechanism for 
SB16 [49]. 

Similar to cationic surfactants, zwitterionic surfactants alter the physical prop-
erties of clay minerals such as thermal stability [50], hydrophobicity [35], basal 
spacing, and sorption capacity [32]. Organoclay interlayer phases modified with zwit-
terionic surfactants had distinct electrochemical characteristics that led to significant 
sorption capacities for cationic organic contaminants via electrostatic interactions 
[17]. The zwitterionic surfactant-modified montmorillonites have exhibited a greater 
interlayer gap at the same surfactant loading level when compared to conventional 
organo-montmorillonites treated with cationic surfactants [17]. 

Depending on the level of surfactant loading, the long-chain alkyls of zwitterionic 
surfactants can adopt various arrangements and configurations. The arrangement of 
zwitterionic surfactants will shift from monolayer to multilayer models when the 
loading of surfactants increases from a lower value to a higher CEC [17]. Mnt modi-
fied with two zwitterionic surfactants dodecyldimethylbetaine (BS-12) and laurami-
dopropylbetaine (LAB-35) have shown two different arrangements within the clay 
interlayer [51]. The configurations of LAB-35 in the organoclay interlayer were 
inclined and perpendicular to the basal plane of the Mnt, whereas BS-12 was present 
in both lateral monolayer and flat-lying bilayer forms [51]. 

The length of the alkyl chain and the amount of the zwitterionic modifier loaded 
determine how effective the resultant organoclays are at adsorbing pollutants [51, 52]. 
The resulting organoclay’s adsorption efficiency has increased with increasing the 
loading of zwitterionic surfactant. Anyhow once it reached the maximum it began to 
decrease with a further increase in surfactant loading [31]. This was attributed to the 
steric effect that occurs when a large part of the interlayer space of modified clay was 
occupied by a large number of zwitterions [32]. The adsorption of organic contam-
inants is promoted by the hydrophobic group of zwitterionic modifiers, whereas 
the adsorption of heavy metals is facilitated by the hydrophilic group of the same 
modifiers [32]. Thus, organoclays treated with zwitterionic surfactants show great 
potential in wastewater treatment for the effective removal of organic pollutants with 
both negative and positive charges. 

2.3 Organoclays Modified by Non-ionic Surfactants 

The non-ionic surfactants used in the synthesis of organoclays contain no elec-
tric charge across the whole pH range, remaining entirely non-ionic in aqueous 
systems. Non-ionic surfactants demonstrated interesting characteristics, including 
high biodegradability, non-toxicity, chemical and thermal stability, and excellent 
biocompatibility, making them appropriate for application as clay mineral modifiers 
[40, 53, 54].
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It was a subject of debate to understand the driving forces of adsorption of these 
organo-non-ionic modifiers on hydrophilic clay minerals, either electrostatic inter-
actions or ion–dipole interaction and hydrogen bonds [4]. Calabrese et al. [15], who 
used non-ionic surfactant Tween 20 to modify natural clay Mnt, found that pH has 
a significant impact on the amount of surfactant that is adsorbed; the higher the pH, 
the less surfactant is loaded onto the clay. This finding suggested that the surfactant 
adsorption on clay is primarily caused by hydrogen bonds between the repeating ether 
oxygen in the biosurfactant’s ethoxylate chains and the aluminols and silanols edge 
sites on the clay, as well as the water molecules in the hydration sphere of exchange-
able cations. Al–OH and Si–OH sites become less accessible with increasing pH, 
favoring these interactions in an acidic environment. The CEC of Mnt treated with 
non-ionic surfactants remains unchanged since there is no occurrence of ion exchange 
when it is intercalated in clay minerals [48, 55, 56]. 

Greater interlayer spacings were attained in non-ionic surfactant-based organ-
oclays via hydrogen bonding between the oxide and the SiO2 surface of the clay 
mineral [57]. The formation of aggregates from the bulk loading of non-ionic surfac-
tants caused broad gaps in the interlayer space that favored the adsorption of contam-
inants of various kinds, including cationic, hydrophobic, and polar species [4]. 
Ouellet-Plamondon et al. [57] characterized modified bentonite (Bnt) with three 
different surfactants, a non-ionic surfactant polypropylene glycol, a cationic surfac-
tant, and an amphiphilic phospholipid surfactant. Upon intercalation of three different 
surfactants, the basal spacing increased with respect to the concentration, but it was 
limited to three different intercalation regions; crystalline, osmotic, and extensive 
regions, respectively. Intercalation of polypropylene glycol at low concentrations 
(0.05 and 0.10 CEC) increased the basal spacing, and at a concentration of 2.00 
CEC, the basal spacing increased from 1.24 nm to 1.83 nm, remaining in the zone 
of crystalline swelling. Although the polypropylene glycols induced greater inter-
calation than the cationic and lecithin derivative surfactants at low dosages, they 
also worked as intercalation inhibitors at higher concentrations, which prevented the 
basal spacing from expanding over 1.83 nm. 

The intercalation of non-ionic surfactant trimethylene glycol mono n-decyl ether, 
below the critical micelle concentration, has resulted in a lateral monolayer surfac-
tant arrangement within the interlayer space of Mnt suggesting that the arrange-
ment of non-ionic surfactants in the interlayer space is concentration dependent 
[40]. According to the TGA and FTIR spectra, the PPGs and HDTMA surfactants 
were arranged orderly in the interlayer space of the Bnt at higher concentrations, 
whereas the surfactants formed a disordered conformation at lower concentrations 
that required more energy to break down [57]. 

Organoclays prepared with non-ionic surfactants lead to a dual hydrophobic/ 
hydrophilic character by preserving the inorganic exchangeable cations. The 
dual hydrophilic/hydrophobic character of organoclays increased the potential for 
the adsorption of polar molecules via H-bonding and ion–dipole interactions as 
well as cationic compounds via cation exchange [4]. A dual-function property 
was well exhibited by Mnt grafted with a carboxylic group-bearing surfactant, 
carboxydecyltriethyl-ammonium which shows greater removal capacities for both
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Pb2+ and non-ionic organic compounds [15]. A study by De Oliveira et al. [58] has 
demonstrated that non-ionic surfactant organoclays are more effective than natural 
Mnt clay and cationic surfactant-modified clay at removing cationic, zwitterionic, 
and neutral compounds in wastewater. A Na Mnt and two of its organoclays prepared 
with cationic and non-ionic surfactants have been studied for the adsorption of three 
micropollutants benzene, dimethyl-phthalate, and paraquat. Results of the study 
indicate that nonionic organoclay was the most polyvalent adsorbent since this 
hybrid substance was able to adsorb all of the examined organic compounds because 
of its dual hydrophilic/hydrophobic nature. Non-ionic surfactant modification of the 
clay minerals is one of the best approaches to improve the clay’s ability to sequester 
a variety of chemicals of different natures while simultaneously improving its ability 
to disperse in aqueous environments modifying its adsorption capacity [15]. 

3 Detoxification of Hazardous Compounds 

Organoclays are widely used in several applications including pollutant adsorption 
in environmental systems. A review of the literature reveals that substituting the 
exchangeable inorganic cations of clay minerals with organic cations can significantly 
improve the ability to remove various pollutants (including organic contaminants, 
heavy metals, and inorganic anions) from water (Table 1).

3.1 Organic Pollutants 

Remediation of organic pollutants is challenging because of their complicated molec-
ular structure, ability to persist in surface and groundwater without degrading, ability 
to bio-accumulate in ecosystems, and potential of causing adverse effects on human 
health and the environment [59, 60]. Organoclays have demonstrated great promise 
for the removal or immobilization of a wide variety of organic contaminants including 
phenols, dyes, chlorinated aromatics, pesticides, and pharmaceuticals [6, 61]. 

Dyes 

Dye effluents are widely spread over wastewater due to their extensive application 
in textile, paints, pharmaceutical, and cosmetic industries, and are also used in food 
processing, paper, leather, and dye manufacturing industries [62, 63]. Due to their 
carcinogenic and mutagenic effects on animal health, aquatic species, and the entire 
ecosystem, these colored chemicals can cause severe problems [64, 65]. When low-
cost and ecologically safe sorbents are provided, adsorption is one of the most often 
utilized methods for lowering dye concentrations to acceptable limits. From this 
perspective, organoclays have recently been promising materials to utilize as selective 
dye adsorbents.
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Sorption capacities of clay minerals such as vermiculite (Vmt) [66, 67], Mnt 
[19, 68], and sepiolite (Sep) [69, 70] modified with cationic, nonionic, and zwit-
terionic surfactants have been extensively studied toward both anionic [71, 72] 
and cationic basic dyes [68, 73]. Hisarlı et al. [74] have studied the adsorp-
tion of anionic dyes belonging to subclasses of anthraquinone (Lanaset-Green-B), 
azo (Lanaset-Red-2B), and complex dyes (Lanaset-Red-G) by trimethylammonium 
(TMA) modified Sep and showed that regardless of the molecular structures of the 
dyes, tetradecylammonium-modified Sep has the best capacity for all dyes. The 
mechanism for dye adsorption on surfactant-modified organoclay included ionic 
interactions between the head groups of the surfactant and dye as well as tail–tail 
interactions when the surfactant-tail in the first layer was longer than the hydrophobic 
portion of the dye. The maximum removal capacities for all dyes reported by Sep 
modified with tetradecyl-TMA were associated with the amount of TMA+ groups 
orientated up in the second layer of surfactant, indicating that one TMA+ group inter-
acts with one sulfonate group independently of the valence of the dye. A study by 
Tabak et al. [75] investigated the adsorption of the Reactive Red 120 by cetylpyri-
dinium modified Resadiye Bnt (CP-Bnt) and reported a higher uptake of dyes at low 
pHs. This finding was explained by the mechanism of dye adsorption on organoclay, 
which is driven by electrostatic interactions between the anionic dye species and the 
positively charged Bnt surface as well as interactions between the surfactant counte-
rions and the dye. Clay minerals (Vmt, Mnt, and silica nanosheets) modified with a 
surfactant, 2,2'-bis(dodecyldimethylammonio)-ethyl ether dichloride (BDEE) have 
been tested for their adsorption capacities toward Congo red. The highest saturated 
sorption amount was reported by BDEE-Vmt, which was followed by BDEE-Mnt and 
BDEE-silica nanosheets, decreasing with the precursor layer charge, wettability, and 
hydrophobicity of particles. Hydrophobic interactions were primarily responsible for 
Congo red adsorption on organo-clays [76]. 

Pesticides and Herbicides 

Organoclays are effective at eliminating a variety of non-ionic pesticides and herbi-
cides from the environment by preventing their leaching into the water and reducing 
their volatility through the processes of solute surface interactions and partitioning 
[77]. The efficacy of organoclay as a sorbent and detoxifying agent of pesticides 
has been proven by a study by Groisman et al. [78]. Na+-Mnt intercalated with 
decyldimethyl-2-aminoethyl ammonium has been utilized for the sorption of pesti-
cides methyl parathion and tetrachlorvinphos. The hydrolysis of sorbed organophos-
phates on organoclay has catalyzed by the quaternary ammonium ion of the surfactant 
leading to their detoxification. Sanchez-Martin et al. [79] examined the efficiency of 
cationic surfactant (octadecyltrimetylammonium bromide) modified clay minerals 
(Mnt, illite, muscovite, Sep, and palygorskite) for the adsorption of different pesti-
cides (penconazole, linuron, alachlor, atrazine, and metalaxy). The authors of this 
study have attempted to comprehend how the clay mineral structure (expansible 
and non-expansible layered, and non-layered), surface area, charge density, and 
hydrophobicity of the pesticides (Kow) affect the adsorption capacity of organoclays. 
The findings of the study demonstrate a significant positive relationship between the
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charge densities of various organoclays and the Kdesom (Freundlich constant) values. 
This positive correlation suggests that the charge density of the clay mineral—that 
is, the level of organic cation saturation in the clay determines the effectiveness of 
organoclays for the adsorption of pesticides. The clay with the highest surfactant 
density will have the highest value for Kdesom, which defines how well the organic 
phase derived from organic cations partitions the pesticide. The less stability of 
organophilic pollutants intercalated through hydrophobic interactions (low energy 
molecular forces) results in the expelling of some of the adsorbed compounds. 
This property brings the suitability of organoclays as slow-release pesticide carriers, 
lowering the levels of pesticides in the environment [80]. 

Pharmaceutical Contaminants 

The occurrence and persistence of pharmaceuticals and personal care products 
(PPCPs) in the aquatic environment have emerged as a major issue due to their 
potential impact on drinking water supplies, aquatic ecosystems, and human health 
[81, 82]. As for other organic pollutants, various researchers have reported the 
successful elimination of PPCPs using organoclay. Lu et al. [83] synthesized 
organo-Mnts using three different surfactants cetyltrimethyl ammonium bromide 
(CTMAB), 3-(N,N dimethylhexadecylammonio) propane sulfonate (HDAPS), and 
1,3-bis(hexadecyldimethylammonio)-propane dibromide (BHDAP) for the adsorp-
tion of sulfamethoxazole (SMX). Results of the study showed that organo-Mnts 
can be employed as efficient adsorbents to remove SMX. Sorption efficiency was 
dependent on the surfactant loading amount and pH. The dependency of adsorp-
tion capacity on pH was explained by the adsorption mechanism followed by SMX, 
which is mostly electrostatic attraction with hydrophobic interactions playing a minor 
role. A commercial organoclay modified with dialkyl dimethylammonium (DMA) 
was utilized to remove the hormone-disrupting chemical Bisphenol-A (BPA) from 
the aqueous medium [84]. In this study, spectrogel® type-C organoclay has demon-
strated a promising uptake of BPA with a removal percentage of 91.44% at a lower 
concentration level. The preferential sorption of PPs of various chemical natures 
by cationic and non-ionic surfactant-modified organoclays was also confirmed by 
De Oliveira et al. [58]. Thirty different PPs have been removed from wastewater 
using Na+ -Mnt and its organoclays synthesized with cationic surfactant BDTA and 
polyoxyethylene (20)oleyl-ether (Brij-O20) non-ionic surfactants. Since electrostatic 
interactions were shown to be the primary mechanism governing the adsorption, 
organic PPs cations were found to be preferentially adsorbed onto Brij-O20-Mnt 
(due to their dual hydrophilic-hydrophobic nature), whilst anionic PPs displayed a 
strong attraction toward BDTA-Mt. 

Phenols 

Due to their acute toxicity and biorecalcitrance, phenolic pollutants are among the 
most prevalent and dangerous organic pollutants in industrial effluent [85, 86]. 
Gemini surfactant-based organoclays have been demonstrated to be very efficient 
in removing aromatic and phenolic impurities [87, 88]. Phenol adsorption capaci-
ties for similar organoclay types have been reported to be different depending on



Organoclay with Surfactants: Detoxification of Hazardous Compounds 217

the adsorbate hydrophobicity. Hexadecyltrimethylammonium bromide (HDTMAB) 
modified Bnt has shown great sorption capacities toward phenol and phenolic deriva-
tives, which increased in the order, phenol < p-chlorophenol < 2,4-dichlorophenol 
in proportion to their hydrophobicities. The removal of the studied phenols by the 
organo-Bnt was found to be driven by both adsorption and partition of which the 
adsorption effect was more powerful [89]. Gemini surfactants have shown greater 
removal efficiencies for phenolic compounds compared with monomeric surfactants 
[90]. A comparative study performed by Yang et al. [87] on 2,4,6-trichlorophenol 
adsorption by Mnts modified with surfactants that contain different amounts of head 
groups and alkyl chains, shows that the number of the alkyl chain of the surfactant and 
its loaded amount on clay mineral had a considerable impact on the ability of organ-
oclay to adsorb phenols. The hydrophobic partition medium produced by the arrange-
ment of longer alkyl chains inside the clay interlayer, which is prone to adsorbing 
organic pollutants, was supposed to justify the increased affinity of organoclays 
treated with surfactants with longer alkyl chains toward organic pollutants. Further, 
a study by Park et al. [91] suggested that the sorption of p-nitrophenol (PNP) and 
p-chlorophenol (PCP) on HDTMA intercalated clays is size and shape-dependent, 
which accounts for the greater affinity HDTMA intercalated clays displayed toward 
PNP compared to PCP. 

3.2 Inorganic Pollutants 

Heavy Metals 

As notorious pollutants with high toxicity and carcinogenicity, heavy metals 
including Cr(VI), As(III), Cd(II), Pb(II), Cu(II), Hg(II), and Ni(II) have recently 
attracted great attention due to their environmental persistence [92, 93]. The removal 
of heavy metals from water systems through adsorption is one of the best approaches, 
with functional organoclays as a leading choice. 

Heavy metal ions show different affinities to distinct functional groups. Thus, 
more attention should be given to the structure of the clay minerals and properties of 
the functional groups of organic modifiers when selecting an adsorbent for the effec-
tive removal of heavy metals. Organoclays with anionic surfactants in the interlayer 
are more effective in the sorption of heavy metals than organoclays intercalated with 
cationic surfactants since those are not readily exchangeable with heavy metals [6]. 
Depending on the length of the surfactant’s alkyl chain, modification of Vmt clay 
with Gemini surfactants has significantly increased Pb(II) ion removal. Shorter alkyl 
chain surfactants have exhibited better adsorption capabilities toward Pb(II), where 
electrostatic interactions were important to the adsorption process [94]. Metalloids 
like hexavalent chromium have been effectively immobilized by cationic surfactant-
modified organoclays (HDTMA-modified bentonite), which do so by encapsulating 
the metalloids in the form of HTDMA-chromate salts between the layers of smec-
tite [95]. A study by Tohdee and Kaewsichan [96] compared the Cu(II) and Zn(II)
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adsorption capacities of natural Bnt and Bnt modified with a cationic surfactant 
(Bencylhexadecyldimethyl ammonium chloride) and revealed that the modified Bnt 
had significantly improved adsorption capacities over raw bentonite indicating that 
organoclays are better adsorbents than natural clays for heavy metal removal. 

Anions 

Currently, the presence of oxyanions such as fluoride, phosphate, and nitrate in the 
environment has been identified as one of the acute problems worldwide. Although 
most anions, such as phosphate, fluoride, and nitrate are essential nutrients in the 
aquatic environment, their presence in excessive amounts may lead to detrimental 
effects such as eutrophication causing degradation of water quality [1]. 

Organoclays intercalated with long-chained surfactants in aqueous systems func-
tion as an efficient applicant for the adsorption of anions in aqueous systems [97]. 
Sorption of anions by cationic organoclays depends on the degree of organic cation 
loading which is a key prerequisite for the production of positive surface charges or 
positively charged areas on the clay mineral. To meet the requirement, the degree of 
occupancy of QACs in organoclay should exceed the CEC of the clay mineral [6]. 
Yahya et al. [98] prepared an organoclay with smectite using the cationic surfactant 
hexadecylpyridinium (HDPy+) at different concentrations for phosphate and fluoride 
removal from wastewater. The results of this study reveal that organo-smectite can 
act as a successful adsorbent with the optimal conditions of 6 h contact time and 
acidic pH (pH 3–4). Organo-Mnt modified with cationic Gemini surfactant (butane-
1,4-bis(dodecyl dimethyl ammonium bromide) has shown high adsorption capacities 
for nitrate via adsorption mechanisms such as ion exchange with bromide ion and 
interactions with –R4N+ groups in Mnt layers [99]. 

4 Adsorptive Characteristics of Surfactant-Modified Clays 

Depending on their production method (including surfactant loading and the proper-
ties of the natural clay used to be modified) or the experimental conditions (solution 
pH, temperature, initial concentration, adsorbent dosage, and contact time), organ-
oclays had varying sorption capabilities for the removal of same organic contaminants 
[21, 90]. It is discovered that the adsorption capacity of organoclays for a particular 
contaminant is significantly influenced by the amount of surfactant loading which 
is increased with increasing the surfactant loading. This was attributed to either an 
enhanced partitioning effect at higher surfactant loading or stronger Van der Waals 
forces between the organoclay surface and the adsorbate [113, 114]. However, it was 
discovered that once the surfactant loading reached an optimum level, the adsorption 
capacity began to decrease with subsequent increases in surfactant loading. This is 
because the mass transfer is limited at larger surfactant loadings [115, 116]. Addi-
tionally, the quantity of alkyl groups in the surfactant also affects how quickly the 
adsorption capacity changes [87].
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The structural properties of the natural clay, such as expandability and structural 
charge, have a significant impact on the capacity of synthesized organoclays for the 
removal of contaminants. The ratio of Si–O tetrahedra to Al–OH octahedra in the 
clay mineral structure, as well as the strength of the bond between silicate layers, 
which is mostly defined by layer charge, have a significant impact on the specific 
surface areas and cation exchange capacity of the clay mineral [117]. Organoclays 
prepared with different clay minerals (halloysite, kaolinite, and bentonite) and used 
for nitrate adsorption have shown different removal capacities for anionic ions from 
water [118]. This was explained by the fact that bentonite has a greater CEC than 
kaolinite and halloysite. 

The experimental conditions such as pH and temperature of the solution have 
a significant impact on the adsorption potential of prepared organoclays toward 
different pollutants [1, 114]. The influence of pH alters both the structure and density 
of charge of the clay surface, its organoclay derivatives, and the chemical form of 
the organic adsorbate (anionic, cationic, or neutral) [88]. The removal of the anionic 
pharmaceutical substance diclofenac using Mnt modified with cationic surfactants 
BDTA and HDTMA has shown that adsorption efficiency is pH-dependent, with 
favorable adsorption displayed at a pH over 4.5. (i.e., > pKa of diclofenac). Low pH 
triggers an attack on the octahedral sheets with the release of cations such as Al3+ 

or Mg2+ that can substitute sodium cations, destroying the clay mineral’s layered 
structure. However, in this study, the surfactant intercalation serves as a protective 
layer over the silicate surface, protecting it from acidic attacks; hence, a change in 
pH has not resulted in any structural alterations on organoclays. The reduction in the 
amount of negatively charged diclofenac resulted in a decline in sorption capacity 
at acidic pH [2]. The adsorption capacity is reported to be less influenced by pH 
with the increase in surfactant loading concentration [91, 113]. Numerous studies 
have found that when pH increases, the capacity for the adsorption of phenolic 
compounds decreases [119]. Phenols are more polar at high pH levels since they 
are present in ionic forms. Quaternary ammonium cations have a weaker attraction 
to polar molecules when compared to non-polar molecules, which results in fewer 
adsorption capacities. 

In general, the mobility of organic compounds increases with temperature, making 
it simpler to adsorb or come into interaction with a surface. Additionally, it lowers 
the energy of activation of several activities. However, it has been shown that for 
pollutant adsorption on clay minerals, an increase in temperature reduces the sorption 
efficiency [120]. Similar research by De Oliveira et al. [2] observed that organoclays 
(BDTA-Mt and HDTMA-Mt) exhibit a strong affinity to diclofenac at temperatures 
below 35 °C and that an increase in temperature causes a decrease in the quantity 
of diclofenac that is adsorbed. The introduction of disorder into the surfactant alkyl 
chains caused by temperature disrupts the hydrophobic adsorption sites produced by 
the grafted surfactant cations onto the clay surface, reducing adsorption efficiency at 
high temperatures. 

Additionally, several studies have documented variations in the adsorption capac-
ities of organoclays in response to variations in contact time and adsorbate concen-
tration [84, 114]. Pollutant adsorption by organoclays markedly increased in a short
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period and finally reached an equilibrium with time. The increase in electrostatic 
repulsion between the adsorption sites and the adsorbate results in a slow adsorption 
rate of pollutants as time progresses [87, 121]. The equilibrium uptake of organic 
contaminants increases with increasing pollutant concentration since the concentra-
tion gradient between the bulk solution and the clay surface increases which then 
declines simultaneously [115]. 

5 Adsorption Mechanisms 

Different mechanisms govern the adsorption of pollutants on organoclay, depending 
on the type of pollutant and the physicochemical properties of the material (Fig. 3). 
Organoclays have both cationic and anionic sites. The anionic sites of organoclay are 
formed by the surfactant’s negatively charged head groups, whereas the vacant sites 
that were not occupied by the surfactant in pristine clay mineral act as cationic sites. 
Thus, organic compounds that exist in aqueous solutions as neutral, anionic, and 
cationic molecules may be effectively adsorbed by using organoclays. The removal 
of organic contaminants can take place either through physical adsorption which was 
driven by van der Waals forces, or by partitioning of solutes through phases depending 
on the intercalated surfactant’s molecular structure. The mechanism of solute parti-
tioning is dominant when the interlayer gap is occupied with larger organic cations 
and aggregates to form a hydrophobic/organic phase on the organoclay surface where 
the soluble organic pollutants partition toward and thus, are immobilized [122]. The 
mechanism is heavily dependent on the solubility of the organic contaminant [123]. 
The small organic cations such as benzyltriethylammonium, and TMA remain as 
isolated entities on exchangeable clay sites, forming porous structures which prefer 
the adsorption of nonionic solutes via physical sorption [88, 124]. Sarkar et al. [125] 
studied the effect of the surface charges of organo-Bnt modified with arquad 2HT-
75 on the sorption of phenol and PNP. A partition mechanism was predominated 
when the loading of surfactant exceeds the CEC of clay mineral, while both partition 
and surface adsorption occurs when surfactants were loaded up to the CEC of the 
clay. Organo-Bnt modified with HDTMAB acts as a super sorbent for anionic dyes 
where the removal primarily occurs through anionic exchange between counter-ion 
bromides in the organo-Bnt with the dye anion [100].

Moreover, recent research has indicated that strong interactions between organic 
molecules and organoclays may occur through a combination of different mech-
anisms. CTMA-modified Mnt preferentially adsorbs chlorophenol via a complex 
mechanism combining the van der Waals forces, electrostatic attraction, and parti-
tioning [88]. The negatively charged adsorbates are more likely to interact electro-
statically with the monolayer of CTMA with a positively charged surface that covers 
the exterior of clay minerals. Furthermore, a work by Zhou et al. [30] demonstrates 
that two different mechanisms are engaged in the sorption of PNP onto the HDTMA-
pillared Mnt. These include the electrostatic interaction of PNP in anionic form and 
the partition mechanism when it is present as a molecule. Potential mechanisms
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Fig. 3 Adsorption mechanisms followed by organoclays in the removal of pollutants

for the uptake of BPA by the commercial organoclay Spectrogel® type-C modified 
with DMA were electrostatic forces and hydrophobic interactions. Another poten-
tial interaction was the formation of hydrogen bonds between the oxygen of various 
functional groups of organoclay, such as the Si–O group, and the phenol groups of 
BPA [84]. 

Benzyltrimethylammonium bromide (BTMA) modified Bnt has evolved as a new 
approach to removing dissolved organic carbon from the water. The removal occurs 
through π–π interactions between aromatic groups and the benzene ring of BTMA 
[126]. Hexamethylene bispyridinium dibromides modified Mnt have displayed great 
adsorption capacities for phenol and phenol derivatives such as nitrophenol and 
chlorophenol [127]. The removal mechanism was supposed to be the π–π polar 
interactions between the benzene and pyridine rings of the phenols. 

Understanding the mechanism of heavy metal retention by functional organoclays 
is essential for the development of adsorption materials. Surface complexation, 
precipitation, coordination (chelation), electrostatic adsorption, and ion exchange 
are the main mechanisms for heavy metal adsorption on organoclays [6]. Using 
anionic surfactant sodium dodecylsulfate in the treatment of Bnt clay resulted in 
the effective removal of heavy metals by the formation of surface-cation complexes 
[128]. Silanol and aluminol groups at the edges of clay minerals which are partially 
treated with surfactants form inner-sphere complexes with heavy metals since the 
surfactant molecules only partially occupied the cation exchange sites. The pres-
ence of –SH functional groups in modifying organic molecules has facilitated the 
deliberate sorption of Hg2+ by organoclays [124]. Arsenic adsorption on cationic 
surfactant (octadecyl benzyl dimethyl ammonium) modified organoclay has recently 
been examined by Su et al. [129]. The effects of ionic strength, pH, and the addition of 
anions on the effectiveness of As removal by organoclay clearly explain the potential 
mechanism for the adsorption of As(III) and As(V) on organoclay. The adsorption of
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As(V) occurred through the formation of outer-sphere complexes, while adsorption 
of As(III) occurs via the formation of inter-sphere complexes with Al–O and Si–O 
groups at the clay edges. Several studies revealed that the retention of heavy metals 
on functional organoclays often included a combination of numerous mechanisms, 
with one of them predominates. 

The anions such as AsO3
−4 and HCrO4

− can adsorb on the cationic sites of 
the organoclay by the formation of complexes [21]. Studies by Leyva-Ramos et al. 
[130] and Majdan et al. [131] have found that sorption of Cr(VI) on HDTMA inter-
calated organoclays dependent on solution pH, where it adsorbed as chromate or 
hydrogen chromate depending on the solution pH. The complexation of chromate/ 
hydrogen chromate anions with the quaternary ammonium groups of the organo-Bnt 
was responsible for the adsorption of Cr(VI) [131]. Hexavalent chromium may be 
efficiently immobilized by HDTMA-modified Bnt by securing it in the form of salts 
like HDTMA-chromate between the smectite layers. 

6 Limitations 

Although organoclays have shown great potential for use in environmental appli-
cations, it appears that many challenges limit the use of organoclays in pollutant 
removal. The sorption characteristics of sorbent systems with organoclays are often 
studied in solution through batch studies but have not yet been investigated under 
dynamic conditions that decrease the efficacy of adsorption. Batch experiments 
conducted at a laboratory scale emphasize the adsorption qualities in a very different 
way than those undertaken on an industrial scale due to the difficulties in control and 
variations in the experimental settings in practical application. For example, the effi-
ciency of adsorption under natural environmental settings may be decreased by the 
adsorption capacities determined from batch experiments carried out without taking 
experimental parameters like ionic strength into consideration. 

Further organoclays have shown some limitations at their high loadings. 
The majority of the organophilic pollutants are intercalated on organoclays by 
hydrophobic interactions, which are low-energy molecular forces. As a consequence, 
some of these contaminants can be easily evacuated from the layered organoclays. A 
similar reason may cause intercalated cationic surfactants to be expelled from organ-
oclays, which might result in environmental contamination and secondary pollu-
tion owing to their chemical nature and toxicity (irritation risk with some cationic 
surfactants) [4, 18]. 

The “lock effect,” in which previously intercalated species “lock” the interlayer 
gap preventing additional species from co-intercalating, may also limit the adsorption 
capabilities of synthetic organoclays [132]. Different intercalated species compete 
for the limited interlayer space, and the neighboring intercalated species may produce 
steric hindrance in the interlayer, inhibiting each other’s activity [90]. Furthermore, 
electrostatic interactions between adjacent oppositely charged intercalated species 
have resulted in an unfavorable “neutralization effect”. When intercalating various
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functional groups in natural clays, these two phenomena have not yet been fully 
resolved. Yang et al. [16] have concurrently addressed the “lock effect” and “neu-
tralization effect” by synthesizing novel multifunctional adsorbent based on Mnt 
through intercalation of zwitterionic surfactant (Z16), acid activation by chloric acid, 
and introduction of hydrated ferric oxides (HFOs). 

Despite being enhanced for industrial uses, these modification techniques are 
either inefficient or unprofitable for low-cost environmental applications. Due to the 
lack of understanding of how the target pollutant interacts with the organoclay matrix, 
the use of this technology has not yet reached its full capacity. The reversibility, degra-
dation, transformation, and bioavailability of the sorbed contaminants are also not 
fully understood. Therefore, it is challenging to determine the best economical modi-
fication technique that might enhance the remediation potential of clays. Additional 
challenges to the widespread commercial usage of organoclays include the difficulties 
of regeneration and the requirement for the removal of sorbed impurities [124]. 

7 Concluding Remarks and Future Perspectives 

Organoclays have been extensively studied recently for their use in the removal of a 
variety of pollutants from environmental systems, including organic pollutants, heavy 
metals, and inorganic anions. These studies provided a clear theoretical foundation 
for surfactant interactions with clay minerals; however, the practical application of 
organoclays as adsorbents for pollutant removal is not always straightforward due 
to the numerous factors involved. The high specificity of organoclays hinders their 
development and environmental applications for the removal of particular pollutants. 
Furthermore, there are still gaps in our knowledge of the molecular mechanisms 
underlying the removal of pollutants by organoclays, particularly with regard to the 
release and bioavailability of the contaminants that have been sorbed. Even though 
organoclays are now more widely used as an affordable, non-toxic adsorbent among 
other adsorbents, more laboratory and extensive research are still needed to replace 
the currently employed adsorbents like activated carbon. The use of organoclay as 
an adsorbent to remove dissolved pollutants will result in the leaching of interca-
lated surfactants causing secondary pollution. This emphasizes the need for further 
attention regarding the use of environmentally friendly surfactants as intercalating 
materials in the synthesis of organoclays. It is anticipated that the biodegradable 
organic compound-containing organoclay will have many uses in environmental 
engineering. Further, the drawbacks like the difficulty in regenerating and the need 
to dispose of sorbed contaminants, limit the practical application of organoclays 
as adsorbents. At the disposal site, the released contaminants may move around 
presenting a new risk. To resolve the issue, the contaminants that have adhered to the 
organoclay surface can be converted into non-toxic or less toxic forms. Organoclays 
can acquire bio-reactivity by being exposed to microorganisms that can successfully 
convert pollutants into less toxic forms. More research is necessary on these topics 
in the future because this is currently a cutting-edge interdisciplinary area of study
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among microbiology and material science. A review of the literature has shown that 
intercalated surfactant properties, such as alkyl chain length and surfactant concen-
tration, have a significant impact on the prepared organoclays’ capacity to adsorb 
contaminants. Therefore, it is crucial for future research in the design and applica-
tions of organoclay to have a thorough understanding of the interdependence of the 
sorption capacities and intercalated surfactant properties. 

References 

1. Yahya, K., Hamdi, W., Hamdi, N.: Organoclay nano-adsorbent: preparation. Charact. Appl. 
(2022). https://doi.org/10.5772/intechopen.105903 

2. De Oliveira, T., Guégan, R., Thiebault, T., Le Milbeau, C., Muller, F., Teixeira, V., Giovanela, 
M., Boussafir, M.: Adsorption of diclofenac onto organoclays: Effects of surfactant and envi-
ronmental (pH and temperature) conditions. J. Hazard. Mater. 323, 558–566 (2017). https:// 
doi.org/10.1016/j.jhazmat.2016.05.001 

3. Ewis, D., Ba-Abbad, M.M., Benamor, A., El-Naas, M.H.: Adsorption of organic water pollu-
tants by clays and clay minerals composites: a comprehensive review. Appl. Clay Sci. 229, 
106686 (2022). https://doi.org/10.1016/j.clay.2022.106686 

4. Guégan, R.: Organoclay applications and limits in the environment. C R Chim. 22(2–3), 
132–141 (2019). https://doi.org/10.1016/j.crci.2018.09.004 

5. Kumari, N., Mohan, C.: Basics of clay minerals and their characteristic properties. Clay Clay 
Miner. 24, 1–29 (2021) 

6. Theng, B.K.G., Churchman, G.J., Gates, W.P., Yuan, G.: Organically modified clays for 
pollutant uptake and environmental protection. In: Soil Mineral Microbe-Organic Interac-
tions: Theories and Applications, pp. 145–174. Springer (2008). https://doi.org/10.1007/978-
3-540-77686-4_6 

7. Sarkar, B., Rusmin, R., Ugochukwu, U.C., Mukhopadhyay, R., and Manjaiah, K.M.: Modified 
clay minerals for environmental applications. In: Modified Clay and Zeolite Nanocomposite 
Materials, pp. 113–127. Elsevier (2019) 

8. Madejová, J., Pálková, H.: NIR contribution to the study of modified clay minerals. Dev. Clay 
Sci. 8, 447–481 (2017). https://doi.org/10.1016/B978-0-08-100355-8.00013-8 

9. Massaro, M., Cavallaro, G., Colletti, C.G., Lazzara, G., Milioto, S., Noto, R., Riela, S.: 
Chemical modification of halloysite nanotubes for controlled loading and release. J. Mater. 
Chem. 6(21), 3415–3433 (2018). https://doi.org/10.1039/c8tb00543e 

10. Moreira, M.A., Ciuffi, K.J., Rives, V., Vicente, M.A., Trujillano, R., Gil, A., Korili, 
S.A., de Faria, E.H.: Effect of chemical modification of palygorskite and sepiolite by 3-
aminopropyltriethoxisilane on adsorption of cationic and anionic dyes. Appl. Clay Sci. 135, 
394–404 (2017). https://doi.org/10.1016/j.clay.2016.10.022 

11. Ain, Q.U., Rasheed, U., Yaseen, M., Zhang, H., He, R., Tong, Z.: Fabrication of magnetically 
separable 3-acrylamidopropyltrimethylammonium chloride intercalated bentonite composite 
for the efficient adsorption of cationic and anionic dyes. Appl. Surf. Sci. 514, 145929 (2020). 
https://doi.org/10.1016/j.apsusc.2020.145929 
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Surfactant-Modified Clay Composites: 
Water Treatment Applications 
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R. Weerasooriya, and L. Jayarathna 

Abstract The accumulation of various contaminants in water has become a threat-
ening environmental issue, affecting all living creatures. Owing to this fact, miti-
gating water contamination problems by improving existing technologies and devel-
oping potential strategies has become an emerging area of research. Among several 
approaches for water treatment, adsorption has been attractive since it has unique 
advantages due to the use of natural and synthetic materials. As a natural adsor-
bent material, clay minerals are considered superior materials owing to their wide 
availability, low cost, excellent adsorption performance and cation exchangeability. 
To enhance the surface properties toward the removal of water pollutants, natural 
clays are subjected to various modifications. The surfactant-modified clay compos-
ites can remove a variety of pollutants than other composites due to the sorption 
of surfactant onto the external surface and interlayer spacing of clay minerals. This 
chapter encloses the application of surfactant-modified clay towards the removal of 
pollutants from water. 

Keywords Clay composite · Surfactant · Adsorption · Ion exchange · Water 
treatment 

1 Overview  

Safe and clean water is one of the most pivotal requirements for all living creatures and 
ecosystems on Earth. However, the tremendous increase in the worldwide population 
and growing industrialization have created a higher demand for available freshwater, 
while resulting in large amounts of wastewater globally. Direct discharge of polluted 
water containing a number of complex chemical wastes such as industrial wastes, 
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sewage, agricultural wastes, radioactive waste, pesticides, and chemical fertilizers 
into the natural water resources has created an enormous environmental issue in the 
present world. This fact has led a considerable portion of the world’s population 
into a water-stressed condition, making the treatment of contaminated water, a dire 
necessity to fulfill the fundamental requirements of good-quality water [2]. 

Scores of technologies and methodologies have been practiced so far to reme-
diate water contamination matter and these include, membrane filtration, chem-
ical precipitation, reverse osmosis, electrodialysis, and adsorption [23]. Due to the 
significant advantages like flexibility, low cost, profitability, design simplicity, and 
avoiding secondary contaminant formation, the adsorption technique has obtained 
much interest compared with the other remediation techniques. It is known as an 
effective process to remove any cationic, anionic, or organic contaminants from one 
phase, and uptake those contaminants on the external surface by several mechanisms 
(will be discussed later in this chapter). The technique of adsorption is classified 
as chemical or physical. The former is due to the electron exchange and the pollu-
tant (adsorbate) bounded to the surface by a chemical bonding. In the latter process, 
physical forces such as Van der Waals forces, hydrogen bonding, polarity, and dipole– 
dipole interactions function to attach waste materials to the adsorbent surface [12]. 
So far, several adsorbents have been reported for pollutant removal including acti-
vated carbon, chitosan, zeolites, clay, materials like resins as artificial adsorbents, 
and biomass as bio-adsorbents [4]. 

Clay minerals are one of the famous adsorbents which are used commonly in 
wastewater treatment due to their low cost, availability, high chemical and mechan-
ical stability, internal and external layers with high adsorption capacity, porous struc-
ture with high surface area, etc. These are phyllosilicate minerals and have layered 
units by one or two tetrahedral silica sheets attached to an octahedral aluminum 
sheet, which are bonded in 2:1 (T-O-T) and 1:1 (T-O) ratios. The tetrahedral silica 
sheet is made of Si2O6(OH)4 units and the octahedral aluminum sheet is composed 
of Al2(OH)6 units. Natural clay materials such as kaolinite (1:1 layer), halloysite 
(1:1 tube), bentonite/montmorillonite/smectite (2:1 layer), palygorskite/attapulgite, 
sepiolite (2:1 layer-chain), illite; some of the most abundant clays that are used in 
water treatment applications [11, 37]. The chemical nature and pore structure gener-
ally determine the sorption ability of clay. Clay minerals have their Cation Exchange 
Capacity (CEC) since the negative charge is available on the unmodified clay surfaces 
which can be balanced by counter cation. Therefore, most of the time unmodified 
clays are suitable for the removal of cationic pollutants via this counter-ion exchange. 
As it depends on the protonation of hydroxyl groups on the surfaces of metal oxides 
and the edges of silicate clays, which is significantly influenced by the parameters 
of pH and temperature, the anion exchange capacity (AEC) of clay minerals varies 
from the cation exchange capacity (CEC) [14]. It is noted that swelling of clay can 
reduce the hydraulic conductivity, and then pollutants cannot adsorb into the clay 
easily. As a result, metal ions cannot be effectively removed from the aqueous solu-
tion by natural clay [33]. Due to this fact, the modification of natural clay minerals 
is a necessity to enhance their pollutant removal performance.
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Choosing an appropriate modifier is a key factor to obtain modified clay adsor-
bents with higher efficiency. Fundamentally, the modification alters the properties 
of natural clay minerals by enhancing their specific surface area, pore volume, and 
the number of surface acid sites. There are several modification techniques such as 
thermal treatment, acid washing, metal oxide pillaring, organic modification based 
on the characteristics of structure and surface charge [37]. Organic modification is 
introducing organic molecules to the mineral structure to enhance its efficiency in 
removing pollutants. The introduction of surfactants, polymers, and organic chelating 
agents with a positive charge is favored for the removal of anionic contaminants 
through various physical adsorption mechanisms such as electrostatic attraction, 
anion exchange. These modified clays are known as organoclays which are used in 
many water purification applications [20]. 

Among several modification techniques, surfactant modification is known as a 
convenient and promising method to enhance the clay mineral properties towards 
contaminant removal. Generally, surfactant modification is done by using surfactants 
that provide polar hydrophilic groups and non-polar lipophilic groups for clay func-
tionalization. The fundamental advantage of this technique is the ability to achieve 
better dispersion stabilization. Since clay minerals have amphiphilic characteristics, 
surfactants get adsorbed at diverse interfaces and surfaces of the clay particles and 
function to maintain hydrophobic–hydrophilic balances, resulting in the stabiliza-
tion of dispersions. Fundamentally, surfactant modification of clays is described 
according to mechanisms such as (1) ion exchange due to the replacement of counter 
ions on clay from charged surfactant ions, adsorption by π electrons polarization due 
to strongly positive clay sites and the electron-rich aromatic nuclei of a surfactant, (2) 
ion paring by surfactant ion adsorption onto the oppositely charged adsorbent sites 
that are unoccupied by counter ions, (3) hydrophobic bonding, (4) adsorption by 
dispersion forces. Quaternary ammonium cation surfactants are the extensively used 
type of surfactant in clay modification for the recovery of organic and inorganic water 
contaminants. In addition to the cationic surfactants, clays have been modified by 
anionic, non-ionic, and zwitterionic surfactants for the same purpose. Furthermore, 
mixed surfactants also have been employed in water remediation applications since 
they have shown more complex behavior relative to single surfactants. However, the 
behavior of these surfactant-modified clay minerals in pollutant removal processes 
is highly dependent on surfactant type, their concentration, and the other factors 
pH, temperature, adsorbent dosage, and contact time. Therefore, the optimization of 
operating conditions towards the best adsorption performance is identified as a key 
research area in the water treatment research field and numerous efforts have been 
made so far in this regard. 

This chapter is to provide adequate information about the ability of surfactant-
modified clay composites to enhance water treatment performance. Further, a 
comprehensive analysis of the effects of operating conditions on the adsorption 
performance of surfactant-modified clay composites will be discussed. Moreover, 
the mechanisms undergone during the pollutant removal process will be discussed.
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2 Role of Surfactant-Modified Clay Composites in Water 
Treatment 

2.1 Organic Pollutants Removal by Surfactant-Modified 
Clays 

Emerging organic pollutants enter into the water through uncontrolled anthropogenic 
activities recognized as a critical environmental issue at present. A wide range of these 
organic contaminants such as dyes, pharmaceuticals, pesticides, humic substances, 
microplastics, phenolic compounds found in water is known to have a direct effect on 
human health and the entire ecosystem. Therefore, the removal of these contaminants 
from polluted water has proved a complicated challenge for the scientific community. 
In this section, the role of surfactant-modified clay composites in organic pollutant 
removal in water based on their treatment performance will be discussed. 

2.1.1 Organic Dyes 

Dyes are one of the complex classes of organic compounds that consist of functional 
groups such as auxochromes (N2, NO, and NO2) and chromophoric groups (NR2, 
NHR, NH2, COOH, and OH). Due to the higher toxicity of these compounds towards 
the environment and mankind, treating the polluted water with dye contaminants has 
been tried so far to get rid of these contaminants. Broadly, on the basis of their chem-
ical functionality, dyes are classified as acid dyes, basic dyes, direct dyes, disperse 
dyes, and reactive dyes which all have severe health effects. Acid dyes are also known 
as anionic dyes and acid red 57, acid blue 2, orange (I, II), and methyl orange, are 
common examples. Basic dyes such as basic red 46, basic yellow 28, methylene blue 
crystal violet, and malachite green are soluble in water and have the ability to yield 
colored cations and are also known as cationic dyes. Including cationic and anionic 
dyes, all the other dye types have a considerable effect on water contamination and 
remediation efforts have been reported so far through different approaches [12]. 

Among the various toxic cationic dyes, methylene blue (MB) is a dye that is 
difficult to degrade due to its light stability and oxidation reactions. More often it 
employs as a model dye of organic contaminant [29]. There are several research 
efforts have been taken to remove methylene blue from water by adsorption tech-
nique. In many efforts, cationic surfactant-modified clay minerals are employed in 
the removal of this kind of basic dye. With the purpose of methylene blue removal, 
brown clay (BC) has been modified with didodecyldimethylammonium bromide 
(DDAB) to produce a sorbent (DDAB-BC). This modification has been done by 
cation exchange of the DDAB moiety with positive ions existing inside the BC 
interlayer spaces. In this study, batch sorption investigations have revealed that the 
modified material has a superior removal efficiency (∼98%) towards methylene blue 
and sorption capacity (∼164 mg/g) at optimum adsorption conditions of pH (7), dye
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concentration (100 mg/L), and temperature (55 °C) [22]. Another reported study 
on MB removal has been employed to comparatively investigate several clay-based 
materials that are modified with surfactants as well as alginate, iron oxide nanopar-
ticles, and sodium carbonate. The surfactant that was used in the study is Lansperse 
LT87, which has powerful dispersion properties, minimal ecotoxicity, lack of VOC 
emission, and good steric stabilization. This surfactant-modified composite displayed 
a removal efficiency of 90%, however almost similar to that of the other materials 
[21]. 

A study has reported the modification of bentonite clay with two struc-
turally different surfactants (hexadecyltrimethylammonium bromide (HDTMAB) 
and benzyldimethylhexadecylammonium chloride (BDHAC)) having the same 
carbon chain length. The composite prepared using HDTMAB (H-Bt) showed the 
maximum adsorption capacity of 114.3 mg/g for orange G (OG) dye which is an 
anionic dye, which was 1.74 times higher than that of the composite prepared using 
BDHAC (B-Bt). However, in a mixed dye system of cationic (methylene blue) and 
anionic dye (orange G) molecules in water, H-Bt showed a higher removal of the 
cationic dye (i.e., methylene blue) than the anionic dye molecules. However, for the 
OG dye, both composites showed a similar removal tendency. Based on this, it can 
be concluded that both of these surfactant-modified composites are more efficient at 
adsorbing anionic dye pollutants from water than cationic ones. This is due to the 
tendency to electrostatically adsorb anions since both composites have high surface 
charges (+47.8 mV for H-Bt, +54.21 mV for B-Bt) [6]. 

However, being almost similar to the basic (anionic) dyes, cationic surfactants are 
often employed in clay modification for cationic dye removal too. For the removal 
study on cationic dye rhodamine B, a sensitive and fast solid phase extraction tech-
nique has been reported based on the liquid chromatography-electrospray ionization 
tandem mass spectrometry method. This is based on the Rhodamine B extraction by 
cetyltrimethylammonium bromide (cationic surfactant) intercalated montmorillonite 
(clay k10) followed by elution. Even at trace levels, this modified clay composite 
resulted in a highly efficient extraction performance. Further, the clear noticeable 
physical changes in the color of the composite after the solution passage through 
the CTAB-MMT column indicate the proper dye adsorption by the material [3]. 
However, there exists some reported literature that anionic dyes are also used in clay 
modification for the removal of cationic dyes like rhodamine B. 

The reported studies show that the application of anionic surfactants was also 
reported for dye removal. However, when compared with cationic ones, anionic 
surfactants have a small tendency to intercalate within clay mineral interlamellar 
spaces. Further, it was confirmed that anionic surfactants cannot intercalate solely 
within interlamellar spaces of clay minerals like montmorillonite (Mt) unless via 
interaction with cationic surfactants. Based on this fact, a new class of montmoril-
lonite clay modified with both an anionic surfactant (sodium eicosenoate–SEIA) 
and a cationic surfactant (cetyltrimethylammonium chloride–CTMAC) has been 
synthesized along with magnetic nanoparticles. This composite adsorbent material 
was applied in methylene blue removal from contaminated water. Through the clay 
mineral modification with cationic plus anionic surfactants, carbonic contents and
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the hydrophobic property of the clay mineral were intensively increased and the 
nanocomposite of Fe3O4-CTMAC/SEIAMt showed the best adsorption capacity 
[29]. 

Apart from basic dyes like methylene blue, reactive dyes are also anionic in nature. 
A recent research effort has been taken to remove reactive yellow 160 dye (RY160) 
with zwitterionic surfactant-modified natural clay minerals. Using cocamidopropyl 
betaine (CAPB) as the surfactant, clays were modified at different conditions (CAPB 
concentration, reaction temperature, and reaction time). According to the results of 
the study, it has clearly concluded that the unmodified natural clay adsorbed a very 
less amount (2 mg/g) of RY160. In contrast, the modified natural clay by CAPB has 
shown a great adsorption efficiency enhancement (12 mg/g). During the surfactant 
modification, each inorganic cation of natural clay is repealed by an amide group 
and a carboxylate group of CAPB, and therefore, the potential sites of adsorption are 
increased. When the observations are correlated to the results of textural investiga-
tions, it is very much clear that CPAB modification plays a major role in the RY160 
adsorption process [1]. 

2.1.2 Hydrocarbons 

Monocyclic Aromatic Hydrocarbons 

BTEX (Benzene, Toluene, Ethylbenzene, Xylene) 

Monocyclic aromatic hydrocarbons, such as benzene, toluene, ethylbenzene, and 
xylene (BTEX) are hazardous organic contaminants that are frequently added into 
groundwater by industrial sources like particular gasoline fraction and crude oil. 
According to recent reports, the BTEX concentrations in water have reached a consid-
erably higher level, threatening the overall ecosystem due to their severe carcino-
genic behavior as well as other health issues such as respiratory and cardiovascular 
illnesses, neurological impairment, and acute myelogenous leukemia. According to 
the World Health Organization (WHO), the maximum benzene, toluene, and xylene 
concentrations in drinking water should be 0.01, 0.5, and 0.7 mg/l, respectively. 
Therefore, the BTEX removal from contaminated water is a highly essential task 
and several research efforts have been taken so far in different approaches to reach 
this objective. Bentonite clay, in its natural and surfactant-modified states, has been 
used as an adsorbent to study the multi-component adsorption of benzene, toluene, 
ethylbenzene, and xylene (BTEX) from aqueous solutions. Trimethylphenyl Ammo-
nium (TMPA) and Hexadecyltrimethyl Ammonium (HDTMA) had been used in this 
study as surfactants to modify Nigerian bentonite clay and batch adsorption experi-
ments have been conducted. This modification has led to an increment in the surface 
area of TMPA and HDTMA-modified bentonite from 512.6 m2/g and 327 m2/g, 
respectively, implying the existence of micropores in the interlayer between organic 
cations. Further, the modification has increased the cation exchange capacity (CEC) 
of the adsorbent materials. Moreover, the long-chain alkyl ammonium ions have
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the ability to create a favorable interlayer microenvironment for organic molecule 
partitioning. Due to this fact, the charge density of the clay layer and the size of the 
alkyl chain are considered the responsible components for the CEC increase after 
modification, which directly accounts for the increased absorbance performance 
towards BTEX [27]. Another similar study has reported on investigating the BTEX 
removal from produced water using CTAB surfactant-modified bentonite clay. “Pro-
duced water” is a byproduct of almost all gas and oil extraction and it can cause 
pollution of surface water and groundwater it contains benzene, toluene, ethylben-
zene, and xylene (BTEX). In this particular study, CTAB-modified bentonite has 
shown a 95.6% capability of adsorbing BTEX contaminants from produced water 
respectively in the order of ethylbenzene, xylene, toluene, and benzene. This adsorp-
tion difference has been attributed to the relative polarity and the molecular size 
of compounds. Indeed, benzene and ethylbenzene offered the lowest and highest 
adsorption by CTAB-modified clay because of having smaller and larger molecules 
with the size of 6.6 Å and 9.5 Å, respectively [25]. 

Generally, an adsorbent with a higher number of micropores and a large specific 
surface area (SBET) exhibits excellent adsorption performance towards volatile 
organic contaminants like benzene. It has been reported that montmorillonite (Mt) 
clay modified with small surfactants like tetramethylammonium bromide (TMAB) 
has a larger value of SBET and more interlayer micropores compared to Mt modified 
with larger surfactants and may lead to excellent adsorption performance towards 
volatile organic carbons (VOCs). However, several factors like the charge density of 
clay mineral and the size of the surfactant have an influence on the microstructure of 
the adsorbents modified with small surfactants and would therefore have an impact on 
the VOC adsorption process. According to the reported literature, the charge density 
of Mt clay has an influence on the VOCs adsorption behavior of TMAB-modified Mt 
by affecting the packing density of surfactant (TMA+) cations and the micropores 
formation. Furthermore, the adsorption behavior of Mt modified with small surfac-
tants is also affected by surfactant dosage, which can control the microstructure of 
the resulting adsorbent [8]. 

Phenol 

Organic pollutants such as phenol have the ability to stay chemically stable against 
conventional biodegradation and therefore need some advanced remediation tech-
niques. Complex contaminants such as personal care waste and/or pharmaceutical 
release rates are increased recently and they show resistance to traditional treatment 
applications due to their trace concentrations. Pillared clays (a modified type of 
raw with increased porosity and permanent interlayered spaces resulting from the 
addition of several pillars into the parent clay structure) have been used as adsor-
bents to remove pollutants such as oxyanions and heavy metal cations; however, 
they are unable to remove hydrophobic organic contaminants due to their extreme 
hydrophobic properties and polarity. Organic surfactant modification of these pillared 
clays has the ability to result in inorganic-organo clays which are compatible with 
both organophilic and hydrophilic compounds and have the ability to remove a wide
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range of inorganic and organic pollutants. Cationic surfactants such as cetyltrimethy-
lammonium chloride (CTAC) and cetyltrimethylammonium bromide (CTAB) are 
the commonly used surfactants in pillared clay modification. The surfactant modi-
fication has the ability to intensively decrease the specific surface area, due to the 
introduction of surfactant molecules between the pillared clay layers and filling 
empty spaces. Further, the amount of the surfactant added and the surfactant struc-
ture (type) has a direct effect on the surfactant arrangement between the layers of 
the pillared clay. The optimum organic cation (surfactant) amount for the modifica-
tion of pillared clays is generally equal to the cation exchange capacity (CEC) of the 
starting clay material. Montmorillonite clay modified with cetyltrimethylammonium 
bromide (CTAB) has been applied as an effective adsorbent to remove organic pollu-
tants such as phenol, 3-Chlorophenol, and 3,5-Dichlorophenol [24]. In addition to 
pillared clay materials, clay minerals like attapulgite (ATP) have been used in phenol 
removal from wastewater. For the improvement of the phenol removal ability of atta-
pulgite (ATP), a reported study has synthesized a cationic surfactant (Gemini) having 
double cation active sites. It was used for the modification of ATP combined with the 
surfactant cetyltrimethylammonium bromide (CTAB) and a new type of adsorbent 
(G-ATP) was obtained. This adsorbent material shows better dispersibility and also 
has increased active cationic groups on the surface. Further, the material is provided 
with an enhanced surface hydrophobicity due to the replacement of the adsorbed 
water on the surface of ATP by the cationic surfactant molecules. Therefore, the 
positively charged modified ATP (G-ATP), having a hydrophobic surface has the 
ability to adsorb and remove phenol through electrostatic interaction in addition 
to the π–π interaction between the adsorbent surface and the benzene ring in the 
phenol structure. The Gemini-modified ATP has shown a better phenol adsorption 
capacity than that of pure ATP adsorbents. Further, the reusability measurements 
have revealed that G-ATP has a good regeneration performance too [34]. 

Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) are of major research concern owing 
to their carcinogenic effects and widespread presence in the environment. This 
group of organic compounds consists of two or more aromatic rings which are 
fused with each other and these originated from both anthropogenic and natural 
sources. Several clay minerals including bentonite, have been used as adsorbents 
for PAHs with modifications by surfactants. There are more than 100 PAHs have 
been identified so far, but only 16 PAHs are considered priority contaminants by 
the US EPA and EU based on their potentially carcinogenic, mutagenic, and highly 
toxic nature. A study has been reported on investigating the adsorption capacity of 
montmorillonite (Mt) clay, synthetic (Na-Mica-4), and surfactant (octadecylamine 
and octadecyltrimethylamine) modified clay minerals towards the prioritized PAHs 
removal. The materials were very much effective in PAH adsorption, with almost 
100% adsorption percentage, in particular, those using Mt. However, unmodified 
clay materials have shown a better adsorption capacity than the modified derivatives,
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which indicates the possibility of PAHs adsorption in the surface part as well as 
in the interlayer [31]. Moreover, a reported study has revealed that bentonite clay 
modified with sodium dodecyl sulfate has the ability to adsorb and remove acenaph-
thylene, acenaphthene, phenanthrene, anthracene, and naphthalene from water up to 
76%. Furthermore, lightweight expanded clay aggregates (LECAs) modified with 
stearyldimethyl benzyl ammonium chloride (SDBAC) have also been shown their 
functionality as adsorbents for the removal of PAHs such as fluoranthene, phenan-
threne, benzo[a]anthracene, fluorene, and pyrene achieving removal rates of up to 
98%, from their initial concentrations of 6–80 g/dm3 [9]. 

2.2 Inorganic Pollutants Removal by Surfactant-Modified 
Clays 

Inorganic substances should be present in drinking water but if their permissibility 
level exceeds, they become harmful substances to the environment and the human 
body. Those are mainly eluting from inorganic chemical manufacturing industries, 
pharmaceutical industries, bulk petrochemical plants, agricultural areas, and all other 
industries that are using inorganic chemicals in their processes. Inorganic pollutants 
such as heavy metals, metallic salts and non-metallic salts, halogens, acids, and bases 
are toxic, mutagenic, carcinogenic, and mostly non-biodegradable. Because of the 
non-degradable, stable behavior of the inorganic pollutants in water, it can persist 
for longer periods and cause further deterioration of the water quality. Inorganic 
pollutants are available in water systems in form of elements and in combination with 
other compounds [35]. In this section, inorganic pollutants removal from surfactant-
modified clay will be discussed under two sub-categories. 

2.2.1 Anionic Inorganic Pollutants Removal by Surfactant-Modified 
Clays 

Anions are one of the major classes of water contaminants responsible for some envi-
ronmental conditions. The most common anions found in wastewater are metallic 
oxyanions such as (AsO2

−, AsO4 
3−, H2AsO4

− and HCrO4
−), halides, sulfides, 

cyanide, nitrates, and phosphate [18]. The modified clay mineral surface needs to 
have active sites that are positively charged or the weakly held counter ions of the 
surfactant have to be replaced by more strongly held adsorbate counter ions, in order 
to proper adsorption of anions [13]. It has been reported that some specific cationic 
surfactants have provided such a proper modified surfaces for anion adsorption. Most 
studies based on surfactant-modified clay have focused to remove anions by cationic 
surfactants such as hexadecyltrimethylammonium bromide (HDTMAB) modified 
montmorillonite (Montmorillonite), organo-bentonite, alkyl quaternary ammonium-
modified montmorillonite, cationic Gemini surfactants modified montmorillonite
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[15]. Alkyl ammonium-modified clay minerals show unique adsorptive properties 
and hence this modification is studied by most researchers. A previous study on nitrate 
removal from water by HDTMA-modified montmorillonite (Montmorillonite) clay 
has concluded the ability of this modified clay for nitrate removal with a great removal 
efficiency of 14.76 mg/g [14]. Further, according to the same study, nitrates removals 
with Montmorillonite are higher than those with modified kaolinite with the same 
surfactant due to the high interlayer space and surface area of montmorillonite than 
kaolinite suggesting the better suitability of HDTMA-modified montmorillonite. The 
cation exchange capacity of these clays with surfactants is related to the morpho-
logical structure of clay minerals so the specific surface area of clays will decrease 
after modification. But Montmorillonite can provide more positive active sites on 
the adsorbent surface for nitrate adsorption [14]. Another study shows that chromate 
removal from HDTMA modified kaolinite, Montmorillonite, and pillared Montmo-
rillonite and HDTMA modified montmorillonite has shown relatively higher adsorp-
tion [13]. Moreover, cationic surfactants are known to have an ability to convert the 
clay surface potentials from negative to positive, that enhance the anionic contam-
inant removal. This fact has confirmed by a reported study where, montmorillonite 
has shown its zeta potention change from negative to positive after modification 
with cetylpyridinium chloride (CPC). Further, the modified material has shown an 
excellent removal behavior of anionic hexavalent chromium (Cr(VI)) [32]. 

Several studies have synthesized novel organo-clay composites by modification 
with both amphoteric and another type of surfactant to have great adsorption capacity 
towards various pollutants in water. Amphoteric surfactants are non-toxic, have a 
stable eco-friendly chemical structure, and are effective in clay surface fabrication 
for pollutant removal from water. The amphoteric surfactants have the ability to 
modify the clay surface by an organic phase due to their hydrophobic chain, and 
therefore the negative charge can get reduced. The adsorption of anionic pollutants 
such as chromate and dichromate onto both amphoteric-cationic surfactant-modified 
clay surfaces shows significantly higher adsorption behavior [30]. Tungstate removal 
has been studied with three cationic Gemini surfactants with different alkyl chain 
lengths applied to Montmorillonite. Here longer chain has shown low adsorption 
because specific surfaces of clay decrease with increasing chain length [36]. More-
over, positively charged head groups in Gemini surfactants (-R4N+) are making non-
specific adsorption sites on the clay surface hence affinity of anions to adsorption 
sites obeys the Hofmeister order which is PO4 

3−<CO3 
2−<SO4 

2−<<Cl−<Br−<NO3
−. 

Removal of co-existing other anions can alter the adsorption of anions. Most of the 
time chloride, carbonate, and sulfates coexist with phosphate and nitrates. Sulfate 
cannot exchange bromide but nitrate uptake can increase in the presence of sulfate 
due to the difference in ion size and high hydration energy of sulfate which expose 
more adsorption sites on the modified clay [16]. 

Most toxic metals such as arsenic available in groundwater and are commonly 
available in arsenite and arsenate forms [20]. Modified a smectite sample using three 
organic agents, namely hexadecyl trimethylammonium (HDTMA), chitosan, and 
citric acid [20] has been used to study arsenic removal. It has been found that anionic 
heavy metals such as As(V) ions actively adsorb into 1:1 layered clay as kaolin than
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2:1 layered Montmorillonite and illite [18]. For arsenic removal organically modified 
clay mineral is used by many researchers. Here cationic surfactants are used for the 
modification and it undergoes ion exchange with Na+, Ca2+, K+, and Mg2+ in the 
clay interlayer. So that the net surface charge becomes negative to positive [28]. 

2.2.2 Cationic Inorganic Pollutants Removal by Surfactant-Modified 
Clays 

Ions with positive charge pollutants in water are mainly can be discussed under heavy 
metal ions and alkali metal ions. Heavy metals are major cationic pollutants in water 
that should be removed since their high toxicity to human health and the imbalance of 
nature activities. Heavy metals are released from various industries such as the metal 
and electroplating industry, metallurgical industry, chemical manufacturing, and 
battery manufacturing as well as from tannery operations, mine drainage, leachates 
from landfills, etc. Moreover, due to hazardous waste sites, groundwater contami-
nates with heavy metals. Some heavy metals are available in oxy-anionic forms such 
as chromate, arsenate. Most of the heavy metals are in cationic form. Heavy metals 
such as Ag(I), Hg(II), Cd(II), As(III), Cu(II), Pb(II), Ni(II), and Cr(VI) are markedly 
toxic even at low concentrations. The World Health Organization (WHO) has entitled 
more elements such as heavy metals and risk metals for public health. 

To remove cationic inorganic pollutants using clay minerals there should be nega-
tively charged sites for adsorption or weakly head counter cation for ion exchange. 
Due to the large number of exposed hydroxyl groups on their surfaces, clay minerals 
have a considerable capacity for adsorbing heavy metal ions. These groups are made 
up of structural hydroxyl groups and silanol groups that are coordinated by metal 
ions produced by broken bonds at the edges of layered crystal structures (e.g., the 
hydroxy aluminum surface in kaolinite crystals). Certain metal ions have different 
adsorption selectivity depending on their hydration, radius, and valence. In most 
cases, the homomorphic substitution of positive cations in the clay mineral inter-
layers achieves the charge balance. As a result, ion exchange removes the target ions 
from the metal ion solution when an adsorbent is added. Meanwhile, the optimal 
adsorption ability is determined by the properties of clay minerals, which include 
tiny particle size, big surface area, and many structural pores [18]. 

Cationic Inorganic Pollutant Removal by Anionic Surfactant-Modified Clay 

Most of the previous studies on cations removal using surfactants-modified clays 
have used anionic surfactants such as sodium dodecyl sulfate SDS since they can 
enhance adsorption capacity towards cations [32]. Although clays have a negative 
charge on the clay surface, anionic-modified clay is used to remove cationic pollu-
tants more than natural clays of its weak binding strength. Basically, surface-cation 
complex formation has been attributed to the metal cation sorption on clay materials 
modified with anionic surfactants [17]. It was reported that this anionic surfactant
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binds irreversibly to the interlayer of the base clay [17]. Cu2+ and Zn2+ sorption into 
anionic surfactant (SDS) modified Montmorillonite has been studied by [15]. The 
study has reported the ability of surfactant to penetrate the clay’s interlamellar area 
by the clay sheets expanding along the c-axis. The negative charge at the clay surface 
appears to increase when SDS is grafted to the clay interlayer and will continue to 
grow with rising pH levels. Although raw montmorillonite weakly bonds to metal 
cations, it has two different types of acidic groups (XNa and SOH) and exists as a 
negatively charged particle in aqueous solutions. After SDS modification, most clay 
surface is intercalated with SDS (RSO3Na) [15]. In addition to the above facts, into 
the clays such as bentonite that are swelling in nature large anionic species such 
as SDS can easily enter and become fixed strongly in the interlayer region. More-
over, clays such as montmorillonite and hectorite composed of 2:1 layers known to 
have a higher adsorption capacity than clays composed of 1:1 layers towards heavy 
metals. This has been attributed to their enhanced surface charge with the diffusion 
of isomorphic substitution. However, Kaolinite which is a 1:1 layered clay has slight 
isomorphic substitution and hence, weakly adsorbs heavy metals [18]. 

Cationic Inorganic Pollutant Removal by Cationic Surfactant-Modified Clay 

Although anionic surfactants-modified clay are mostly employed in cationic inor-
ganic pollutant removal, there are several reported studies on cationic contami-
nant removal by cationic surfactant-modified clay adsorbents. A previous study has 
reported adsorption capacity of Cr(VI) aqueous solution to the cationic surfactant, 
cetyltrimethylammonium bromide (CTAB)-modified kaolinite (CTAB–kaolinite) is 
22.72 mg/g and shows 100% Cr(VI) removal at adsorption equilibrium (time = 
180 min, 100 mg CTAB-kaolin, 10 ppm/100 ml) [5]. It has been reported that modi-
fication with cetyltrimethylammonium (CTAB) can enhance the adsorption perfor-
mance of montmorillonite and illite clay [5]. Cationic Gemini surfactant-modified 
clay has high efficiency towards heavy metal adsorption. The differences in adsorp-
tion sites determined the adsorption efficiency of the metal adsorption system [18]. 

Another study tried to remove Cu2+ and Zn2+ using bentonite clay modified with 
Bencylhexadecyldimethyl ammonium chloride, BCDMACl cationic surfactant. It 
has been suggested that exchangeable cations would be substituted by BCDMACl 
micelle cations that intercalated into the bentonite’s interlayers. As a result, the func-
tional groups of natural bentonites were altered to cationic surfactants, which domi-
nated the adsorption of heavy metal ions and prevented bentonite from swelling. Inter-
calating into the interlayers, the ammonium cation of BCDMACl micelles substituted 
the exchangeable cations (Ca2+ and Na+ in the interlayer) and Mg2+ for Al3+ in the 
central octahedral layer [33]. This study has reported that modified bentonite had 
around 43% removal efficiency with high adsorption capacity than natural bentonite 
[33]. In addition to cationic and anionic surfactants, amphoteric surfactants which are 
surface-active compounds with both alkaline and acidic properties have also been 
employed in cationic contaminant removal. A study has reported that amphoteric 
surfactant modified magnetic bentonite clay on removing Cd(II) has shown a higher
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adsorption when compared with bentonite modified with other type of surfactants 
such as cationic and anionic [30]. 

3 Factors Affecting Absorbance Performance 

3.1 Clay Composite Dosage 

Clay composite dosage is an important parameter because it determines the adsorp-
tion capacity at a specific initial concentration of pollutants in the water. When 
increasing the dosage adsorption also increases due to the enhancement of active 
sites and the easy penetration of ions into active sites [32]. However, in some studies 
when increasing the weight of clay metal sorption onto modified clay has decreased 
because sometimes water swelling is easier in the case of few amounts of clay. This 
observation has been reported in a study that tried to remove Zn2+ and Cu2+ using 
SDS-modified Montmorillonite clay [15]. 

The removal of Cr(VI) increases with increasing CTAB-Kaolin dosage and results 
show 99% removal efficiency when 100 mg of modified clay is added to 100 ml of 
100 ppm chromium solution [5]. In another study, arsenic elimination increases with 
dosage, peaking at 0.2 g/100 mL after reaching 0.05 g/100 mL. At dosages greater 
than 0.2 g/100 mL, the adsorption efficiency remained nearly constant, indicating 
that the adsorbent had achieved its maximal sorption capacity [19]. 

3.2 Solution pH and Point of Zero-Charge of the Clay 

The solution pH affects the surface charge and functional group condition in adsor-
bents as well as contaminants in the solution. Therefore, the adsorption capacity also 
depends on the pH [37]. At low pH, hydrogen cations compete with other metal 
cations in the aqueous solution to get adsorb onto the clay surface. Also, they alter 
the oxidation state of some metal ions and the surface charge of modified clay and 
hence adsorption interaction. Therefore, metal ions removal at low pH is less than 
the optimal removal value [32]. The surface charge of the surfactant can be measured 
by evaluating the point of zero charges (pHpzc). The point of zero charges (pHpzc) 
value is an important value that gives a better understanding of the adsorption mech-
anism. pHpzc is the point where the adsorbent surface has no charge. At a high pH 
than pHpzc, the surface carries a negative charge and prefers to adsorb cations and 
at low pH then pHpzc carries a positive charge then favors adsorbing anions [26]. In 
a reported study on arsenic removal by surfactant-modified clay adsorbents, it has 
been clearly reported that moderated pH range (pH = 4–8) can provide an environ-
ment for maximum adsorption. This is because, at moderate pH, there is low charge 
density on the surface of the adsorbent which facilitates the Van der Waal attractive
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forces resulting in optimum uptake of As(III) [28]. Although cations like As(III) 
prefer moderate pH, the maximal removal of Cr(VI) using CTAB-Kaolin is high at 
low pH values (pH 2). The solution pH is less than pHpzc of modified kaolin, the 
surface becomes positively charged and attracts CrO4 

2− anions. When pH increases, 
removal efficiency decreased since the surface charge is negative at high pH [5]. In 
contrast, when adsorbing Cu2+ cations into SDS-modified clay, the sorption increases 
with increasing the pH as the surface becomes more negative. Here when pH is low 
as described above metal cations compete with hydrogen ions to get adsorbed onto 
modified clay [15]. In Cu and Zn removal studies using modified clay, adsorption of 
both metals increases with pH within the range of 3–5. But a remarkable removal of 
both ions has been observed with the maximal capacity of metal concentration at the 
solution pH 7–11 (more than 95%). This is due to the precipitation of Cu2+ and Zn2+ 

to Cu(OH)2 and Zn(OH)2 in an alkaline solution. Therefore, the optimal pH for this 
cations adsorption should be 5 or 6 [33]. 

3.3 Surfactant Dosage 

The water contaminant removal rate of surfactant-modified clay adsorbents is 
strongly affected by the amounts of surfactant added to the clay materials. Previous 
research efforts have shown that increased amounts of cationic surfactants have 
led to an elevation in adsorption capacity due to the increased amount of surfac-
tant entering the clay layers, which enlarges the interlayer space. Therefore, this 
can enhance the organophilic ability and hydrophobicity and thus, the adsorption 
capacity enhancement [7]. 

4 Adsorption Mechanisms 

4.1 Organic Pollutants Removal 

The adsorption mechanism towards pollutants in water with surfactant-based organ-
oclays is based on the structural and surface properties of both natural clay and func-
tional groups of the surfactant. During these mechanisms, electrostatic interaction, 
ion exchange, surface complexation, surface hydrophobicity, and hydrogen bonding 
are mainly involved [18, 32]. The absorption mechanism of organic compounds 
such as polycyclic aromatic hydrocarbons (PAHs) is fundamentally influenced by 
the hydrophobicity of the surfactant-modified clay adsorbents and the molecular 
structure and the weight of PAHs, based on π–π stacking. The adsorption mech-
anisms which lead to high PAH accumulation have been related to the ability of 
benzene rings in PAH contaminants to the formation of π–π complexes between the 
active site on surfactants and π-electrons of benzene rings. In addition, a previous
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study has suggested that the hydrophobic interactions between adsorbent surfaces 
and PAH compounds can be generated due to the intermolecular interactions (i.e., 
Van der Waal forces) [10]. 

In studying adsorption processes, adsorption kinetics is considered the most 
significant step and it describes the relationship between the contact time and the 
amount of contaminant adsorbed. The adsorption kinetic models such as PSO, PFO, 
intraparticle diffusion, and Elovich are commonly applied in adsorption process 
investigation for PAH removal by surfactant-modified clay adsorbents. A kinetic 
study that used cetyltrimethylammonium bromide (CTAB) modified montmorillonite 
has indicated the involvement of pore mass transfer and the significant role of chem-
ical adsorption in the PAHs adsorption process. It has further described that, at the 
initial stage of the adsorption, external mass transfer resistance can be overcome by 
the concentration gradient which constitutes a high adsorption force. Moreover, this 
has led to the easy capture of PAHs due to the increased affinity of the active sites on 
the modified clay adsorbent. As the lower affinity active sites get filled, the adsorp-
tion rate change from fast to slow and at last, reach equilibrium. During the mass 
transfer process, the contaminant is adsorbed across the boundary layer around the 
clay adsorbent by the external mass transfer adsorbing on modified clay active sites 
through chemical and physical bonds. The contaminants (adsorbate) enter the inte-
rior of the clay adsorbent through the internal mass transfer (pore wall or holes). The 
intraparticle diffusion model is generally used to investigate the control mechanism 
of the contaminant adsorption process. In the previously mentioned study, the linear 
form of the intraparticle diffusion model (Fig. 1) equation (Qt = Kit0:5 + C where Ki 

(min−1) is the diffusion rate parameter of the intraparticle diffusion model) had been 
applied. The higher slope of the curve at the beginning indicates the rapid adsorption 
occurring on the modified clay surface and with time the adsorption rate gets slowed 
down until reaches the equilibrium. During the adsorption process, particle diffusion 
and the boundary layer diffusion which are the slowest steps control the rate of the 
entire process [7].

4.2 Inorganic Pollutants Removal 

According to some reported literature, electrostatic interaction plays a major role in 
anionic pollutant adsorption mechanisms by surfactant-modified clay materials. In 
a study that tried to remove PO4 

3– by LaO-modified Montmorillonite (LaOMt) and 
Gemini surfactant-modified Montmorillonite (Mt) clay, it has been suggested that the 
availability of 2p orbitals has the ability to lead to successful adsorption by LaOMt. 
Further, this electrostatic interaction is reported as favorable at high pH values. 
Further in this study, because certain phosphate adsorption sites were imbedded 
and eventually became accessible as a result of the hydration of LaOMt in solutions, 
Elovich model fitting has revealed that phosphate absorption was a diffusion-limited 
process. Moreover, the good fitting of nitrate uptake by the pseudo-second-order 
model indicated that the chemisorption dominated the adsorption process which
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Fig. 1 Intraparticle 
diffusion for the PAH 
(Ace–acenaphthene, 
Flu–fluorene, and 
Phe–phenanthrene) 
adsorption onto surfactant 
(CTAB) modified 
montmorillonite clay [7]

might involve the valency forces through sharing or exchanging electrons between 
adsorbate and adsorbent [16]. 

An arsenic adsorption study by the surfactant (HDTMA) modified smectite 
has suggested an anion exchange mechanism during the adsorption process as 
follows [20]. 

[HDTMA − smectite] Br−(s) + H2AsO
− 
4 (aq) 

→ [HDTMA − smectite]H2AsO4(s) + Br−(aq) (1) 

[HDTMA − smectite] Br−(s) + HAsO2− 
4 (aq) 

→ [HDTMA − smectite] HAsO4(s) + 2Br−(aq) (2) 

Counter ion available in HDTMA surfactant and Br- is exchanged with HAsO4 
2− 

ions. Smectite consists of Si–OH bonds at the outer surface which undergoes proto-
nate or deprotonate depending on the solution pH. Therefore, higher arsenic adsorp-
tion can be observed at low pH. pH above 8, the surface becomes negatively charged 
then repulsion occurs [20]. In another study arsenic ion adsorb into HDTMA-Br 
modified kaolin clay has been described via chemisorption (As(V)) and physisorp-
tion (As(III)). The external surface adsorption onto the micropore surface attaches 
As(III) physically. Due to the intraparticle diffusion into the micropore and mesopore 
of the adsorbent arsenic adsorption can undergo ion exchange with OH- as well [19]. 

In addition to the above, metal ion adsorption mainly occurs through chem-
ical complexation [17]. As potential adsorption mechanisms of Cd2+ by magnetic 
bentonite clay (BS-MBt) modified with surfactants, ion exchange, surface complexa-
tion, and electrostatic interaction have been proposed. In addition, chelation has also 
considered as a Cd2+ adsorption mechanism onto BS-MBt. It has been reported that, 
the presence of amidocyanogen group in BS-CT-MBt has an inhibitory effect on the
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Cd2+ adsorption owing to electrostatic repulsion. In contrast, electrostatic attraction 
functions to induce the Cd2+ adsorption on BS-SDS-MBt due to the presence of 
sulfur group in the material. 

Furthermore, an interesting phenomenon has been reported for the Cd2+ adsorp-
tion on surfactant modified clay minerals based on their negative and positive charges. 
A slight difference in the Cd2+ adsorption capacity under acidic pH (3.0) condition has 
been observed between the positively charged BS-MBt and the negatively charged 
BS-MBt. Comparatively the positively charged BS-MBt has a slightly high adsorp-
tion capacity. This phenomenon has been attributed to the interactions between organ-
oclays and metal ions through ion exchange but surface complexation has a great 
contribution than electrostatic interactions. Due to more exposed negatively charged 
functional groups (such as carboxyl and sulfo groups), BS-SDS-MBt had more nega-
tive charges than MBt. This has the ability to further increase the Cd2+ adsorption 
capacity of BS-MBt and BS-SDS-MBt. However, BS-CT-MBt has shown poor Cd2+ 

adsorption for Cd2+ among adsorbents and has demonstrated a poorer Cd2+ adsorp-
tion ability than MBt. On the other hand, BS-CT-MBt was positively charged over 
the whole pH range, which had a repellent electrostatic effect on Cd2+ and resulted 
in a noticeable decrease in Cd2+ adsorption onto BS-CT-MBt [30] (see Figs. 2 and 
3). 

The major thermodynamic parameters such as enthalpy, entropy, and Gibbs free 
energy are examined to analyze the scientific application of a process. The values

Fig. 2 A schematic of the adsorption process of heavy metals using adsorbents modified by cationic 
surfactants [32]



250 M. D. R. Perera et al.

Fig. 3 A schematic of the uptake process of heavy metals using adsorbents modified by non-ionic 
surfactants [32]

of /\Hz and /\Gz are negative for almost all modified clay adsorbents, showing that 
the inorganic pollutant adsorption process is exothermic and spontaneous. 

5 Summary 

The adsorption technique is a better-suited water pollutant remediation approach 
among other approaches. Further, surfactant modification of clay minerals outlined 
here has the potential to remove organic and inorganic water contaminants more 
effectively. Surfactant types including cationic, anionic, non-ionic, and zwitterionic 
have been applied in modifying different clay minerals for pollutant adsorption while 
undergoing several adsorption mechanisms. Moreover, the adsorption performance 
is strongly affected by the factors such as type and size of the surfactant, surfactant 
dosage, adsorbent dosage, pH value of the adsorption media. In conclusion, in order 
to fulfill the fundamental requirements of good-quality water, surfactant-modified 
clay adsorbents can be considered excellent materials. 
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Clay Polymer Composites



Imaging Methods for Characterization 
of Polymer Clay Composites 

R. T. Mohotti, C. V. Ihalavithana, and N. M. Adassooriya 

Abstract Clays and composites have received quite a deal of attention recently 
mostly due to its advanced properties while being environmentally and economically 
feasible. Polymer clay composites are made up of synthetic or natural clay combined 
with a polymer. While each constituent has its own advantages when incorporated 
together, various properties of interest can be improved by numerous methods such 
as varying the aspect ratio, mechanical and physical dimensions, and the intercalation 
properties. In order to establish an optimal relationship between the structure and 
its properties, proper methods are needed to characterize these morphologies. Up to 
date, various methods such as optical, electron and magnetic imaging techniques, 
light scattering, and microscopic imaging in 2D and 3D have been used. Each method 
is used based on the required sensitivity and output. This chapter focuses on the 
imaging techniques of characterization of clay polymer composites. 

1 Introduction 

Over the years, it has been seen that the development of polymer clay composites has 
been on the rise, owing to the wide array of properties of interest that the composite 
product brings. The incorporation of even a relatively small amount of clay in a 
polymer matrix has been seen to increase the mechanical and material properties of 
the polymer vastly in comparison to the polymer or the filler material alone. Prop-
erties such as mechanical, thermal, electric barriers, electrical conductivity, water 
absorption are improved and enhanced with composite formation. The interfacial 
interactions of the polymer and the clay filler can be viewed as the reason for these 
enhanced properties. The preparation of polymer clay composites can also be applied 
commercially and is thereby gaining a huge revenue. As of today, a significant amount
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of research has been done with respect to synthesis methods, applications, materials, 
and properties. However, we are yet to discover the mechanisms of the enhancement 
of these materials. 

Clay is made up of silicates stacked on top of each other bound together by 
Van der Waals forces. They are generally anisotropic [1], hydrophilic in nature, and 
incompatible with most polymers. To make these combinations more compatible, 
surface modification, and functionalization of clay can be done which disperses the 
clay in the polymer matrix [2]. The applications of clay can be attributed to its 
structure and composition, and properties such as particle size, surface chemistry, 
shape, surface area, viscosity, color, plasticity, absorption, adsorption, and much 
more. 

Polymers are made up of large molecules where molecules are linked to each 
other through covalent bonds. They can be amorphous or semi-crystalline in structure. 
Properties of polymers can be tuned through the incorporation of clay fillers. Polymer 
clay composites are formed by separating the individual silicate layers of the clay in 
the polymer. This helps in more effective functionality of the individual clay layers. 
Then, by a small incorporation of clays in the polymer, the material properties like 
modulus, gas barrier properties, heat distortion temperature, etc. can change vastly. 

Based on the interphase forces between the polymer and the clay, there are various 
morphologies [3], namely intercalated composites, flocculated composites, and exfo-
liated composites. Intercalated composites are those where alternative layers of clay 
and polymer chains are inserted, and the structure is crystallographically regular. With 
a structure similar to intercalated composites, flocculated composites are formed, 
however, due to the interaction of the edges of the hydroxyl groups of the silicate, 
flocculation occurs. Exfoliated composites are those where individual clay layers are 
randomly separated in the polymer matrix. The separation distance depends on the 
clay loading. These behavioral changes can be observed through imaging techniques, 
and conclusions can be reached as to whether synthesis has been performed properly. 

In order to understand the behavior of the composites with the variations of the 
polymer-filler interface, morphology, and nature, it is helpful to dive deeper into the 
structure of the composites and visualize the 2D and 3D structures. 

1.1 Characteristics of Interest of Clay Composites 

Many of the improved properties of polymer clay composites arise from the extensive 
interface and interactions between the polymer and the clay. Thus, the intercalation, 
exfoliation, and clay polymer interactions with respect to the composition of the 
components and processing conditions are crucial to be identified in order to better 
understand the relationships of property escalation. The higher the clay dispersion 
and exfoliation, the better the properties. Interactions at interfaces, confinement of 
polymer chains at clay interlayer galleries can affect thermodynamic and kinetic 
processes responsible for dynamic behavior.
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Many important chemical and physical properties are governed by surfaces and 
the boundaries of the grains in the material. Surface analysis can be performed for 
an extensive representation of these properties. 

Volatiles in the composite are released during degradation. Delaying the volatile 
matter release can delay the degradation of the composite, and this knowledge on the 
degradation characteristics of the composite can be useful in various applications. 
The degree of exfoliation, distance between clays and volume fraction can all affect 
the degradation behavior [4]. 

The properties of a clay polymer composite are a function of filler size, 
shape, dispersion, and interactions of the matrix and the filler. Information on the 
composite’s morphology, conductivity, fracture points, etc. can be identified. 

1.2 Available Imaging Techniques 

Typically, various imaging and characterization techniques are used in combination 
for a better comprehension of the relationships of clay polymer interactions. 

The current imaging techniques available in characterization can be categorized 
as optical, magnetic, X-Ray, electron microscopic imaging. Though a plethora of 
techniques can be identified in the current context, this chapter will be focusing on a 
few main techniques that are abundantly used in the characterization of polymer clay 
composites. To obtain a better understanding of the results, it is advised to crosscheck 
the results with other characterization techniques. Hence, this chapter will also outline 
a few main other techniques that would be useful in getting a precise analysis of the 
results.

. Optical imaging: 

– Fluorescence Spectroscopy 
– Laser Scanning Confocal Microscopy (LSCM)

. Magnetic imaging: 

– Nuclear Magnetic Resonance imaging (NMR)

. Electron microscopy: 

– Scanning Electron Microscopy (SEM) 
– Transmission Electron Microscopy (TEM)

. Probing techniques: 

– Atomic Force Microscopy (AFM)

. X-Ray techniques: 

– X-Ray tomography
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. Other characterization techniques of interest: 

– X-Ray Diffraction (XRD) 
– Infra-Red techniques (IR) 
– Raman Spectroscopy 

The chapter focuses on a brief introduction to the working of the equipment, and 
the applications of it. Furthermore, the sample preparation and analysis of results 
will be highlighted briefly with its applications in an environmental approach with 
an overlay of its advantages, disadvantages, and further modifications. The reader is 
directed to further reading in terms of the principles and operation of the technique 
and equipment. Finally, choosing the right technique for the relevant application is 
essential, since this determines the accuracy and the interpretation of the output, and 
therefore this factor will be highlighted in this chapter as well. 

2 Imaging Techniques 

2.1 Electron Microscopy 

Over the past years, electron microscopy (EM) has been a technique of high demand 
due to the versatile and the high-resolution imaging performance it possesses. EM 
uses focused accelerated electrons as the source and thus has a wavelength that is 
about 1000 times smaller than that of visible light, making it useful for imaging. 
Images are created by electrons falling on the surface, and higher energy electrons 
have the ability of penetration, creating under the surface images. However, limi-
tations to this technique do exist, such as, the need of a vacuum for the emission 
and transmission of electrons and the damage caused to samples by electron beams. 
Despite this, a variety of electron microscopy techniques do exist, their applications 
extending to numerous fields of study. This chapter will focus on two of the main tech-
niques used abundantly, the Scanning Electron Microscope (SEM) and Transmission 
Electron Microscope (TEM). 

2.1.1 Scanning Electron Microscopy (SEM) 

The scanning electron microscope or SEM is an ideal choice for the imaging of the 
surface morphologies of a clay composite due to its easy sample preparation, user 
friendly interface, and simple interpretation of results. The SEM offers 3-dimensional 
images of high resolution and can be used for characterizing various other properties 
of interest as well. 

The SEM operates on a simple principle of detecting secondary backscattered 
electrons. An electrical optical column having an electromagnetic lens demagnifies 
an electron beam so that it can be directed to the surface. Atomic sized electrons
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through the beam with energies in the range of 1–50 keV are then scanned across 
the specimen surface. The resulting signal is collected by an electron beam detector. 
The resolution of the final image obtained depends on the electron beam spot. This 
is inversely proportionate to the accelerating voltage. Accelerating voltage is the 
voltage given to accelerate the electrons from the electron gun and provide an image. 
This determines the speed of the electrons, and the resolution of the image. 

The scanning electron microscope provides in-depth details of various properties 
of interest in the area of clay composites. The main applications of the SEM are 
in obtaining surface morphology, composition of materials, particle arrangement, 
particle boundary relationship, growth mechanics of the crystals and topography 
(roughness, texture). 

One main point of concern of the SEM is its sample preparation technique. Based 
on the working principle of the SEM, the electrons have to pass through the surface 
of the sample, and scatter/reflect back to the electron detector. For a better accuracy 
of the results, it is important that the sample remains unaltered. The electrons that 
impinge from the beam should dissipate through the specimen and to the stage 
without accumulation for a better image to be shown, and a conductive path should 
be formed for this purpose. Thus, the sample preparation will differ for metals and 
non-metals based on the conductivity of the material. 

For polymer clay composites, the material preparation involves the following 
steps. In metallic compounds, no additional preparation is required, except for 
cleaning and mounting on the specimen holder. Nonconductive specimens need to be 
coated with a conductive material since they tend to charge and accumulate electrons 
on the surface. They are usually coated with a thin electrically conductive material 
like carbon or gold through means of sputter coating or thermal evaporative coating. 

The SEM detects secondary electrons and backscattered electrons. If the incident 
electron beam falls on a cavity or a flat surface, the image results in a dark region. 
A bright area is seen if the primary beam impinges on an asperity since a higher 
number of electrons would then leave the surface. 

Interpretation of an SEM image is simple, and the point of analysis varies based on 
the objectives of the research. Various research were highlighted in relevance to soil 
sciences which used SEM imaging to identify surface characteristics. Cavallaro [5] 
prepared nanocomposites of polyethylene glycol filled with clay nanotubes (HNT). 
The amounts of HNT varying the properties were studied. SEM was used to observe 
the filler dispersion in the polymer matrix, and the results showed filler dispersion in 
the core, surface, and micro edges of the material. The sizes of craters in the surface 
were also analyzed. 

Notable research in the area of nitrogen inhibition was conducted by Saurabh 
where nanoclay polymer composites were synthesized with bentonite and acrylic 
acid and loaded with urea and nitrification inhibitors. SEM images have revealed 
pores and cracks, indicating the roughness of the surface. The homogenous nature 
of the dispersion of the clay in the polymer was also observed [6]. 

Clay polymer composites are used as controlled release fertilizer and the surface 
morphology is an important point of concern since it relates to information on release 
rates, absorption, etc. Mandal [7] observed the fractured morphology of a composite
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that was sputter coated with gold-palladium for SEM observation and observed 
increased roughness that showed variations in surface texture. Clay aggregates were 
scattered non-homogeneously that indicated exfoliated nature which could be devised 
to determine moisture characteristics, release patterns, and biodegradability. Similar 
research [8] in preparing nanocomposites for rainfed agriculture also used SEM to 
identify the sizes of particles as to whether they are nano-sized. The texture was also 
observed for better characterization and conclusion on release patterns. 

SEM is beneficial in terms of its versatile uses, 3-dimensional imaging, and easy 
operation. However, this is a costly and large equipment and has to be housed such 
that it has no magnetic, electric, or vibrational interference. 

2.1.2 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) with a number of imaging modes, is now 
a highly sought method for particle size analysis and size distribution of particles 
from less than a few nanometers up to micrometers [9]. 

The Transmission Electron Microscope features the formation of images of atomic 
arrangements of materials. It provides a microstructural view with the interfaces and 
material structures. 

The principle of operation of the TEM is that a high energy beam of electrons is 
accelerated through a very thin sample of the specimen, and the interaction that occurs 
between the electrons and atoms is used to highlight certain features of interest. A 
beam is focused on the specimen and part of it is transmitted back depending on 
the thickness and electron transparency of the specimen. It is the principle of the 
optical microscope but instead of light uses electrons, providing a better resolution, 
and hence, very detailed images of microstructures. 

An aperture is placed in the back focal plane to select only the transmitted beam for 
image formation. Scattered and diffracted beams are not taken into consideration, 
with the resulting image consisting of these areas where fewer electrons transmit 
are darker, and those that do not scatter or more electrons transmit appear lighter. 
Furthermore, the intensity of the transmitted beam depends on absorption, and hence 
the thicker zones or those that are heavier would result in darker zones in the image, 
while the rest will appear lighter [10]. 

TEM is useful in characterizing the 3D microstructure: outlining the dimensions, 
orientation, distribution, morphology, surface area, etc. Quantizing these details will 
better portray the thermal behavior of the composite, thus giving specific information 
about the characteristics of the final composite. TEM also provides information on 
the spatial distribution and structural homogeneities. 

In all TEM sampling, the sample preparation is a key step that determines the 
final results of the analysis. Sample preparation is a bit rigorous when analyzing a 
sample through the TEM. Ultrathin slices of the sample need to be obtained since 
transmission with minimal energy loss has to occur, and this can be done by extracting 
sections using a ion focused beam. Thin polymer films can also be manufactured by
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deposition of material to a thin layer depending on the material. The accelerating 
voltage usually used for TEM is 100 keV for a better resolution [9]. 

Special considerations should be extended to exposure times and exposure voltage 
with layered silicates [11]. Exposure time cannot be very large, then clay layers can 
disappear from the image and interlayer spacing changes. This occurs since under 
electron beams the clay sample can dehydrate and collapse with prolonged times. 

Once the clay is integrated in the polymer matrix, the extent of clay platelet sepa-
ration determines the microstructure of the composite, and hence the final properties 
of the composite [4]. To investigate this phenomenon, TEM is useful here in terms of 
providing a direct observation of the degree of exfoliation in the matrix [4]. However, 
TEM only provides a 3D projection of the orientation and dimension of the objects on 
a 2D plane, which cannot be accurately measured [4]. Therefore, the characterization 
becomes qualitative and indecisive. Individually characterizing each layer is possible 
to minimize this disadvantage, however, this is time consuming and impractical. 

Sarkar et al. synthesized a polymer composite with soil clay suitable as a super-
absorbent for water and nutrient uptake [12]. This was analyzed using the TEM. The 
sizes of the particles were critical in identifying whether nanoparticles were formed 
for a better absorbency. Using the sizes of the TEM images and an aspect ratio, 
dimensions can be obtained. This value was cross checked with that obtained from 
the XRD results. Disparities that occurred were related to the bonding nature of the 
components. 

A clay polymer composite was prepared as a biodegradable packaging material 
[13]. Characterization was conducted by TEM with an accelerating voltage of 100 kV. 
Ultrathin slices (~50 nm) were cut using a diamond knife. By observing the TEM 
images, a representation of the agglomeration together with the intercalation zones 
was observed. 

2.2 Probing Techniques 

2.2.1 Atomic Force Microscopy (AFM) 

Atomic force microscopy or AFM is ideally suited for characterizing nanoparticles 
and nanocomposites. It provides information on a variety of physical characteristics, 
such as size, morphology, surface texture, and roughness, in both qualitative and 
quantitative forms. It is also possible to determine statistical information such as 
size, surface area, and volume distributions [14]. 

Unlike the electron microscope, AFM provides a three-dimensional profile and 
can be conducted in ambient air without any special treatment (such as metal-carbon 
coating) that would change or damage the sample [15]. 

AFM is performed by using a probe, which includes a tip fixed to the free end of 
a flexible cantilever. The probe scans the sample, and tip moves in response to tip-
surface interactions. This induces a change in cantilever deflection that is recorded by
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means of different techniques, mainly using the optical lever system. The processing 
signals generated by these interactions allow for analyzing local properties of the 
object [15, 16]. 

The two principal operating modes of AFM are contact and tapping. In contact 
mode, the AFM tip is continuously in contact with the surface. Tapping is the most 
used mode for imaging. In the tapping mode, the cantilever is vibrated above the 
sample surface reducing shear force associated with tip movement as the tip is in 
contact with the surface only intermittently [15]. 

AFM analysis is one of the most helpful analytical tools for clay composites in 
environmental applications. Three-dimensional (3D) AFM images were obtained for 
both polysulfone (PSf) and organoclay embedded PSf nanocomposite membranes 
prepared for arsenate removal from contaminated surface water. Since contact 
mode may finally damage the membrane, surface tapping mode was used. The 
images revealed that the nanocomposite membranes presented larger roughness 
parameter than neat PSf membrane on account of the increased pore size on 
membrane surface [17]. 

Foroutan and his team used AFM to assess the surface properties and to evaluate 
the surface roughness of Iranian natural clay and clay/Fe–Mn composite to remove 
toxic arsenic from the liquid environment. The results showed an increase in rough-
ness on the surface of the clay/Fe–Mn composite due to the presence of Fe–Mn which 
could lead to a higher specific surface area, and thus, a higher number of sites for 
the adsorption of contaminants [18]. 

The AFM images of sodium alginate–halloysite clay composite aerogel (SAHA) 
for oil/water separation prepared via a two-step synthesis procedure, including ionic 
crosslinking and freeze-drying were compared with sodium alginate aerogel (SA) 
to quantify the surface roughness. From the amplitude trace scan and 3D images, 
the SAHA aerogel showed an increase in surface roughness having unsmooth and 
uneven surfaces with major crest and trough features [19]. 

Matusik and his team used AFM to confirm a very good dispersion of kaolinite 
nanotubes which undoubtedly had a significant impact on the measured mechan-
ical parameters and high homogeneity of biodegradable polylactide/clay composite 
obtained by an intercalation/deintercalation method as an environmentally conscious 
alternative [20]. 

2.3 Magnetic Imaging Techniques 

2.3.1 Nuclear Magnetic Resonance (NMR) Spectroscopy and Imaging 

NMR Utilizes the magnetic resonance of the nucleus to determine the structure of 
compounds. Over the past years, NMR has grown to be a useful tool in determining 
the physical and chemical properties of compounds, featuring molecular identity 
and structure. When polymers are intercalated amidst clay molecules, it gives rise 
to molecular reordering that changes chain conformation and mobility. Based on the
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specific application, NMR is a versatile tool that offers a plethora of applications in 
determining these changes. Properties of clay composites can be studied as a function 
of surfactant loading, nature of the head group and length of the hydrocarbon chain 
[21]. NMR is the only tool that provides angstrom resolution of molecules in solution 
and non-crystalline solids. 

NMR is a technique that is based on the phenomena of external radiation inter-
acting with atomic nuclei. In the midst of a magnetic field, NMR-active nuclei align 
themselves in two orientations parallel or antiparallel to the magnetic field. This is, 
however, hard to detect in an NMR experiment since the magnetic field is too strong 
in that direction. It is helpful if the magnetization of the z component is transferred 
to the x–y plane. Magnetic resonance is achieved when external irradiation occurs, 
where orientations of the nuclei are changed due to transitions between energy levels. 
Therefore, a magnetic pulse is applied perpendicular to the z direction that reaches 
the resonance of the nuclear spins and transfers a vector component to the x–y plane. 
Then a relaxation process occurs where the nuclei lose its energy which produces 
a signal detected by the detector. Through a Fourier transformation, this signal is 
plotted as a peak. The separation of energy levels depends on not only the nucleus 
and its magnetic spin, but also the environment of the nucleus. This is called chemical 
shielding and can be used to distinguish molecules separately. The effect of shielding 
results in fine structuring of peaks. Imaging is achieved through the application of 
a linear magnetic field gradient on top of the initially applied magnetic field. The 
gradient can be rotated electronically and a series of projections at different angles 
are obtained to create an image [22]. 

As mentioned, NMR is a versatile tool for obtaining information on the molecules 
of a sample. Chemical groups and structure of the molecule can be identified, 
giving information on the content and purity of the molecules, extending these to 
getting information on phase changes, solubility, diffusion, etc. NMR can be used 
to complement FTIR data and provide additional information on intercalation of 
compounds. NMR studies have shown that presence of clay affects phase behavior 
and mobility depending on the composition, degree of exfoliation, synthesis and 
processing conditions. 

Sample preparation does not require extensive steps, the sample size and solvent 
amount required depends on the type of the NMR. A major advantage of NMR 
is the ability to analyze samples without modification, and they do not need to be 
crystalline. The sample is dissolved in the NMR solvent, centrifuged, or directly 
packed in the sample holders. In analyzing specimens, focus has to be given to the 
main frequency, magnet strength and probe coil diameter and temperature [23]. 

A quantitatively study on the effects of the soil improvers on soil pore size distri-
bution was done by Huang et al. Through characterization by NMR, they detected 
the soil pore structure effectively and non-destructively. Using the relaxation curve, 
the soil water characteristic curve was obtained [24]. 

A modified soil structure as a clay polymer composite was prepared [23]. An 
NMR imaging was conducted to observed adsorption and storage of free water by 
the resin.
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Bouznik investigated the influence of surface treatment on water absorption in 
polymer composites using NMR spectroscopy and imaging techniques [25]. It was 
revealed that surface rough treatment improves water absorption, but this penetration 
of water occurs only through the surface in a thin layer [25]. The spatial water 
distribution was observed through imaging and preferable water pathways were seen. 
These results could be used for a variety of applications in many areas. 

A study to mitigate the risk of soil erosion was conducted by introducing new clay 
polymer composites [26]. NMR was used to quantify the effects of the polymer and 
soil moisture absorption. The study revealed that the ratio and content of the polymer 
ADNB had an effect on the soil water characteristic curve and water holding capacity 
was improved. 

2.4 Optical Imaging 

2.4.1 Fluorescence Spectroscopy and Imaging 

A direct visualization of the clays into the polymer of the composite materials are 
accomplished using fluorescence microscopy. The concepts underlying fluorescence 
and the optical separation it undergoes using filters do not change, but the design of 
microscopes changes to improve image contrast and spatial resolution. In this device, 
the entire specimen (or wide field of view) is concurrently illuminated by a parallel 
beam of light in order to excite the fluorophore(s) it contains via the filter block. 
Traditionally, the requisite wavelengths are chosen using specialized optical filters, 
and the excitation light is produced by a mercury or xenon high-pressure bulb (as 
described above). In contrast, just a small portion of the specimen is illuminated at a 
time using laser scanning microscopes, which requires the laser beam to scan across 
the specimen in order to produce a picture [27]. 

Commercial clays Cloisites Na+, 30B, and 20A were utilized as fillers in 
polypropylene to create composites that could be examined using fluorescence 
microscopy. These clays were colored with the fluorescent dye Rhodamine B. Bright 
fluorescent images of Cloisite aggregates labeled with the dye were produced by 
fluorescence imaging, enabling non-invasive visualization of the 3D dispersion of 
the labeled fillers in the polymer matrix. To calculate the degree of dispersion, the 
images were examined for the size distribution of the fluorescence grains. According 
to the findings, Clo20A can spread uniformly throughout the polymer matrix to create 
a composite material [28].
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Fluorescence spectroscopy refers to a type of spectroscopic method, where the 
fluorescence from the object of interest is measured after excitation with a beam 
of light (usually ultraviolet spectra) [29]. They are used to examine optical proper-
ties and electronic transition behaviors of hybrid composites such as clay polymer 
nanocomposites [30]. 

One of the widely used analytical tools in the determination of elemental/chemical 
composition of ceramic materials is the X-Ray fluorescence (XRF) spectroscopy. 
Following that, the behavior of Ghanaian-based bauxite red mud-Tetegbu clay 
composites were investigated for their applicability in the ceramic brick construction 
industry as a means of recycling bauxite waste. The XRF mineralogical composition 
of the samples were determined by XRF spectroscopy. For trace element analyses 
the sample was mixed with a PVA binder and pressed into a pellet using a 10-ton 
press [31]. 

Clay colloids and dialkyldimethylammonium surfactants combined in an aqueous 
suspension to form the composite films for catalysis application were studied by using 
fluorescence spectroscopy. The results concluded that the suspension method could 
be extended to composite films [32]. 

To address the restrictions shown by organic material such as being quenched 
after aggregation and low photo-thermal stability in the field of pollutant analysis, a 
novel mineral/dye composite material was prepared by intercalating a fluorescence 
molecule Rhodamine (R6G), into the interlayer space of montmorillonite (MMT). A 
fluorescence spectrophotometer with a photomultiplier tube and an excitation source 
with a xenon lamp was used to measure the photoluminescence excitation (PLE) 
and emission (PL) spectra. The emission spectrum indicating that too much or too 
little intercalation of R6G reduced the luminous intensity of R6G-MMT revealed a 
theoretical and experimental foundation for the development of novel supramolecular 
luminescent material [33]. 

A study to synthesize novel clay-biochar composites by incorporating montmo-
rillonite (MMT) and red earth (RE) clay materials in a municipal solid waste biochar 
(MSW-BC) for the adsorptive removal of tetracycline (TC) from aqueous media used 
X-Ray Fluorescence (XRF) to do elemental analysis. The elemental compositions 
of the raw biochar and clay-biochar composites were presented and the percentage 
of Si and Al in MSW-MMT and MSW-RE clay-biochar composites did not increase 
with the clay modification of MSW-BC [34]. 

2.4.2 Confocal Laser Scanning Microscopy (CLSM) 

One of the most significant developments in fluorescence imaging in recent years is 
confocal laser scanning microscopy (CLSM) and it belongs to the family of photonic 
imaging technologies. Although CLSM achieves much lower resolution than electron 
microscopy, it requires far less specimen preparation and is compatible with three-
dimensional (3D) live imaging. Confocal refers to the process of just obtaining an 
image from the focal plane, with any noise brought on by sample thickness being 
optically eliminated. Laser scanning allows for point-by-point picture acquisition
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under localized laser stimulation as opposed to entire sample illumination as in 
traditional widefield microscopy [35]. 

By selectively accessing the fluorescence signals from various planes inside the 
sample and combining the planar images to produce three-dimensional images, this 
technology makes it possible to examine materials in three dimensions. A pinhole 
mechanism is used in CLSM to filter the fluorescence signals from the area of the 
sample where the laser is focused. The pinhole mechanism obstructs the fluorescence 
produced in the areas around the focus point. This makes it easier to create planar 
images by laser scanning of various locations within the sample [36]. 

The growth of microalgae responsible for the biodeterioration of building facades 
in natural environments was investigated on external thermal insulation composite 
systems (ETICS) and clay bricks. The adhesion of biofilm which consists of a 
complex microbial population embedded in a polymer matrix was indirectly deter-
mined by CLSM and it clearly demonstrated that bioreceptivity of the building 
materials assayed is strongly affected by surface roughness and total porosity [37]. 

Biocompatibility of Halloysite was studied as it is important for its potential appli-
cations in polymer composites, and it is a natural product which will not add risk to 
the environment. Confocal micrographs were taken with a confocal scanning system 
and equipped with immersion objective and their Z scan and XY scans images were 
acquired to demonstrate internalization of nanotubes into cells and halloysite toxicity 
and visualized the process of cell uptake of fluorescently labeled clay nanotubes [38]. 

A polymer composite based on tetra-n-butylammonium bromide (TBAB hydrate), 
poly (vinyl alcohol), and halloysite clay nanotubes for the cold storage were studied 
as both halloysite clay nanotubes and poly(vinyl alcohol) cryogel are biocompatible, 
and encapsulation of tetra-n-butylammonium bromide hydrate in such material will 
protect the environment from harmful effects of a quaternary ammonium salt and 
expand the scope of this cold accumulator. The structure of the cryogel samples 
was studied by confocal microscope and the distribution of Hal, however, could be 
revealed only by the confocal micrograph [39]. 

Polymer-driven flocculation of suspended particulate is a commonly used tech-
nique in applications such as water treatment. Wilkinson investigated the effects 
of complexities of polymer flocculation toward improving reagent polymer dosing 
[40]. An inorganic clay, bentonite, having large water absorption capacity, was used. 
Confocal laser scanning microscopy was used to examine the internal floc structure. 
It was observed that when the aggregate size remains relatively constant, the internal 
floc structure also remains constant, regardless of pH. These results can be used for 
optimization of applications.
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2.5 X-Ray Techniques 

2.5.1 X-Ray Tomography 

Over the past years, X-Ray computed tomography has been a well-established tech-
nique in modern characterization. This technique is widely used in medical applica-
tions; however, it is expanding to other fields in polymer research as well, mainly in 
the applications of three-dimensional volume representation and quantitative material 
analysis of ceramics and composites. 

The basic principle of X-Ray CT is that the sample is placed between an X-
Ray source and a detection device, and projective images are recorded from various 
angular positions. X-Rays directed at the image from multiple orientations, decrease 
in intensity along the paths. This decrease is then characterized by Beer’s Law, which 
describes intensity reduction as a function of the energy, path length, and material 
linear attenuation coefficient. These factors are then used to construct the distribution 
of X-Ray attenuation in the volume being imaged. 

Eiler investigated the water diffusion in polymer composites [41]. Through the 
imaging of X-Ray micro-CT, they examined the internal structure of the polymer 
composite and calculated the inter-particular distance. The individual hydrogel parti-
cles were visualized before and after incorporation to the polymer matrix, and effec-
tive particle volume fractions were obtained. This study can be extended to numerous 
other applications. 

Soil scientists have also been seen to use X-Ray CT to characterize soils, their 
3D structures and pore networks [42]. This feature can be extended to polymer 
composites in this field due to the nondestructive imaging ability that this technique 
offers. 

2.6 Other Characterization Techniques of Interest 

2.6.1 X-Ray Diffraction 

X-Ray diffraction is a powerful nondestructive technique for mineral characterization 
with a wide array of applications in many fields. X-Ray diffraction is based on 
the occurrence of constructive interference between monochromatic X-Rays and a 
crystalline sample. The law that governs this occurrence, Braggs’ Law, relates the 
wavelength of electromagnetic radiation with the lattice spacing of the crystal. X-
Rays pass through the sample, and these diffract when passing through the lattice. 
These diffracted rays are detected and counted throughout the directions of the lattice. 

Polymers are highly crystalline, semi-crystalline, micro crystalline or amorphous 
and sometimes can be a combination of more than one of these forms. The final 
properties of the polymer depend on this form, and this can be identified by XRD 
analysis.
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XRD is generally used to identify unknown crystalline materials. Further exten-
sion of its basic applications includes characterization of crystals, identification of 
fine-grained minerals, determination of unit cell dimensions, and measurement of 
sample purity. It presents direct evidence of the intercalation of polymer chains to 
clays, and is useful in analyzing phase, unit cell, crystal arrangement, spacing of 
atomic layers [43]. XRD is also useful in determining the degree of intercalation and 
exfoliation of clay into the polymer. 

Knowledge about the atomic number and atomic position within the cell is deter-
mined by diffraction peak intensity, while diffraction peak position provides infor-
mation about the size and shape of the unit cell [44]. Measurements are carried out 
in angstroms (equivalent to 0.1 nm). 

Proper sample preparation is vital in analyzing a specimen by XRD, especially 
in materials like soils and clays which have finely divided colloids which are poor 
reflectors of X-Rays as well as other materials that can make X-Ray diffraction 
difficult [45]. Sample preparation should be conducted to remove contaminants, 
while obtaining the proper particle size, orientation, thickness, and other parameters. 
Specimens being fine grained is essential for minimal noise, as well as to ensure 
proper diffraction. 

XRD is advantageous in terms of its non-destructivity, fast and easy sample prepa-
ration, ability in characterizing crystalline and amorphous materials, high accuracy 
for d-spacing calculations. However, XRD can require large amounts of sample and 
be time consuming. 

The phenomena of intercalation and exfoliation can be identified through an anal-
ysis of the XRD spectrum. Considering the basal interlayer spacing after mixing 
the components, and if all the peaks do exist, it can be concluded that intercalation 
has occurred [13, 43]. Exfoliation is shown through very weak or missing peaks in 
the spectrum, indicating that the clay is fully dispersed in the polymer matrix [43]. 
A similar analysis was done in a study of water and nutrient absorption [8] where 
reactions between the clay and polymer were derived by how various peaks shifted 
and disappeared with intercalation and exfoliation. These properties gave further 
information as to the variations factors such as water absorption and nutrient release 
rates. 

Ludeuna [13] used the interlayer spacing to conclude on the degree of inter-
calation, and thereby the clay dispersion degree. This was used to reveal data on 
mechanical and barrier properties. 

Mandal [7] used XRD imaging to indicate the presence of impurities. Analysis 
of characteristic peaks of various compounds were used to derive information on 
exfoliation, dispersion, etc. 

A superabsorbent preparation for absorbing nutrients and water was synthesized 
[12]. Typically, these superabsorbent are hydrophilic polymers, but they have low 
physical strength and are unsuitable for saline containing soils, so they can be inter-
calated with soil clays for better performance. The width of the XRD peak was used 
to calculate the thickness of the clays. Reactions between clay and polymer were 
analyzed. The peak location before and after the interaction gives an indication as to 
how reactions have been carried out. This paper too showed through XRD analysis
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whether intercalation had occurred or whether it was a surface reaction. This was 
attributed to the structure and reactivity differences of the clays. When the typical 
diffractive peak disappeared after the reaction, it could be concluded that interca-
lation had occurred. This information is useful to gain an insight into how further 
modifications could be done in the clays to get the required outputs. 

El-Zahhar synthesized a polymeric composite with kaolin as a dye absorbent for 
the treatment of wastewater [46]. XRD was used to observe the intercalation of the 
polymer in kaolin by the peak shifts and decreased peaks in the composite spectrum. 

2.6.2 IR Spectroscopy 

Application areas for infrared spectroscopy (IR) include identifying chemical 
species, determining chemical species quantitatively or qualitatively, and deter-
mining molecular structure. Utilizing this method, scientists can examine matter 
in its solid, liquid, and gaseous phases [47]. 

By exposing a sample to IR light and tracking which wavelengths and to what 
extent they are absorbed, IR spectroscopy can determine the vibrational spectrum 
of that material. Since the quantity of molecules in a sample affects how much 
energy is absorbed, IR spectroscopy can yield both qualitative and quantitative data. 
Hence, chemical compound’s IR spectrum is arguably its most distinctive physical 
characteristic, IR spectroscopy has several uses in detecting compounds and their 
corresponding quantities [48]. 

Sample preparation and safety strategies must be used for gas phase/liquid phase 
analysis of any sample to obtain a high-quality spectrum of the sample. Avoiding 
water and CO2 absorption from the environment within the range of a typical inves-
tigation is a significant issue for the ordinary functioning of IR analysis. This issue 
is largely alleviated with the aid of double-beam equipment and humidity-controlled 
room conditions [47]. 

Pure clays and polymer nanocomposites are only two examples of the diverse 
materials that have been thoroughly characterized using infrared (IR) spectroscopy 
throughout the years. In case of clay, the IR analysis appeared to be complicated due 
to the silicon–oxygen stretching vibrational modes and Si–O− bonds. However, for 
clay polymer composites IR analysis is used to study the interaction between clay 
surfaces and polymer chains [15]. 

Foroutan and his team applied Fourier-transform infrared spectroscopy (FTIR) to 
identify the functional groups before and after adsorption of arsenic in Iranian natural 
clay and clay/Fe–Mn composite as-prepared to remove toxic arsenic from the liquid 
environment. The results showed peaks due to tensile vibrations of OH (Al–OH 
or deformation of the H2O molecule), asymmetric Si–O–Si, Si–O–Al, and Si–O– 
Mg tensile vibrations and SiO-flexural vibrations and also revealed similar changes 
in both clay and composite after the adsorption of arsenic ions due to interactions 
between functional groups of the adsorbent and the contaminant ions [18].
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An investigation on preparation of Modified Ball clay (MBC) and chitosan 
composite (MBC–CH) and their application for methylene blue (MB) adsorp-
tion from aqueous solution in an industrial prototype fixed-bed column adsorption 
revealed that MBC–CH is a potential adsorbent for cationic dye pollution remedia-
tion. FTIR spectra of MBC and MBC–CH before and after adsorption of MB revealed 
that the presence of more functional groups on MBC–CH composite contributed to 
the faster and higher adsorption process [49]. 

Nanoclay filled composite hydrogels showed high adsorption capacity and 
removal percentage of congo red (CR) and methyl violet (MV) dye from water. The 
hydrogel samples were characterized by FTIR using KBr pellet which was prepared 
in a mold by mixing dry KBr powder with fine powder of the hydrogel samples. All 
the shifting and overlapping signified the strong electrostatic interaction amongst the 
various functional groups of the hydrogels and the fillers [50]. 

Wang and his team recorded FTIR spectra in the transmittance mode and in the 
range of 500–4000 cm−1 at a resolution of 4 cm−1 for prepared montmorillonite 
(MMT) modified with chitosan to remove heavy metal cations by using Co2+ as 
a model ion. The intense new peaks in the composite sample indicated the strong 
interactions present in Chitosan–MMT [51]. 

2.6.3 Raman Spectroscopy 

Raman spectroscopy is based on the Raman effect, which states that when molecules 
in a sample are excited by incoming light with a wavelength between 750 and 
850 nm, the molecules will reflect light with a different wavelength. The wavelength 
of the reflected light enables the identification and discrimination of the chemical 
components in the sample [52]. 

Nanoclay and nanocomposites are studied by Raman spectroscopy to provide 
information about molecular vibrations, which are specific to the chemical bonds 
and symmetry of molecules. This kind of information can be used for sample 
identification as well as to determine the phase composition. 

Titanium dioxide nanoparticles (TiO2) can eliminate organic pollutants from air, 
as well as from wastewater. An investigation on anchoring TiO2 particles tightly to a 
suitable type of matrix to eliminate photocatalytic activity of TiO2 and environmental 
risk due to the mobility of nanoparticles were used Raman spectroscopy to identify 
characteristic anatase bands [53].
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When utilized in the microscope mode, Raman spectroscopy is particularly effec-
tive at characterizing the interactions between the constituents of polymer composites 
and blends. A study on the polyaniline/montmorillonite clay (PANI-MMT) system, 
which utilized natural clay ingredients and a water-based polymerization approach 
to address concerns regarding environmental and health issues, has demonstrated 
this. Here, Raman spectroscopy is used to investigate how the amount of MMT in 
the nanocomposite changes over time, changing the delicate interactions between 
MMT and intercalated PANI [54]. 

Raman spectroscopy is a useful tool for nondestructive characterization. An inves-
tigation on building a nanomaterial to degrade or filtrate pollutants from soils, water, 
or air using natural clays, engineered Ag-nanoparticles (NP), TiO2-NP, and exhausted 
coffee grounds used to identify the main molecular groups present in the samples. 
The results proved that this nanocomposite can also be used to chelate and separate 
other contaminants from soil or water [55]. 

Bentonite (BEN) clay, which mostly consists of montmorillonite, is used in 
a variety of applications, including environment, agriculture, pharmaceuticals, 
cosmetics, adsorbents to remove hazardous substances, and as a catalyst and a compo-
nent in fluorescence probes with high sensitivity. Following that, Raman scattering 
studies were utilized to identify the structural changes present in a novel bentonite 
loaded CuWO4 (BEN-CuWO4) nanocomposite synthesized through hydrothermal 
method [56]. 

An investigation on the microstructure and adsorption capacity of cellulosic 
biomass carbon-based montmorillonite (MMT) composite as a high quality, envi-
ronmental friendly renewable resource used Raman spectrum to characterize the 
nanocomposite and it has showed that the introduction of MMT component can 
enhance the surface performance also induce unavoidable damages to the ordered 
carbon structure [57]. 

3 Choosing the Right Technique 

There are numerous techniques that exist which can give an interpretation of material 
features in various scales and precisions. 

In summary, the advantages and disadvantages of the discussed imaging tech-
niques can be listed down as shown in Table 1.

These techniques vary in their details, scope and type of output information that 
they give, and depending on what our focus is, the technique can vary. Considering the 
imaging techniques that were discussed in this chapter, and their features, choosing 
the relevant technique can be based on the various properties. Furthermore, several 
techniques can be used at once to confirm the results obtained by one technique, the 
results may be compared.
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Table 1 Advantages and limitations of various imaging techniques 

Imaging 
technique 

Advantages Disadvantages 

Fluorescence • Highly sensitive and specific 
• Good selectivity 
• Multidimensional character 

• Dependence on probes 
• Can cause poor signal to noise ratio 

Confocal 
microscopy 

• Superior image clarity 
• Less specimen preparation 
• Can provide 3D images 
• Capable of visualizing 
internal structure 

• Poor resolution 
• Limited number of excitation wavelengths 

SEM • Examines very large area • Cannot image wet samples 

TEM • Provides atomic scale 
resolution 

• Long and sophisticated sample preparation 
techniques 

• Expensive 
• Limited areal coverage 
• Require high vacuum 
• Project a 3D object onto a 1D plane 

AFM • Provides a 3D profile 
• Works in ambient air 
• High resolution 
• cost-effective microscope for 
nanoscale imaging 

• less laboratory spaces 
• Does not require a specially 
trained operator 

• Single scan image size is less 
• Scanning speed is low 

NMR • Nondestructive 
• Easy sample preparation 
• Require small sample 
volumes 

• Expensive 
• Not suitable for molecules of higher 
molecular weight 

• Only nuclei having magnetic moments can 
be analyzed 

XRD • Nondestructive 
• Easy sample preparation 
• Easy interpretation of data 
• Availability 

• Requires large volume of sample 
• Time consuming 

Raman • No sample preparation 
needed 

• Not interfered by water 
• Nondestructive 
• Many organic and inorganic 
materials are suitable for 
analysis 

• Spectra can be collected from 
a very small volume 

• Detection needs a sensitive and highly 
optimized instrumentation 

• Fluorescence of impurities can hide the 
Raman spectrum 

IR • Gases, solids, and liquids can 
be analyzed 

• Nondestructive technique 
• High resolution, fast 
technique 

• Complicated to analyze samples that contain 
water 

• Require very sensitive and properly tuned 
devices
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4 Prospects of Imaging Techniques of Clay Composites 

With the development of technology and the requirement for faster and more efficient 
characterization, better techniques are now available that offer superior features. 
These may be more costly; however, they are more focused toward the work in hand. 
These emerging techniques have not been discussed in detail in this chapter; the reader 
is directed to further references in order to get a better idea of these techniques. 

Newer and more advanced equipment are now available that present easier and 
faster imaging and characterization. The conventional SEM (CSEM), the variable 
pressure SEM (VPSEM), and the environmental SEM (ESEM) [58] are a few  of  
the variants of the SEM that are now available. These equipment are versatile in 
their features such as no sample preparation, lower required voltage, time resolved 
imaging, and much more. SEM provides grayscale images since the images are 
formed from electrons. However, there are modern techniques [59] that offer both 
2D and 3D color images of the SEM results by various modifications done to the 
obtained result. These offer better interpretation of the results. 

Generally, AFM images can be affected by the hysteresis of the piezoelectric 
material and interactions between axes that may require software enhancement and 
filtering [60]. These filtering flattens out real topographical features. Newer AFMs 
consist of closed-loop scanners which helps eliminate this problem. 

In comparison to elastically scattered photons and the strong fluorescence 
background, the percentage of Raman scattered photons are very low. This can 
completely hide the Raman peaks and therefore detection needs a highly sensitive 
instrumentation. Various techniques are now available that overcome these issues 
namely the Confocal Raman Spectroscopy (CRS), Modulated Raman Spectroscopy 
(MRS), Surface-Enhanced Raman Spectroscopy (SERS), and Tip-Enhanced Raman 
Spectroscopy (TERS) [61]. 

5 Conclusions 

The development of clay polymer composites is on the rise, with an increasing arena 
of applications in numerous fields. The incorporation of a small amount of clay in a 
polymer matrix enhances the properties of the composite with respect to the initial 
constituents and these can be advantageous in terms of properties such as mechanical, 
thermal, electric barriers, electrical conductivity, water absorption. In the journey of 
preparing such composites, or enhancing those that exist, it is vital to know an in-
depth analysis of the materials, their formation, structure, and composition. This can 
aid in achieving better outputs in terms of these properties. Characterization of these 
composites are hence required. There is a wide range of imaging techniques that are 
available for evaluating the properties of composites in combination with other char-
acterization techniques. This chapter discussed a few of the main imaging techniques 
related to characterization of clay polymer composites with a basic outline of the
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principle of operation, sample preparation, analysis and their advantages and limita-
tions. Furthermore, factors that would be helpful in selecting the suitable technique 
were also highlighted. 
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Abstract Clay-polymer composites are formed by amalgamating two components 
with mineral and organic pedigrees. Enriched clay-polymer composites have recently 
attracted tremendous attention due to the synergetic effects arising from the indi-
vidual polymer and clay constituents. In addition, clays show enhanced intercala-
tion properties and compatibility with natural and synthetic polymers. As a result, 
there is a growing interest in academia and industry in developing advanced and 
smart composite materials. Enriched clay-polymer composites have been commonly 
considered in numerous applications as they exhibit significant improvements in 
the mechanical, thermal, biodegradability, nontoxicity, barrier, carrier, and sorption 
properties. This chapter provides an overview of the recent applications of enriched 
clay-polymer composites in contaminant removal, flame retardancy, food packaging, 
antimicrobial, drug delivery, and other medical applications. 

1 Introduction 

Clays are ubiquitous, environmentally benign, and low-cost earthy minerals gener-
ated due to the weathering and erosion of rocks over an extended period of time. 
Raw clay deposits are primarily composed of two or more clay minerals mixed 
with non-clay materials in the form of associate minerals, including feldspar, quartz, 
carbonates, oxides, and hydrated oxides, along with organic matter and amorphous 
substances [1, 2]. In numerous applications, clays are directly used from the deposit
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without any separation or enrichment of the clay minerals [3]. However, the enrich-
ment of clays is imperative, especially in environmental and biomedical applica-
tions. Size fractionation is the most widely used technique to enrich clay minerals 
from non-clay materials [3]. This technique can also be used to separate and isolate 
different types of clay in the raw clay deposit [3]. Commonly applied size fractiona-
tion techniques include centrifugation, filtration, and sedimentation [4]. Additionally, 
ultrasonication and magnetic treatments are also employed for clay enrichment [4]. 

Polymer composites are multi-phase materials where reinforcing constituents are 
embedded with the polymer matrix, resulting in synergistic properties that differ 
from individual components present in the composite. Polymer composites inherit 
distinctive characteristics such as high mechanical and chemical, lightweight, elec-
trical, thermal, and optical properties. Clays have been employed as reinforcing fillers 
for polymer composites due to their relative abundance, excellent compatibility, 
and intercalation ability with polymers, giving rise to clay-polymer composites or 
organoclays [5]. 

Interestingly, enriched clay-polymer composites have been tremendously 
improved and applied commercially in recent years. Those composites possess 
unique features, including stiffness, barrier properties, thermal and flame resis-
tance, flexibility, nontoxicity, biocompatibility, superhydrophobicity, high mechan-
ical properties, and resistance to hydrolysis. Therefore, they have been widely 
employed in environmental, food and medical applications. This chapter focuses 
on the recent applications of enriched clay-polymer composites in water remedia-
tion, mainly dye, pesticides, pharmaceuticals and phenolic contaminants and heavy 
metal removal, food packing, fire retardants, and medical fields: antimicrobial agents, 
drug delivery, and other biomedical applications. 

2 Wastewater Remediation Applications 

Among many water remediation techniques, the adsorption process by solid adsor-
bents is considered one of the most efficient and effective techniques due to its 
simplicity, low cost, and sustainability [6]. Over the last few years, enriched clay-
polymer composites have emerged as a novel technology for removing contaminants 
from wastewater since clay particles and polymers possess excellent adsorption abil-
ities [7]. This section covers the utilization of clay-polymer composites in the dye, 
pesticides, pharmaceuticals and phenolic contaminants and heavy metal removal 
applications. 

2.1 Dye Removal 

Studies have been conducted to discover the adsorption capacities and dye removal 
efficiencies of enriched clay-polymer composites developed using different clay
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materials and polymers. Table 1 summarizes the dye removal efficiencies and adsorp-
tion capacities of several key enriched clay-polymer composites studied over the last 
five years. 

Compared to the polymer adsorbents, the dye adsorption enhancement of enriched 
clay-based adsorbents is mainly driven by the porous structure and the increased 
surface area provided by the clay constituent of the composite. Several studies have 
reported high surface areas and pore volumes in enriched clay-polymer composites 
due to the scattering of clay minerals on polymer matrices, enlarging their surfaces

Table 1 Comparison of dye removal by various enriched clay-polymer composites 

Composite Contaminant Removal 
efficiency 
(%) 

Adsorption 
capacity 
(mg/g) 

Isotherm Ref 

Amine-modified 
clay-enriched chitosan/ 
alginate 

Acid 
black-172 
Methylene 
blue 

78.15 
71.51 

71.5 − [11] 

Bentonite/polyaniline/Ni2O3 Safarnin-O 100/ 
300 min 

− − [12] 

Lanthanum (III) incorporated 
chitosan-montmorillonite 

Reactive red 90.5/ 
40 min 

39.32 Langmuir [10] 

Montmorillonite 
supported-poly 
(acrylamide-co-acrylic acid) 
hydrogel 

Methylene 
blue 

97/20 min 717.5 Sips [13] 

Zr (IV) encapsulated 
carboxymethyl 
cellulose-montmorillonite 

Reactive red 96.5%/ 
40 min 

39.33 Langmuir [8] 

Polyvinyl alcohol/sodium 
alginate/ ZSM-5 zeolite 
membrane 

Congo red 99.9 4.8 Freundlich [14] 

Zeolite-Y incorporated karaya 
gum hydrogel 

Brilliant green 98.8 1461.35 Langmuir [15] 

κ- carrageenan-poly 
(acrylamide-co-methacrylic 
acid)/ AQSOA-Z05 zeolite 
hydrogel 

Methylene 
blue 

99 682.15 Langmuir [16] 

Lanthanum (III) supported 
carboxymethylcellulose-clay 
composite 

Indigo 
carmine 
Acid blue 
Reactive blue 
4 

80.41/ 
60 min 
83.54/ 
60 min 
86.91/ 
60 min 

40.11 
42.45 
43.65 

Freundlich [9] 

Crosslinked 
chitosan-tripolyphosphate/ 
kaolin clay composite 

Remazol 
brilliant blue 

99.5 687.2 Langmuir [17] 
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[8–10]. Khan et al. investigated this phenomenon and reported over 75% increase in 
the adsorption capacity in amine-modified clay-enriched chitosan/alginate aerogel 
compared to pure chitosan. This is justified by the superior porous structure of the 
freeze-dried triple network aerogel than chitosan, alginate, and modified clay [11]. 
Another study conducted by Sirajudheen et al. showed the adsorption of the nega-
tively charged reactive red dye molecules onto protonated amine groups (NH3 

+) 
of chitosan and the positively charged La3+ and Al3+ in the composite [10]. The 
hydrogen bonding between free hydroxyl groups of the composites and the nitrogen 
and oxygen centers in dye molecules also involves dye adsorption [10]. 

2.2 Pesticides, Pharmaceuticals and Phenolic Contaminants 
Removal 

Besides organic dye effluents, other organic effluents in industrial wastewater, such 
as pesticides, pharmaceuticals, phenolics and organic acids, can also be harmful. 
Therefore, numerous studies have been conducted on removing other organic pollu-
tants using enriched clay-polymer composites. Table 2. summarizes the removal of 
organic contaminates using enriched clay-polymer composites reported in the litera-
ture. However, as opposed to organic dye adsorption applications, only limited studies 
have been conducted on removing other organic pollutants using clay-polymer 
composites.

2.3 Heavy Metal Removal 

Heavy metals, including arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), 
lead (Pb), mercury (Hg), nickel (Ni), thallium (Tl), and zinc (Zn) are one of the main 
inorganic pollutants that can be found in industrial effluents. Heavy metals can be 
extremely hazardous for humans, living stocks, and aqua life forms due to their high 
toxicity, carcinogenicity, and bioaccumulation. Thus, studying and developing novel, 
eco-friendly, cost-effective heavy metal removal techniques need immediate atten-
tion. Due to their enhanced adsorption properties, enriched clay-polymer composites 
are considered favorable candidates for heavy metal removal. However, the polymer 
component of the clay-polymer composite is predominantly responsible for heavy 
metal ion adsorption. 

Cation retention capacity is an essential factor in heavy metal removal adsorbents 
as it determines the adsorption capacity of the composite. For example, Manjaiah 
et al. developed a chitosan-g-poly (acrylic acid)-bentonite composite with a higher 
cation retention capacity of 95.5 cmol (p+) kg−1 than that of 83.3 cmol (p+) kg−1 for 
pure bentonite [22]. The modified clay-polymer composite showed enhanced cation
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Table 2 Removal of pesticides, pharmaceuticals and phenolic contaminants using enriched clay-
polymer composites 

Composite Contaminant Removal 
efficiency 
(%) 

Adsorption 
capacity 
(mg/g) 

Isotherm Ref 

Carboxymethyl cellulose/ 
modified nano 
organo-bentonites composite 

Atrazine, 
butachlor, 
carbendazim, 
carbofuran, 
imidacloprid, 
iso-proturon, 
pendimethalin, 
thiophanate 
methyl, and 
thiamethoxam 

57–100% − − [18] 

Organo-modified 
montmorillonite/ alginate 
composite 

Phenol 
4-chlorophenol 

25 
67 

0.118 
0.334 

− [19] 

Magnetic bentonite/chitosan 
composite 

Atenolol 
Ciprofloxacin 
Gemfibrozile 

85 
95 
90 

15.63 
39.06 
24.79 

Dubinin-Radushkevich [20] 

Synthesized 
poly-4-vinyl(1-(2-hydro-
xyethyl)-pyridinium 
bromide/ montmorillonite 
composite 

Gemfibrozile 80 100% − [21]

uptake by adsorption. Moja et al. described the fabrication of chitosan/polypropylene-
grafted- maleic anhydride (PP-g-MA)/MMT composite for lead removal application 
[23]. The heavy metal adsorption by clay-polymer composites can be improved by 
magnetifying the clay minerals. For example, Chen et al. reported successful heavy 
metal adsorption by a clay/polymer composite constructed using magnetic attapulgite 
and bacterial cellulose [24]. Table 3 summarizes the recent examples of heavy metal 
removal by enriched clay-polymer composites.

3 Food Packaging 

Numerous studies on enriched clay-polymer composites are currently underway to 
prepare food packaging materials that act as a barrier to moisture and microbial 
contamination and prevent the penetration of gases such as oxygen, carbon dioxide, 
and other volatile compounds such as flavors and contaminants [28, 29]. Besides food 
safety, enriched clay-polymer composites-based packaging improves the nutritional 
value [30]. 

Clay mineral halloysite, is a strong candidate for developing clay-polymer 
composites to inhibit bacterial or fungal growth in food samples. The quality of
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Table 3 Comparison of heavy metal removal by various enriched clay-polymer composites 

Composite Heavy 
metal(s) 
treated 

Adsorption 
capacity (mg/ 
g) 

Removal 
efficiency 
(%) 

Isotherm Ref 

Polypropylene-grafted-maleic 
anhydride/chitosan polymer 
blend functionalized with 
montmorillonite 

Pb (II) 73.8 94 Langmuir [23] 

Polyacrylamide/ Sodium 
montmorillonite 
nanocomposite 

Co (II) 
Ni (II) 

108.69 
119.05 

98.67 
99.30 

Langmuir [25] 

Lignin xanthate resin–bentonite 
clay composite 

Hg (II) 45 95 Langmuir [26] 

Bacterial cellulose/attapulgite 
magnetic composites 

Pb (II) 
Cu (II) 
Cr (VI) 

66.4 
71.2 
85.0 

90/2 h Langmuir [24] 

Chitosan-g-poly (acrylic 
acid)-bentonite composite 

Cu (II) 
Zn (II) 
Cd (II) 
Ni (II) 

88.5 
72.9 
51.5 
48.5 

95 
95 
85 
70 

Langmuir [22] 

Activated bentonite-alginate 
composite 

Cu (II) 
Pb (II) 

17.30 
107.52 

58 
77 

Langmuir [27] 

Amine-modified clay-enriched 
chitosan/alginate 

Cr (IV) 62.4 75 − [11]

this clay preserves the freshness of the food and can prevent bacterial or fungal 
attacks that cause food spoilage and food poisoning [31]. Furthermore, as explained 
by Yahiaoui et al. poly (e-caprolactone) (PCL)/clay composites can be used to prepare 
food packaging with antimicrobial properties using the melt mixing process [32]. It is 
also capable of inhibiting 90% of the growth of Escherichia coli and Staphylococcus 
aureus in the food matrix. Moreover, this modified package reduces water vapor 
permeability values by 56% and reduces microbial growth on food and the envi-
ronmental conditions conducive to microbial growth [32]. Jafarzadeh et al. inves-
tigated the physical, mechanical, thermal, barrier, and antimicrobial properties of 
the nanokaolin semolina films [33]. The antibacterial properties were tested against 
Staphylococcus aureus and Escherichia coli. The authors reported that the inclu-
sion of nanokaolin enhanced the barrier, mechanical, and antimicrobial properties of 
semolina films, indicating the potential application of these bionanocomposites in 
food packaging [33]. 

Neves et al. prepared an enriched clay-biopolymer composite using chitosan and 
bentonite clay for food packing application [34]. The authors reported significant 
improvements in the water vapor and mechanical barrier properties against vibrations 
and tension [34]. Moustafa and coworkers fabricated biodegradable poly (butylene 
adipate-co-terephthalate)/organoclay (PBAT/OC) bionanocomposites incorporating 
different proportions of cumin essential oil (CEO) [35]. CEO incorporated PBAT/OC
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films showed enhanced UV shielding and mechanical and antimicrobial properties. 
The authors claimed that the PBAT/OC/CEO films could be used in agriculture mulch 
films and light-sensitive packaging, including food and drugs [35]. 

4 Flame Retardant Materials 

Clay-polymer composites have been widely investigated as flame retardants due to 
the ability of clays to reduce the flammability of the composites and enhance flame 
retardancy. The flame retardancy mechanism involves the formation of an inorganic– 
organic protective layer over the combusting material, insulating the underlying mate-
rials from the heat flux of the flame and reducing the heat transfer. Numerous clay-
polymer composites have been tested as reinforcement in rubbers, leathers, and other 
polymers, making them less flammable [36, 37]. These flame retardant clay-polymer 
composites show a significant decrease in peak heat release rate, change char struc-
ture, and reduce the mass loss rate during the burning [38]. Moreover, these compos-
ites do not increase the carbon monoxide and soot produced during the burning 
[39]. For example, polyamide 66/montmorillonite nanocomposites and polypropy-
lene/montmorillonite nanocomposites display excellent thermal stability and lower 
peak heat-releasing rate [40, 41]. Organically developed poly (lactic acid) (PLA) 
with melamine polyphosphate (MPP) and Cloisite 30B (C-30B) composite also 
showed good flame retardant properties compared to conventional flame retardant 
materials [42]. Polypropylene /organoclay nanocomposites, polypropylene/protonic 
clay nanocomposites, and polypropylene/pristine clay nanocomposites show less 
heat-releasing rate and good thermal stability [38]. 

5 Biomedical Applications 

Recently, enriched clay-copolymers have gained attention in the biomedical field 
due to their excellent characteristics, including barrier function, biocompatibility, 
controlled drug release, stimuli responsiveness, antimicrobial properties, and nontox-
icity. Furthermore, these composites can be processed into various morphologies 
such as films, fibers, scaffolds, hydrogels, and bioinks. Biomedical applications of 
clay-polymer composites are briefly discussed in the following section. 

5.1 Antimicrobial Agents 

Enriched clay-polymer composites are recently gaining popularity as antimicrobial 
agents due to their low toxicity, high performance, and low cost [43]. Since the 
metals, including chromium, zinc and copper, show antimicrobial activities against a
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diverse range of pathogens, enriched clay-polymer composites with such metals also 
exhibit excellent antimicrobial activities [44]. Based on their antimicrobial proper-
ties, enriched clay-polymer composites have been investigated in the food industry 
to ensure the quality and safety of various food products and to prevent the effects of 
microbial infections [45]. In addition to the food industry, the antimicrobial activity 
of clay-polymer composites has also been studied in the textiles, agriculture, paints, 
and cosmetics industries [46]. 

There is also a tendency to develop enriched clay-polymer composites using 
biopolymers with antimicrobial properties in agriculture-related products [35, 45]. 
For instance, chitosan and various clays or clay minerals, including montmorillonite, 
zeolite, alumina, bentonite, and laponite, have been tested to improve the bioavail-
ability of bioactive compounds in food [31, 47]. These biopolymer-clay composites 
also enhance food quality and health effects and inherit distinct properties such as 
high biocompatibility, nontoxicity, mechanical strength, antibacterial activity, and 
drug loading capacity [48]. Passaretti et al. developed agricultural mulches using 
thermoplastic starch and mica clay [49]. The general approach of mulches is to avoid 
weeds and to maintain temperature, humidity, and soil structure, preventing erosion 
and improving water management. However, the authors reported antibacterial 
activity in mulches after incorporating clay-biopolymer composites [50]. Merino 
et al. prepared clay-biopolymer composites using native and oxidized corn starch 
and bentonite (Bent) and chitosan-modified bentonite (Bent-CS) fillers to be used 
as agricultural mulch films [51]. The composites with oxidized starch and Bent and 
Bent-CS showed significant antibacterial inhibition against Escherichia coli and 
Listeria [51]. Enriched clay-polymer composites have been employed to develop 
antibacterial membranes in water treatment systems [52]. For example, Ying 
and coworkers developed high-performance water purification membranes using 
improved enriched clay-polymer composites with surface hydrophilicity, water 
permeability, and antibacterial activity [53]. 

5.2 Drug Delivery and Other Biomedical Applications 

In recent years, enriched clay/polymer composites have gained increasing attention in 
the biomedical field due to their excellent biocompatibility. Furthermore, the ability 
to mold into different shapes, including scaffolds, thin films, hydrogels, and fibers, 
high surface area to volume ratio, swellability, high retention, and excellent rheolog-
ical properties, and the ability to blend with biopolymers have also extended their 
applications into a broad spectrum of biomedical applications [54]. 

Enriched nanoclay-polymer composites have been investigated for drug delivery 
applications because of their ability to interact with drug molecules, giving rise to 
favorable encapsulation, targeted delivery, and controlled release [55, 56]. More 
importantly, due to the multi-functionality of these enriched clay composites, they 
have been studied as anti-inflammatory, anticancer, and antimicrobial agents [57–59].
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Most commonly used clay types in biomedical applications include bentonite, 
kaolinite, halloysite nanotubes (HNT), montmorillonite (MMT), attapulgite, sepi-
olite, and layered double hydroxides along with other polymer constituents [60– 
67]. These polymers, including cyclodextrin, poly(2-hydroxyethyl methacrylate), 
chitosan, carboxymethyl cellulose, gellan gum, and polyvinyl alcohol (PVA), have 
been employed to fabricate clay-polymer composites [68–73]. 

The clay-polymer composites generally improve the drug loading ability, and solu-
bility of less water-soluble drugs and extend the drug release behavior, subsequently 
reducing the number of dosages applied, retaining the chemical activity of the drug 
while improving the efficiency of delivery and promoting the dose-specific targeted 
delivery to particular tissues and organs [74, 75]. For instance, anticancer clay-
polymer composites can deliver anticancer drugs specifically to the tumor site [58]. 

Reddy et al. fabricated curcumin-encapsulated dual crosslinked sodium alginate 
and MMT polymeric composite beads for controlled drug delivery [76]. The addition 
of MMT has enhanced the bioavailability of curcumin, thereby triggering possible 
anticancer activity. Furthermore, the results indicated that incorporating multivalent 
ions such as Mg2+, Ba2+, and Al3+ ions into the alginate matrix via MMT improved 
the swelling properties and the curcumin release rate [76]. Figure 1 depicts the 
fabrication of a dual crosslinked sodium alginate/MMT drug carrier bead and the 
controlled release of curcumin drug [76]. 

In addition to drug delivery, clay/polymer composites have also been a choice 
for gene delivery, tissue engineering, wound healing, bio-imaging, and bio-sensing 
purposes. In gene delivery, clay minerals such as MMT, illite, kaolinite, and HNTs 
have been identified as potential vectors with a profound ability to bind DNA and 
protect them from degradation due to their polyelectrolyte nature [77]. However, 
to improve the degree of DNA binding, the use of various polymer molecules with

Fig. 1 Formation of the dual crosslinked sodium alginate-MMT polymeric bead performing as a 
controlled curcumin releasing drug carrier (Reprinted with the permission of the work of Reddy 
et al., 2021) 
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a positive charge, such as polyethylene imine (PEI), γ-aminopropyltriethoxysilane 
(APTES), and polyamidoamine along with the clay materials, have been considered 
[77–80]. 

For example, Long et al. employed polyethyleneimine (PEI), a branched polymer 
with an overall positive charge, to electrostatically interact with the negatively 
charged phosphate backbone of DNA and RNA molecules by increasing the interac-
tion of genetic material with the polymer molecules. The authors reported an increase 
in the DNA binding efficiency upon the conjugation of PEI with the HNT [78]. 

The other common type of biomedical application of clay-polymer composites 
includes using them for tissue engineering purposes. The clay materials have been 
employed as scaffolding matrices to regenerate the damaged tissues and restore their 
function. Further, the content of the clay plays a crucial determinant in the elastic 
modulus of the scaffolds [81]. Combining the clay with biopolymers improves cell 
adhesion, proliferation, and differentiation, and enhances biocompatibility and the 
biodegradability of the tissue scaffolds. Moreover, combinations can act as filler 
materials giving rise to improved mechanical and physical properties of the tissue 
transplants [82]. Polysaccharides such as chitosan with clay materials like MMT 
have been utilized to prepare scaffolds from clay-polymer composites [83]. 

The emerging insights of 3D bioprinting technology and enriched clay-polymer 
composites have paved the way for designing groundbreaking, self-supporting 
hydrogel scaffolding matrices with improved mechanical and biological properties. 
Here, the clay-polymer composites act as bioinks, leading to the artificial organ 
construction and the generation of complex structures such as multilayered hollow 
tubes and cuboids and enhancing the colonization of preosteoblasts [84]. 

The work using laponite nanoclay to form 3D alginate-gelatin hydrogel provides 
an example of how the presence of nanoclay would improve the printability of the 
hydrogels enabling the formulation of complex detailed structures with less material 
spreading and pore closure [85]. 

Thermo-responsive and flexible scaffolding materials have also been fabri-
cated using clay-polymer composites. For example, Shen and coworkers developed 
a thermo-responsive hydrogel composite using poly(N-isopropylacrylamide) and 
nanoclay, which exhibited high tensile strength and thermo-responsive swelling and 
deswelling characteristics [86]. 

In addition, the clay-polymer composites have also been useful in regenerating 
soft tissues in the liver, pancreas, and skin. The clay-polymer composite hydrogel 
prepared from gellan gum, HNT, and glycol showed reduced water uptake by 30– 
35% and increased viscosity making the composite hydrogel suitable for soft tissue 
applications [87]. One of the advanced applications of clay-polymer composites 
includes cell transplantation for neural tissue engineering due to their unique porosity, 
biocompatibility and biodegradability of the composite material [88]. 

Recent attention has also been paid to the development of clay-polymer compos-
ites as contrast agents for bio-imaging techniques, including magnetic resonance 
imaging (MRI), fluorescence imaging (FI), and photoacoustic imaging, mainly due
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to the excellent performance of the clay-polymer composites in terms of their penetra-
tion, high quantum yield, bio-distribution, and pharmacokinetics [89–91]. Further-
more, they have also been applied as potential sensor materials to detect harmful 
pathogens and different analytes linked to diseased conditions such as blood glucose 
and urea [92, 93]. Owing to their chemical versatility, physical stability, absorp-
tivity, and the presence of mobile ions, their applicability in sensing applications is 
broader.[94] For instance, Zheng et al. developed a user-friendly, rapid point-of-care 
blood glucose detection unit with long-term stability using platinum nanoparticles 
bound with polyaniline MMT hybrid composite where the recovery of the glucose 
concentration varied from 95.1 to 103.2% [95]. 

Due to their profound antibacterial properties, clay-polymer composites have 
been applied for wound healing [96, 97]. For example, Sharma et al. prepared 
a clay-polymer composite using copper-modified MMT together with PVA for 
wound healing applications, outperforming the activity of the standard drugs [98]. 
Furthermore, the nanofiber synthesized from PVA, kaolinite, and Tragacanth Gum 
also exhibited improved mechanical and chemical stabilities and excellent wound 
healing properties [99]. Similarly, HNTs and polylactic acid (PLA) antibacterial 
membranes infused with gentamycin showed increased thermal and mechanical 
stability [46, 100]. Furthermore, these clay-polymer composites could also increase 
the antibacterial drug encapsulation and loading [46]. 

6 Conclusions 

Enriched clay-polymer composites represent one of the most versatile materials 
to be employed in a diverse range of areas, including environmental, food and 
medical applications. Enriched clay-polymer composites display distinct charac-
teristics due to their unique morphology, availability, and tailor-made composition, 
giving high mechanical ad physical strength, chemical stability, biodegradability, 
low cost, barrier properties, and cellular compatibility. This chapter comprehen-
sively discussed utilizing clay-polymer composites in the industrial dye, pesticides, 
pharmaceuticals and phenolic contaminants and heavy metal removal, food packing, 
fire retardants, and medical fields, including antimicrobial agents, drug delivery, and 
other biomedical applications. One of the key challenges of intercalating clays into 
polymer matrices is the optimum amount of clay to be incorporated that is cellular 
compatible. One of the promising trends of enriched clay-polymer composites is their 
use in 3D printing and developing clay-polymeric inks. Moreover, enriched clay-
polymer composites show potential to be applied as excellent advanced and smart 
materials for devising sensors, intelligent packaging materials, functional coatings, 
membranes, filters, theranostics, energy and electronics, and various other biomedical 
devices. 
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Abstract The development of efficient industrial effluent treatment methods is 
one of the significant challenges the world faces with continuous industrialization 
and urbanization. Though various effluent treatment methods have been developed, 
adsorption is more favoured due to its effectiveness, efficiency, and ease of opera-
tion. Among various adsorbents, growing attention has been placed on clay–polymer 
composites to treat industrial effluents mainly because of their easy manipulation 
and flexible nature. In this respect, this chapter describes various types of clay– 
polymer adsorbents designed to treat industrial effluents such as dyes, heavy metals, 
plasticizers, and other organic small molecules, with their adsorption mechanisms 
and factors affecting the adsorption efficiency. Furthermore, this article explores a 
concise overview of the primary classifications of clay-polymer composites, namely 
exfoliated, intercalated, and phase-separated, along with a thorough examination of 
their respective fabrication methods. Additionally, the article explores various tech-
niques employed for characterization purposes. In the end, the challenges and future 
perspectives regarding the use of clay–polymer adsorbents to treat industrial effluents 
are addressed. 
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1 Introduction 

Developing various efficient and effective wastewater treatment technologies has 
become a highly researched area for the past several decades with global attention 
on finding solutions for water scarcity. With the continuous growth of global popula-
tion and demands for purified drinking water, worldwide water usage has increased 
by around 1% each year since the 1980s. It is estimated to have a 20–30% increase 
in water usage by 2030 due to the high domestic and industrial demand with respect 
to the water usage in year 2019 (UNWater, 2019). However, the continuous use of 
freshwater without proper wastewater treatment plans has led to various complica-
tions, including the lack of access to safe water, pollution of groundwater sources, 
and the potential to cause various health hazards [48–50]. 

Moreover, it has been identified that reusing the treated-waste water might be 
a possible solution for handling the industrial and agricultural water demand. As 
reported in 2022, 32 and 19.3% of treated wastewater have been used for agricul-
tural and industrial purposes [49] . That is why much attention has been placed 
over the past several years on developing efficient and effective wastewater treat-
ment technologies. As of 2020, based on the statistical studies conducted by [22], it 
was estimated that 48% of the globally generated wastewater was released untreated 
into the environment, which was previously assumed to be 80% by the scientific 
community. Nevertheless, the lack of worldwide real-time data related to wastewater 
generation, effectiveness and efficiency of already in-use water treatment technolo-
gies, and the reusability of treated wastewater have made it difficult to evaluate the 
situation at hand [22, 49] . However, with a broad spectrum of wastewater gener-
ating sources, for ease of management and target treatment, wastewater has been 
categorized into four well-defined types: stormwater run-off, domestic, agricultural, 
and industrial [2]. Since this chapter is about using clay/polymer adsorbents to treat 
industrial effluents, some details related to industrial water usage will be discussed. 

There is a high demand for water in the industrial sector since it has been used for 
various purposes including but not limited to dilution, washing, cooling equipment, 
and steam generation. According to AQUASTAT Database, the worldwide industrial 
water withdrawal percentage related to the total freshwater withdrawal is about 19% 
[16]. However, not following a proper wastewater treatment plan before releasing 
the used water into the environment has resulted in polluting water sources causing 
danger to the surrounding ecological systems. The nature and type of industrial 
effluents (dissolved and suspended substances present in the industrial wastewater) 
would vary based on the industry or the factory they get discharged [2]. Dyes (from the 
textile, paint, and dye manufacturing industries), heavy metals (from textile, pharma-
ceutical, paper, and chemical industries), and organic pollutants (from oil refining, 
textile, and drug manufacturing industries) are some primary industrial effluents 
that are found in industrial wastewater [2]. These effluents’ toxicity and hazardous 
nature have shown the potential to cause cancer, neurological disorders, immunolog-
ical problems, and many other health problems [41, 44]. Therefore, removing these
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pollutants and improving the water quality are necessary before releasing wastewater 
into the environment or reusing them for industrial applications. 

Over the years, different technologies have been introduced and used to remove 
industrial effluents in wastewater. Some developed techniques include coagulation, 
chemical precipitation, ion exchange, electrolysis, photocatalysis, electrodialysis, 
and reverse osmosis [2, 6, 14]. Even though these techniques seem promising wastew-
ater treatment methods, their high cost, not being developed up to industrial usage, 
formation of sludge leading to secondary treatments, and generation of secondary 
pollutants have limited the usage of these techniques in the real world [6, 7]. However, 
based on the current reports on water treatment methods, high-income countries seem 
to make more use of these techniques compared to low-income countries. On average, 
high-income countries only release 30% of untreated wastewater into the environ-
ment. In contrast, upper-middle-income, low-middle-income, and low-income coun-
tries release about 62, 72, and 92% of untreated wastewater, respectively UNESCO 
[49] . It is evident that even though the advanced technological wastewater treatment 
technologies are more effective and efficient, low-income countries have difficulties 
accessing them. 

Comparatively, adsorption [7, 19, 39] is considered one of the most cost-effective, 
efficient, and suitable water purification technology for developing countries. As 
a result, more attention has been placed on developing various adsorbents using 
natural or/and synthetic materials because this technique is more cost-effective and 
produces fewer secondary pollutants, unlike other advanced techniques. However, 
selecting suitable adsorbents would depend on several factors: adsorption capacity 
and selectivity towards the targeted contaminant, cost/efficiency ratio, performance in 
the presence of different types and concentrations of target contaminant, availability, 
and ability to regenerate [6, 39]. Some adsorbents for wastewater treatment include 
activated carbon, agricultural waste, biochar, polymer resins, industrial waste, natural 
clay minerals, modified clays, and silica beads [27, 45, 17]. 

Out of these adsorbents, naturally occurring clay minerals [36, 47, 53] seem to 
have taken much attention in the wastewater treatment area because of their economic 
benefits of being highly abundant and cheap compared to other adsorbent materials. 
However, their low adsorption capacity towards organic contaminants, having low 
surface area resulting in low removal efficiency, the difficulty of recovering them 
from an aqueous solution after treatment, and complications in regenerating them 
have limited the use of clay minerals in real-world wastewater treatment applica-
tions. In contrast, polymer [23, 24, 51] resins show significant performance at water 
purification. High surface area, ability to adsorb a broad range of contaminants, and 
ease of modifying and regeneration without losing properties make them more desir-
able than other available adsorbents. Regardless of polymers’ efficiency and effective 
adsorbent properties, their dependence on pH, low wettability, and performance that 
depends on the type, surface area, and porosity of the polymer caused some limita-
tions on their usage in wastewater treatments. Moreover, their high cost prevents them 
from being used by developing countries. However, researchers have been working 
on developing clay/polymer adsorbents by combining their advantageous properties
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that show the potential to overcome their respective limitations over the past years 
to develop cost-effective, more efficient, and effective adsorbents [36, 39]. 

This chapter describes various clay/polymer adsorbents recently developed to treat 
industrial effluents (dyes, heavy metals, and organic pollutants) along with their 
adsorption mechanisms and factors affecting the adsorption efficiency. Moreover, 
this chapter provides brief information about the three main types of clay/polymer 
adsorbents (intercalated, phase-separated, and exfoliated), fabrication methods, and 
characterization techniques. In addition, the future perspective and challenges related 
to developing and using clay/polymer adsorbents for treating industrial effluents are 
addressed towards the end of this chapter. 

2 Clay/Polymer Adsorbents 

Clay minerals [6, 7, 30] are complex silicates of various ions (aluminium, magne-
sium, and iron), which consist of two basic crystalline units of silicon-oxygen tetrahe-
drons and aluminium or magnesium octahedrons. The tetrahedron crystal units (four 
oxygen atoms surrounding a Si4+ ) form tetrahedral sheets. In contrast, the octahe-
dral units (Mg2+ or Al33+ons surrounded by hydroxyl groups) form octahedral units. 
The plate-like stratified structures are formed by the combination of these octahe-
dral and tetrahedral combinations, which are bound by the shared oxygen atoms. 
These structures are in general called phyllosilicates. These phyllosilicates are the 
basic structural units of aluminosilicate layers of clay minerals. The isomorphous 
substitution of ions within the clay mineral structure, where cations like Si4+, Al3+, 
and Mg2+ could be replaced by similar-sized ones, allows clay minerals to have both 
positive and negative charges. 

Polymers are macromolecules consisting of covalently bonded repeating units. 
These can be either natural or synthetic polymers based on their sources. Moreover, 
polymers can have various microstructures such as linear, branched, crosslinked, 
or complex architecture-like dendrimers. Multiple polymers have taken significant 
attention in many research fields [10, 37] due to their ease of manipulation and 
flexibility in adjusting their properties per the target application: high mechanical 
strength, high chemical stability, high surface area, surface functionalization to tune 
to absorptivity, better selectivity towards target molecules, almost no loss of proper-
ties after regeneration, improved processability, and ease of recovery after using for 
water treatments. 

More efficient and effective polymeric adsorbents have been developed [10, 
21, 46], by making composites with non-polymeric dispersed phases such as acti-
vated carbon, carbon nanotube, and clay minerals to have a combination of prop-
erties of both materials. Clay/polymer adsorbents are composite materials devel-
oped by combining polymer and clay minerals to achieve beneficial properties to 
overcome some limitations of new materials. For instance, polymeric material by 
itself is very expensive, and they have low wettability and low absorptivity towards 
organic contaminants and low adsorption efficiency. In contrast to that, most of the
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clay minerals have a high surface area, different surface functionalizations, high 
wettability, and ability to adsorb most of the organic contaminants. Consequently 
combining both clay and polymeric resin can create new materials that gain signif-
icant attention as adsorbents for treating industrial effluents and have become more 
desirable and cost-effective over other the different adsorbents currently in use. More-
over, these clay/polymer adsorbents seem to be a potential solution for wastewater 
treatment in low-income countries owing to their low manufacturing cost. 

2.1 Types of Clay/Polymer Adsorbents 

Based on the modification methods, clay/polymer adsorbents can be either micro-
or nano-scale composites. They can be classified into three main well-defined cate-
gories [36, 39]: phase-separated composites, intercalated composites, and exfoliated 
composites as shown in Fig. 1. 

2.1.1 Phase-Separated Clay/polymer Composites 

Phase-separated composites are micro-composites, where polymer chains surround 
clay platelets without penetrating the clay platelets. The clay platelets are in 
micrometre length scales and their pristine gallery spaces are not disturbed. The lack 
of penetration of clay platelets by polymer chains may result in micron-sized agglom-
erations within the polymer matrix. Therefore, one can consider that agglomerated 
clay platelets as a separate phase (dispersed phase) in a continuous polymer matrix.

Fig. 1 Three main types of clay/polymer nanocomposites 
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These composites generally show typical characteristics of conventional dispersion 
strengthen particle reinforced composites. 

2.1.2 Intercalated Clay/polymer Composites 

Intercalate polymer composites are formed when the insertion of some polymer 
chains or segments of polymer chains inside the stratified layers. Consequently, 
the interlayer distance of clay particles increases but is not disengaged. This is an 
in-between stage of phase-separated and exfoliated composites. 

2.1.3 Exfoliated Clay/polymer Nanocomposites 

Further insertion of polymer chains to the interlayer gallery spaces may weaken the 
interlayer interactions. As a result, the platelets delaminate from each other. If the 
compatibility of the clay and the polymer is good the delaminated clay platelets 
disperse throughout the polymer matrix. Compared to the other two types of clay/ 
polymer composites, exfoliated composites have a high surface area and can be 
considered a nanocomposite since the thickness of individual platelet structures are 
in nanometre length scales. 

The exfoliated clay/polymer nanocomposites have better properties such as good 
barrier properties, thermal and mechanical stability, and many other properties than 
the micro-composites. Therefore, clay/polymer nanocomposites have been widely 
investigated as efficient and effective adsorbents for the removal of contaminants 
present in water [28, 7]. 

2.2 Fabrication Methods of Clay/polymer Nanocomposites 

The fabrication method is crucial in developing high-efficiency clay/polymer adsor-
bents. Therefore, it is essential to fabricate a nanocomposite with homogeneously 
distributed clay platelets within the continuous polymer matrix. The fabrication 
method, choice of the clay mineral type, and their characteristics play a huge role in 
the distribution of the clay particles in the polymer matrix. To get better properties, 
it is essential to break down the large clay aggregates into small clay particles so that 
they can entangle with a matrix material. Otherwise weak inter-particle interaction 
may act as initiation points of damage. 

Most clay minerals are hydrophilic; therefore, they are not compatible with 
hydrophobic polymers such as polystyrene and polyethene, but they are compat-
ible with hydrophilic polymers polyvinyl alcohol and polymethyl methacrylate. 
Incompatibility between the polymer matrix and the dispersed clay minerals would 
cause agglomerations or phase separation instead of the desired dispersion. There-
fore, it is crucial to modify the surface of clay platelets to be compatible with
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hydrophobic polymers before mixing to obtain homogeneous dispersion throughout 
the composite. Developing these organoclays is the primary step in producing clay/ 
polymer nanocomposites [36]. The surface modification of clay minerals using 
organic molecules could be done in several ways: 

I. Ion exchange processes using cationic surfactants (ex: alkyl phosphonium-
based cationic species or coupling agents, quaternary alkylammonium salt) 

II. Addition of coupling agent (ex: silane) 
III. Ionic modification (directly reaction with ionic liquid or ionic surfactant) 
IV. Covalent modification 
V. Dual modifications (covalent and ionic modifications) 
VI. Grafting polymers directly onto the clay platelet 
VII. Modifications using non-ionic surfactants. 

When considering the fabrication methods of clay/polymer nanocomposites [11, 
36, 7], three main fabrication methods have been widely used: in situ polymerization, 
solution polymerization, and melt bending polymerization. 

2.2.1 In Situ Polymerization 

In the in situ polymerization, clay nanoparticles are first dispersed in a monomer solu-
tion. Here, the nanoplatelets get swelled with a monomer solution, where monomers 
get incorporated into the interlayers of clay platelets since they are significantly 
smaller than polymer chains. At a later stage by giving desired polymerization condi-
tion, these monomers will polymerize. After that, the formed polymer blend will be 
added to a bulk polymer matrix as a reinforcing material to obtain a uniform disper-
sion of clay nanoparticles within the continuous polymer matrix. Since this technique 
works with monomers and can use any appropriate polymerization technique, it is 
easy to develop clay/polymer nanocomposites compared to the other two techniques 
of making polymer/clay composites. 

2.2.2 Solution Blending Polymerization 

Two liquid phases are involved in solution blending: a solution with nanoparticles 
dispersed in a solvent and a solution of a polymer in the same solvent. Here, the 
solvent is in general referred to as co-solvent. These two solutions are mixed and 
then homogenized to have a uniform dispersion throughout the mixture. During this 
process, the clay platelets are swelled with solvent molecules and polymer chains or 
part of polymer chains are inserted into the interlayers between the clay sheets. 
If prepolymers are used with the solution, appropriate polymerizations must be 
performed to complete the polymerization of those prepolymers. This process would 
result in a highly dispersed exfoliated nanocomposite. Finally, the solvent molecules 
need to evaporate.
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2.2.3 Melt Blending Polymerization 

In melt blending polymerization, the clay nanoplatelets are directly mixed with a 
molten polymer matrix. In general, a polymer is melted using an extruder or internal 
mixer and then the desired amount of clay particles are added. This process can be 
of two types: 

I. Immobile melt blending or melt annealing polymerization 

Here, the melt blending polymerization is carried out under vacuum conditions at 
temperatures of about 50 °C higher than the transition temperatures without mixing. 

II. Active melt blending polymerization 

Here, the polymer melting is done during the melt mixing in an inert environment. 
Therefore, these composites are formed because of the enthalpic driving forces, and 
the intermolecular interactions occur during the mixing process. 

2.3 Characterization Techniques for Clay/polymer 
Nanocomposites 

After the nanocomposite fabrication, the next most important step is to analyse the 
structural, physical, mechanical, and chemical properties. Since the adsorbent proper-
ties of the clay/polymer adsorbents mostly rely on the morphological characteristics 
of the composites, it is crucial to analyse them. Various characterization techniques 
can also be used to observe the performance and mechanism of these developed adsor-
bents. Therefore, this section briefly describes essential characterization techniques 
for the analysis of clay/polymer nanocomposites [11, 20]. 

2.3.1 X-ray Diffraction (XRD) 

XRD is a rapid analytical technique used to study the structural and crystalline char-
acteristics of clay/polymer nanocomposites. This technique provides information 
related to the unit cell, phase, crystal arrangement, and spacing between the atomic 
layers of the analysing material. The interlayer distances of the clay minerals may 
change during the fabrication process of the composite. In intercalated clays, the 
interlayer distance increases with respect to its pristine form while in exfoliated 
clays no interlayer gaps can be identified since all the layers are disintegrated. Most 
of the clays have interlayer distances of sub-nm to nm length scales. These distances 
can easily be characterized by D-ray diffractograms. Pristine clay samples will give 
a sharp peak at low scattering angles, which will further move towards low scat-
tering angles and become broader with intercalation. The stratified arrangement is 
no longer available after exfoliation, and thus, no repeating distances exist. Thus,
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the XRD peak appeared for the repeating distances of intercalated and pristine clay 
minerals that will disappear after exfoliation. 

2.3.2 Transmission Electron Microscopy (TEM) 

TEM can be used to analyse the internal structure of the clay/polymer nanocomposite. 
Therefore, this technique can be used to study the dispersion of clay nanoplatelets 
and other molecules within the polymer matrix. Moreover, with this visual inspec-
tion, various information such as exact morphological structure, distribution of clay 
platelets, the type of clay/polymer composite, and the distance between interlayers 
of clay platelets before and after modification can be identified. In addition, the TEM 
images taken before and after the adsorption could be used to study the adsorption 
behaviour of these developed nanocomposites. However, the drawback of this tech-
nique is the involvement of sophisticated sample preparation because TEM needs 
very thin composite specimens. 

2.3.3 Scanning Electron Microscopy (SEM) 

The SEM technique is mainly used to analyse the surface of a material. Therefore, 
the surface morphology of the developed nanocomposite could be studied using this 
technique. The cross-section of the composites can also be studied by SEM. However, 
it involves additional sample preparation steps. Cryo-fracturing or microtome can be 
used to break the sample without denaturing the cross-section. Then, the fractured 
cross-section can be studied and get the morphological details of the core of the 
material. This technique has been used to study the surfaces of recoverable and 
recyclable adsorbents as well. 

2.3.4 Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectroscopy is a useful analytical technique to study the composite’s molec-
ular structure. This analytical technique can identify the functional groups present 
in the polymer matrix of the nanocomposites based on the bands that occurred or 
disappeared at specific vibration frequencies when incident IR radiation interacts 
with the analysing compound. This technique is especially useful to characterize the 
modifications done to the clay particles. Especially the chemical bonds formed and/ 
or disappeared between modified clay and polymer matrices.
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2.3.5 Nuclear Magnetic Resonance (NMR) Spectroscopy 

The NMR technique can be considered one of the most effective and powerful 
analytical techniques available to study the physiochemical properties of a mate-
rial. NMR spectroscopy can be of different types (ex: 13C, 1H1, 15N). Therefore, 
the chemical structure of the developed clay/polymer nanocomposite can be deter-
mined using different types of NMR spectroscopies. Moreover, this will provide 
information related to the intermolecular interactions, molecular arrangements, and 
chemical bonds present within the nanocomposite. Further, the spin relaxation of 
matrix polymer in the presence and absence of clay particles can be studied by NMR 
techniques which gives some idea about the interaction between the polymer matrix 
and the clay dispersed phase. 

2.3.6 Brunauer–Emmet–Teller (BET) Method 

BET or gas (N2, He, or Ar) adsorption–desorption analysis can be used to get specific 
surface area, average pore size, and pore size distribution of the clay minerals and 
the developed clay/polymer nanocomposite. This information can be correlated with 
the adsorption efficiency of the developed adsorbent. 

2.3.7 Dynamic Mechanical Analysis (DMA) 

DMA is an analytical tool used to identify the viscoelastic properties of a material. 
Therefore, the loss and storage modulus and the damping factor of the polymer used 
in the developed nanocomposite can be determined using this technique. This is a 
good technique to study the mechanical stability and transitional properties of matrix 
polymer after combining with the clay minerals. 

2.3.8 Thermogravimetric Analysis (TGA) 

TGA is an analytical tool used to study a compound’s thermal stability. Developing 
an adsorbent that can withstand the harsh conditions of the potentially applicable 
environment is crucial. In general, thermal stability of the matrix martial is altered 
after the incorporation of clay minerals. Therefore, this technique can be used to 
study that effect. 

2.3.9 Differential Scanning Calorimetry (DSC) 

DSC analysis can be used to study the glass transition, crystallization, melting and 
curing behaviours of the polymer matrix, and the developed clay/polymer nanocom-
posite. This is a very good technique to identify whether clay particles reinforce the
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polymer matrix or not. The change of glass transition temperatures of the matrix 
polymer would be a key parameter to be considered. 

3 Adsorption of Clay/Polymer Composites 

As mentioned in the introduction, among advanced wastewater treatment technolo-
gies, significant attention has been placed on adsorption materials and methods due 
to their simplicity, low cost, and ease of operation. However, during this process 
[36], contaminants (adsorbate) present in the wastewater form interactions with the 
clay/polymer composite (adsorbent) surface, such that they can be removed from the 
wastewater. Moreover, an efficient and effective adsorbent must be able to remove 
the adsorbed contaminant from its surface and reuse it for water purification without 
significant loss of adsorption capacity. Therefore, it is essential to understand the 
adsorption mechanisms and the factors affecting the adsorption performance to 
develop a more efficient and effective adsorbent. 

3.1 Adsorption Mechanisms 

The adsorption mechanisms of contaminants in wastewater into clay/polymer 
composite [10, 53] can mainly be of two types: chemisorption and physisorption. 

3.1.1 Chemisorption 

Here, the adsorption occurs through the chemical bond formation between the adsor-
bate and the adsorbent. The chemical bond formation could be an electrostatic interac-
tion, ionic exchange, reduction/oxidation, or complex formation (chelation) between 
the adsorbate and the adsorbent. In addition, the adsorption mechanism related to 
the developed adsorbent might depend on the presence of/ incorporated functional 
groups onto the surface of the adsorbent. Therefore, the complexity of the adsorp-
tion mechanism may depend on the nature of the adsorbent. However, kinetic studies 
have shown that the adsorption efficiency depends on the adsorbate and the adsorbent 
concentration. 

3.1.2 Physisorption 

Here, unlike the previously mentioned mechanism, the adsorbates only form weak 
physical interactions with the surface of the adsorbent, such as Van der Waals interac-
tions. Since contaminants (adsorbate) only form weak interactions with the surface
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of the adsorbent (composite), their adsorption and desorption rates are compara-
tively high. As a result, this mechanism is reversible to a certain extent. Moreover, 
the formation of these weak interactions could be controlled via the temperature and 
pressure of the medium. Based on the kinetic studies, their adsorption efficiency 
depends only on the concentration and surface area of the adsorbent. 

Moreover, studying the isothermal, kinetic, and thermodynamic aspects of the 
developed adsorbent would give more insight into their adsorption mechanisms. 

3.2 Factors Affecting the Adsorption 

Several crucial factors affect the performance of the clay/polymer adsorbents. There-
fore, it is vital to study these factors and identify the optimal conditions for the 
developed nanocomposite. In this section, some such factors [6, 17, 36] are briefly 
discussed. 

3.2.1 Surface Area 

The surface area of the adsorbent is one of the most crucial factors determining an 
adsorbent’s efficiency and effectiveness. It is vital to have a high surface area on the 
adsorbent such that the adsorbent can meet more contaminants in the wastewater. 
Careful fabrication is essential to get a composite with a homogeneous distribution of 
clay in a polymer matrix with unblocked adsorption sites. Exfoliated clay/polymer 
nanocomposites make more efficient and effective adsorbents than the other two 
types of clay/polymer composites. 

3.2.2 Compatibility 

The other crucial factor that needs to be considered is the compatibility between 
the adsorbate and the adsorbent. Since adsorption is solely dependent on the inter-
actions between them, it is vital to develop the adsorbent in such a way that it can 
form interactions with the contaminants. Moreover, developing an effective adsor-
bent for a broad range of contaminants would be economically beneficial. Espe-
cially with the development of adsorbents by combining hydrophobic polymers 
and hydrophilic clay minerals show the potential at removing hydrophilic (heavy 
metals, dyes) and hydrophobic contaminants (organic pollutants, oil spill) from the 
wastewater. That is why clay/polymer adsorbents have taken significant attention in 
wastewater treatment.
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3.2.3 PH Value 

pH value of the solution may affect the surface charge present on the adsorbent and 
adsorbate which might affect the interactions formed between them. Moreover, the 
adsorption and desorption of contaminants from the adsorbent surface might be able 
to do just by controlling the pH value of the solution. Therefore, it is crucial to study 
the effect of the pH on the adsorption capacity of the clay/polymer composites. 

3.2.4 Contact Time 

The contact time between the adsorbent and the contaminants present in the water 
could significantly affect the adsorption efficiency. Therefore, it is crucial to identify 
the optimal contact time, such that the highest adsorption efficiency and capacity can 
be achieved. 

3.2.5 Adsorbent Dosage 

Adsorbent dosage (amount of adsorbent in a unit amount of matrix polymer) is 
another factor that needs to be considered when identifying the optimal conditions for 
the performance of the developed adsorbent. It is a known fact that more adsorbents 
would be adsorbates onto the surface. Nevertheless, identifying the minimum amount 
of adsorbate needed for the highest adsorption is more economically favourable. 

3.2.6 Co-Existing Ions 

Another vital factor that needs to be considered is studying the effect of co-existing 
ions or compounds in wastewater on the adsorbent’s performance. These ions or 
compounds might affect the interactions between the adsorbent and the contaminant, 
lowering the adsorption efficiency. 

4 Clay/Polymer Adsorbent for the Treatment of Industrial 
Effluents 

This section discusses clay/polymer adsorbents developed for treating industrial 
effluents (dyes, heavy metals, and organic pollutants) over the past two years.
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4.1 The Removal of Dyes 

Dyes [13] are colourants widely used in many industries such as textile, paper-
making, rubber, dyeing, and printing industries. They are generally organic molecules 
having characteristic chromophoric (–NH2,–NHR, –NR2 –OH, –COOH) and 
auxochromic (–NO, –NO2, –N2) groups [27]. These can be cationic, anionic, non-
ionic, or amphipathic based on their chemical structures. However, over the years, 
wastewater containing these hazardous dye chemicals have been released into the 
environment without proper treatment [8]. The textile industry is one of the world’s 
most widely spread industries,its contribution to water pollution seems considerably 
higher than other industries [33]. Therefore, nowadays, dyes are considered to be 
one of the major industrial contaminants found in wastewater. Most of them are 
hydrophilic, and dissolved in water makes them challenging to remove. However, it 
is vital to develop water purification methods that could remove these dyes at least 
to minimize the hazardous health impact on humans, animals, and plants [33]. Over 
the past two years, different kinds of research studies have been done on developing 
clay/polymer adsorbents for the removal of various dyes present in wastewater. Some 
of those research studies have been summarized in Table 1.

As discussed earlier, the clay/polymer composites seem to perform better as adsor-
bents than those used alone, as predicted. [23] have reported the synthesis of polyani-
line/montmorillonite clay (PANI/MMT) adsorbent to remove Acid Green 25 dye 
from wastewater. According to this study, PANI/MMT polymer/clay composite had 
shown better dye absorbance than when PANI alone was used as the adsorbent. 
Based on the adsorption capacity calculated using the Langmuir isotherm, PANI/ 
MMT showed an adsorption capacity of 51.02 mg/g, whereas PANI only showed 
about 34.14 mg/g adsorption. 

Moreover, the research study by [3] shows the enhanced dye absorptivity of ethyl 
cellulose polymer with the incorporation of clay particles. In this study, the adsorption 
performance of ethyl cellulose/bentonite composite for the removal of methylene 
blue dye was studied. According to the Langmuir model, the maximum adsorption 
capacity of the monolayer for the composite is four times that of the polymer alone. 

4.2 The Removal of Heavy Metals 

A group of metals or metalloids having 63.5–200.6 gmol-1 molecular weight with a 
density greater than 5 gcm-3 are considered to be heavy metals [12]. Heavy metals 
are another abundant pollutant found in industrial wastewater. Routes that introduce 
heavy metals into fresh water could be the discharge of industrial waste, munic-
ipal waste, sewage, and agricultural wastewater. Moreover, with the industrializa-
tion and emergence of various technologies, the uncontrollable release of pollutants 
containing heavy metals has been happening continuously over the years. The contri-
bution of iron and steel industry, electroplating industry, mining industry, organic and
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inorganic chemical manufacturing industry, coating industry, battery manufacturing, 
and recycling industry is very significant and has become a global issue. As a result, 
more attention has been placed on the removal of these toxic heavy metals (Cu, Pb, 
Ni, Cd, Cr, Sb, Se, and U) with the discoveries of their potential to cause health 
issues: skin diseases, neurological disorders, respiratory problems, and the like [34, 
42]. However, compared to the research studies on the development of clay/polymer 
adsorbents for the removal of dyes, much fewer studies have been done on using 
clay/polymer composites to remove heavy metals for the past couple of years. Some 
of the clay/polymer adsorbents developed are summarized in Table 2. 

As discussed previously, one of the advantages of combining polymers and 
clay minerals in developing adsorbents is their potential to remove a broad range 
of contaminants. Kong et al., in 2019, have developed Lignin xanthate resin and 
bentonite clay (LXR-BT) composite as an adsorbent to remove organic pollutants 
and heavy metals in water. They tested the developed material with doxycycline 
hydrochloride antibiotic (DCH) and mercury ions (Hg(II)) in water. The developed 
LXR-BT adsorbent has shown 438.75 and 36.45 mg/g adsorption capacity for DCH 
and Hg(II), respectively. In contrast, pristine Bentonite has only shown 119.93 and 
21.29 mg/g adsorption capacity for DCH and Hg(II), respectively. Therefore, it is 
evident that the clay/polymer composite has enhanced the adsorption capacity more 
than the pristine clay mineral alone (Table 3).

Table 2 Clay/polymer adsorbents for the removal of heavy metals from the wastewater 

Polymer Clay mineral Heavy 
Metal 
Ion 

Removal 
efficiency 
(%) 

Adsorption 
capacity 
(mg/g) 

Isotherm/ 
Kinetic 
model 

Ref 

Chitosan/ 
alginate 

Dodecyl amine 
modified clay 
(kaolinite) 

Cr 
(VI) 

Not given 62.4 Khan et al. 
[26] 

Lignin xanthate 
resin 

Bentonite clay Hg(II) Not given 36.45 Langmuir Kong et al. 
[29] 

Polyacrylamide Attapulgite Ni(II) Not given 64.3 Langmuir Li et al. [32] 

Xanthan Gum/ 
Poly(acrylic 
acid) 

Cloisite 15A Co2+ 45 436.62 Pseudo 
second 
order 
model 

Esmaeildoost 
et al. [15]Cu2+ 530.14 

Ni2+ 511.74 

Polypyrrole Montmorillonite Cr(VI) 80 Mdlalose 
et al. [35] 

Cu2+ imprinted 
polymer 

Montmorillonite Cu2+ Not given 23.6 Langmuir Msaadi et al.  
[38] 
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Table 3 Clay/polymer composites for the removal of organic pollutants from the wastewater 

Polymer Clay mineral Organic Pollutant Removal 
efficiency 
(%) 

Adsorption 
capacity 

Isotherm/ 
Kinetic 
model 

Ref 

Lignin 
xanthate 

Bentonite clay Organic 
doxycycline 
hydrochloride 

Not given 438.75 mg/g Langmuir 
model 

Kong 
et al. [29] 

Chitosan Organic-clay 
Dellite 43 B 

Carbendazim Not given 0.4618 mg/g Langmuir 
model 

Baigorria 
and 
Fraceto 
[9] 

Cyclodextrin 
polymer (Fe 
− MMT − 
βcd − DFB) 

Iron coated 
Montmorillonite 

Bisphenol A 95 0.272 mmol/ 
g 

Langmuir 
model 

Kundu 
et al. [31] 

Carbamazepine 0.391 mmol/ 
g 

Perfluorooctanoic 
acid 

0.047 mmol/ 
g 

4.3 The Removal of Organic Pollutants 

The release of organic pollutants into the surrounding water resources by industries 
has also caused an alarming crisis in today’s world. The release of phenol and phenolic 
compounds, aromatic molecules, pesticides, oils, and other toxic organic compounds 
with industrial wastewater into the environment without proper treatment has exposed 
humans and animals to various health issues, including cancer, neurological disorder, 
and endocrine disruptions [39, 40, 42, 1]. 

However, the use of clay minerals as adsorbents for organic pollutants has been 
limited due to their hydrophilic nature. In contrast, polymeric adsorbent seems to 
be the most effective, being hydrophobic and able to modify with functional groups 
compatible with the contaminants. As with the adsorbents developed for the removal 
of heavy metals, there has been only a handful of research studies on the use of 
clay/polymer composites for the removal of organic pollutants; some of them are 
summarized in Table 3. 

The research study carried out by [31] is another example of the use of clay/ 
polymer composite to remove a broad range of contaminants. They have developed an 
iron-montmorillonite-cyclodextrin composite for bisphenol A (BPA), carbamazepine 
(CMZ), and perfluorooctanoic acid (PFOA) adsorption. The developed clay/polymer 
adsorbent by [31] has shown 0.272, 0.391, and 0.047 mmol/g Langmuir maximum 
adsorption capacity for BPA, CBZ, and PFOA, respectively.
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5 Challenges and Future Prospects 

As expected, clay/polymer adsorbents outperform pristine clay minerals or polymeric 
adsorbents alone. The low cost, ease of processing, ability to modify accordingly, 
and most importantly, ability to adsorb a broad range of contaminants make these 
clay/polymer nanocomposites exceptional adsorbents. These economically benefi-
cial, efficient, and effective adsorbents seem to be the potential solution to reduce 
the untreated wastewater released into the environment in low-income countries [6]. 

The research studies [28, 38] on developing various clay/polymer adsorbents to 
remove industrial effluents show that these adsorbents perform exceptionally well on 
the laboratory scale. However, it is essential to study the performance of these adsor-
bents on a large scale. The lack of studies on large-scale performance is a crucial limi-
tation that needs to be overcome to develop these adsorbents into promising wastew-
ater tools in real life. The other factor that needs to be considered is increasing the 
reusability of the developed adsorbents while making them environmentally friendly 
and economically beneficial. The studies related to the reusability of clay/polymer 
composites as wastewater treatment tools are very limited. 

Moreover, as observed in the literature [15, 20, 31], these clay/polymer nanocom-
posites can be designed to adsorb various industrial pollutants at once. Therefore, 
taking advantage of the combined properties of clay minerals and polymers, it might 
be more beneficial to look into developing a universal adsorbent for industrial contam-
inants. This type of adsorbent developed using abundant, cheap clay minerals, and 
easily modifiable polymers would be more beneficial for developing wastewater 
treatment solutions for low-income countries and a solution for the current water 
scarcity. 

On the other hand, polymers are flexible and easily manipulable while being 
easily processable, clay/polymer composites can be designed as any structure: film, 
membrane, solid, aerogel, porous network, and the like [39]. Because of all these 
phenomenal characteristics, clay/polymer adsorbents could be developed into an 
adsorbent used at an industrial level. 

6 Conclusion 

Even though various advanced wastewater treatment methods are developed, 
untreated wastewater is still released into the environment in large quantities, espe-
cially in low-income countries. Therefore, developing affordable yet efficient pollu-
tant removal techniques for water purification is essential. That is why adsorption 
has been given significant attention. Among various adsorbents, clay/polymer adsor-
bents seem to have the potential to be ultimate adsorbents because of their exceptional 
properties: easy processability can be modified easily, high surface area, high adsorp-
tion efficiency, and capacity compared to their original self, ability to adsorb a broad 
range of contaminants and regenerable without the loss of adsorption properties
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are some of them. Moreover, with these properties and wide varieties of polymers 
and clay minerals available, there are endless possibilities for developing efficient 
and effective clay/polymer adsorbents for industrial effluents. However, in the next 
couple of years, immense attention must be drawn to scaling up the lab-scale discov-
eries and development that have already been done on so many different types of 
clay/polymer composites for wastewater treatments. Otherwise, this valuable and 
affordable wastewater treatment tool would not be realized. 
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Clays and Their Polymer 
Nanocomposites 

Padmaja Sudhakar, Radhika Rao, Hetvi Dave, and Virang Vasveliya 

Abstract Clean drinking water resources are scanty in many regions of the world 
due to contamination with several organic and inorganic pollutants. Amongst the 
numerous techniques of contaminant removal, adsorption is the most economic and 
efficient technique. Though the low cost and readily available clay minerals have been 
considered as adsorbents of choice, their practical use as adsorbents is limited due 
to their low adsorption tendency towards organic species, difficulty in regeneration 
and recovery. Clay–polymer composites combining the advantageous characteris-
tics of clay minerals and polymers have emerged as attractive alternative with high 
adsorption efficiency, surface area, and renderability. This chapter describes the 
different classes of clays and polymers used, physicochemical and structural prop-
erties of clay–polymer composites, synthetic methodologies, and characterization 
techniques as well as the main applications in the field of environmental remedia-
tion. Finally, the different mechanisms involved in the adsorption phenomena will 
be discussed. 

1 Introduction 

Clay refers to the group of materials made up of layered silicates or clay minerals with 
traces of metal oxides and organic matter. The basic building unit of clay minerals 
is composed of tetrahedral silicates and octahedral hydroxide sheets arranged in 1:1
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ratio (e.g. kaolinite and serpentine) and 2:1 (e.g. smectite, chlorite, and vermiculite). 
Depending on the charge the clay particles can be divided into cationic clay minerals 
and anionic clay minerals [1]. 

The clay ingredients are split into two categories based on how the alternating 
sheets of “SiO2” and “AlO6” units are arranged. First category is 2:1 clay (smectite, 
and vermiculite) and second is 1:1 clay (Kaolinite). Usually, 2:1 clay is used rather 
than 1:1 because they lack the effective intercalation properties, and the separation 
of layers becomes difficult. This leads to increased charge density which makes the 
penetration of the layers difficult [2]. 

Classification of clay 

Based on the source, clay is categorized as (1) natural clay and (2) synthetic clay. 
The clay material comprises SiO2 and AlO6 in their composition and arranged in an 
alternative way. Two-dimensional arrays of Si–O- tetrahedral and 2D arrays of Al 
or Mg-O-OH octahedral are the main constituents of clay minerals. These sheets of 
tetrahedral and octahedral structure are stacked in various ways in the majority of 
clay minerals. They are classified into (a) 2:1 and (b) 1:1 clay type. 

a. Tetrahedral sheet structure 

The Si atoms are coordinated with four oxygen atoms in Si–O sheets. A typical 
tetrahedron has the Si atom in its middle, with the O atoms placed on its four corners. 
Each tetrahedron in the sheet shares three of its four oxygen atoms with three of its 
neighbours. Each tetrahedron’s fourth oxygen atom faces downward. Tetrahedral 
sheets or silica sheets are other names for this Si–O sheet [3]. 

b. Octahedral sheet structure 

The Al, Mg-O-OH sheets have a hexagonal close packing because the Al or Mg atoms 
are coordinated with six oxygen atoms or -OH groups, which are positioned around 
the Al or Mg atom and with their centres on the corners of a regular octahedron. 
The octahedral sheet shares the fourth oxygen atom that sticks out of the tetrahedral 
sheet. As 1:1 layer minerals, this atom sharing may take place between silica and an 
alumina sheet. In 2:1 layer minerals, two silica sheets on either side of an alumina or 
magnesia sheet share oxygen atoms. In clay minerals, these layers are layered one 
on top of the other [4]. Clay in nature is hydrophilic. It is necessary to alter the clay’s 
surface so that hydrophobic polymers can interact with it. The interlayers of the clay 
are held via strong covalent bonds which makes dispersion difficult, to avoid all these 
problems the clay particles are modified before dispersion in the polymer matrices 
which also increases the interlayer spacing. There is an overall improvement of all 
the properties such as mechanical, thermal, optical, and barrier properties.
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Clays have a special property that allows them to exchange cations between each 
of their layers and retain them. The cation exchange method is typically used to 
modify the surface of clay. By treating additional cations in solution, the intercalated 
cations can be replaced by other cations. The highest number of cations that may be 
continuously taken up by a particular volume of clay is known as the cation exchange 
capacity. The adsorption capacity of montmorillonite is governed by its capacity for 
cation exchange in the interlayer region. Inorganic ions (primarily Na+, Ca2+, Mg2+, 
and K+), amines, amino acids, cationic surfactants, and non-ionic surfactants are the 
most exchangeable cations that can be adsorbed on the clay surface via the cation 
exchange process. The Langmuir-Blodgett reaction between hybrid monolayers of 
clay mineral and amphiphilic alkyl amino cation can also make the clay surface 
organophilic. The negatively charged clay platelets in the suspension are adsorbed 
onto a floating monolayer of the amphiphilic alkyl ammonium cation at an air–clay 
suspension interface when a solution of the cation is distributed onto the suspension 
of clay. To create a hybrid multilayer, one can transfer the hybrid monolayers of clay 
platelets and alkylammonium cations generated at the interface onto a solid surface 
[3, 5]. 

Modification can also be achieved by using organic modifiers which leads to 
high mechanical and thermal properties as well as enhanced liquid barrier properties 
[6]. Other type of modification includes the formation of composite. When two or 
more materials, each having their own significant characteristic properties combines 
to form a new substance with superior properties than the original it is called a 
composite. Figure 1 summarizes the types of clay composites in which primarily 
the polymer-based and non-polymer-based materials are used for modification [7]. 
The layered clays have strong intralayer covalent bonds within the individual sheets 
which poses a difficulty in dispersion of the clay in polymer matrix during preparation 
of clay–polymer hybrid composites, thus requiring modification of the clay to form 
nanocomposites with the polymers. The polymers mentioned are few representative 
polymers and not exhaustive. Others are mentioned at the appropriate place in the 
chapters.

As per the work done previously and reported by various authors grafting polar 
functional groups onto the polymer chains is one of the methods of choice for the 
polymers which lack functional groups. The best example for this is maleic anhydride 
which is used for grafting onto PP which then tends to produce clay/PP nanocom-
posites. Usually, when the clay and the polymer are compatible with each other 
the intercalation between the two takes place easily without the need of any pre-
treatment. Most of the polymers available tend to be hydrophobic and generally are 
not compatible with hydrophilic clays. The clay used has a thickness of 1 nm and the 
side dimensions which fall between the range of 30 nm to a few micro-metres which 
totally depends on the clay. The Van der Waals forces and the weak electrostatic 
forces are the ones responsible between the interlayers and for the stacking of the 
various layers. Inside the layers the aluminium ions of the layers can be replaced 
with iron or magnesium or lithium ions so there is charge neutralization.
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Fig. 1 Types of clay composites based on the materials used for modification

2 Clay and Their Polymer Nanocomposites 

The functionality of polymers and clays can be increased by the formation of compos-
ites. The composite structure has properties like stiffness, strength, high resistance to 
fatigue as well as corrosion, low coefficient of expansion, and ease in manufacturing. 
The polymer-based composites are advantageous in terms of enhancement of the clay 
properties. Clay possesses some specific physicochemical properties such as high 
surface reactivity, optimal rheological properties, swelling and colloidal capacity, 
and high water dispersibility which render them suitable for many environmental 
remediation applications [8]. The lower clay content and lower weight of clay in 
the composites add to the advantage of the material. The composites thus exhibit 
improved biodegradability, tensile strength, modulus, and flexural characteristics 
that are beneficial for removing pollutants. 

When these are scaled down to the nano range, they become nanocomposites. Out 
of the combining constituents any one of the constituents when has a nanoscale range
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then the material is termed to be a nanocomposite. These nanocomposites provide the 
additional benefit of more surface area, and there is an improvement in the electrical 
as well as the optical properties. The chemical resistance of these materials is also 
high and the flame retardancy is also enhanced when compared to simple composite 
materials [9]. The clay minerals have low price, accessibility, high aspect ratio in the 
nanoform which offer excellent properties at low loadings, thus keeping the intrinsic 
benefits of polymer matrix and clay intact. 

The modified/intercalated clay–polymer composites have enhanced properties 
than that of the polymer matrix. Due to the rigid clay structure and high aspect ratio, 
there is an increase in the stiffness and modulus of polymer matrix, thus increasing its 
mechanical strength. The increase in the filler volume also contributes to the tensile 
modulus [2, 10, 11]. The thermal properties of the polymer matrix are enhanced on 
incorporation of clay particles. All these properties make the clay–polymer compos-
ites as compatible adsorbents against the removal of many organic and inorganic 
species in water bodies. The layered structure of clay has the ability to retain water 
in the interlayer spacing resulting in heavy metal adsorption and ion exchange. The 
aspect ratio of clay spread in the polymer matrix also shows an impact on the gas 
barrier properties [2]. 

Figure 2 shows the various clays and few representative polymers that have been 
widely used to form clay–polymer nanocomposites and are summarized in Table 1.

2.1 Types of Polymer Clay Morphologies 

The polymer and clay can adopt any of these morphologies—phase-separated, inter-
calated, and exfoliated [1, 12]. Phase-separated composite structure results when the 
interaction between the clay and the polymer composite is very weak which does 
not allow the intercalation of the polymer matrix in the clay composite but results 
in a structure where the polymer chain surrounds the clay. Due to this, there is not 
separation between the clay platelets. This may result in large-sized polymer/clay 
composites which may be of the size of microns. The intercalated clay composites 
result when some of the polymer chains have penetrated the individual clay platelets. 
This enhances the interlayer distance between the clay layers. Polymer–clay compat-
ibility is crucial for the success of polymer nanocomposites’ qualities when clay is 
used as reinforcement. An approach for the compatibilization of organic material 
with an inorganic is claimed via the intercalation of organic components in layered 
inorganic clays [13]. 

The exfoliated nanocomposites are completely separated clay nanoplatelets which 
are homogeneously dispersed in the polymer matrix. The exfoliated composites are 
the one producing the highest surface area which results in the enhancement of various 
physicochemical properties of the composites [1]. The exfoliation/intercalation 
increases the stiffness and modulus of the nanocomposites.
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Fig. 2 a) Various types of clays and b) various polymers generally used in the formation of clay– 
polymer nanocomposites
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Table 1 Classes of clay–polymer composites 

Classes Structure Polymer (General examples) 

1 1:1 clays 

Kaolinite Two-sheet phyllosilicates Poly(hydroxyl alkanoate).Imidazole, 
Resorcinol–formaldehyde polymer 
blends, Chitosan 

1 2:1 clays 

Hectorite Layered silicates Poly(N-isopropylacrylamide) 
(PNIPAm) 

Montmorillonite Two tetrahedral sheets Biopolymer, Chitosan, Polystyrene, 
Epoxy resin. Natural rubber, 
Chitosan-polyacrylic acid. 
Alginate-Aniline, p-cylcodextrine 

Bentonite Lamellar structure Caprolactam (PA-6), Polystyrene, 
Phosphatidydylcholine, Chitosan, 
Poly(vinylalcohol) 

Vermiculite Expanding three sheet phyllosilicates Poly(vinylalcohol), Polyurethane, 
Poly(Lactic acid), Chitosan 

Sepiolite Sheet-fibrous structure Polyamides, 
Polymethylmethacrylate (PMMA), 
Polyethylene terephthalate, 
Biobased Polyamide, Caprolactam 
(PA-6)

Figure 3 shows the schematic in which the clay/polymer hybrid composites are 
classified on the basis of the interactions between the clay and the polymer layers to 
adopt different morphologies. 

Fig. 3 Classification of clay–polymer composites based on morphologies [2]
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2.2 Different Categories of Clays Used to Synthesize 
Clay–Polymer Nanocomposites 

(a) Montmorillonite-based polymer nanocomposites 

Montmorillonite (MMT), a commonly used clay, with general formula Mx(Al4-xMgx) 
Si8O20(OH)4 belongs to the family of 2:1 phyllosilicate. It is a hydrophilic clay which 
is compatible with polymers like polyaniline (PANI). It has advantages of being natu-
rally abundant and has abundant exchangeable surface charges and has the property 
of layer exfoliation [11]. Montmorillonite is a potential adsorbent of several cations 
and organic compounds due to its high cation exchangeability, Bronsted and Lewis 
type of acidity, huge surface area, chemical and physical stability, and layer structure. 

Nanocomposites (NC) comprising MMT and polymer are reported to display 
greater toughness and strength [3, 13]. Montmorillonites exchanged with chain 
onium ions having more than 12 carbon atoms demonstrated an interesting benefit. 
Synthesis of nanocomposites NC with MMT clay phase intercalated in the cross-
linked polyurethane network was achieved by the polymerization process of polyol 
isocyanate precursor and organoclay. The onium ion’s structure and length had a 
significant impact on the intercalation process [14]. 

Hybrids of cellulose nanofibrils and MMT nanoplatelets are another interesting 
NCs that are reported to exhibit outstanding mechanical performance along with other 
features such as minimal oxygen permeability, thermal shielding, and fire retardancy. 
Optimal properties as compared to their pristine counterparts was achieved due to 
the aggregation and formation of multi-layered cellulose nanofibrils, MT NC with a 
weight ratio of 50:50 [15–17]. 

(b) Laponite-based polymer nanocomposites 

Laponite is made up of octahedral layers of tetrahedral silica intercalated with layers 
of Mg2+ and Li+ ions with a composition Na+ 0.7[(Mg5.5Li0.4) Si8O20(OH)4]0.7. It  
displays a unit cell that resembles a disc and has a diameter of approximately 25 nm 
and a thickness of 1 nm. The silanol groups (SiO-), which are negatively charged as 
well as the groups formed by hydroxyl (MgOH and LiOH), augment the sorption 
capabilities of laponite-based clay nanocomposites. Depending on the pH of the 
surrounding solution, they could become positively or negatively charged. 

The pH and temperature sensitive “smart” hydrogels such as polymethacrylic acid 
hydrogel are widely used in agricultural and biomedical fields as delivery methods for 
controlled release of drugs, fertilizers, and pesticides. Hydrogels do, however, have 
several drawbacks, such as poor mechanical and adsorption qualities. Incorporation 
of inorganic components, like clays, into the structure of these hydrogels are reported 
to alleviate these difficulties [18]. 

(c) Sepiolite-based polymer nanocomposites 

Sepiolite, a magnesium phyllosilicate [Si12Mg8O30(OH)4(OH2)48(H2O)], has two 
layers of silica arranged in a tetrahedron and a layer of magnesium ions with octahe-
dral coordination to form threefold strips. The strips are arranged to form channels
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with water molecules. The presence of these channels significantly increases the 
specific surface area of sepiolite by 200–300 m2/g. 

Polyamide-6 is a widely used thermoplastics in various industries such as elec-
trical, automobile, and electronic, owing to the excellent mechanical properties. 
Nevertheless, the crack sensitivity, dimensional instability, and high moisture sorp-
tion reduced structural parts applications. Sepiolite had been introduced into the 
polymer matrix to enhance the mechanical, predominantly tensile and flexural 
strength and improve thermal properties [19, 20]. The majority of earlier research 
focused on using macro-size sepiolite as a beneficial filler in thermoplastics to form 
composites is now being replaced by nano-sized sepiolite. Furthermore, the sepiolite 
surface may be modified to improve its interaction with the chains of polyamide to 
improve the composite properties compared to the sepiolite of the unmodified surface. 
Asensio. M et al. investigated the effects of sepiolite orientation and concentration on 
the morphological, mechanical, and thermal properties of polyamide for structural 
applications in the automotive sectors [21]. 

Similarly, polymethyl methacrylate, an acrylic resin has poor thermal and mechan-
ical properties could be improved by formation of composite with sepiolite [19]. 

(d) Hectorite-based polymer nanocomposites 

Hectorite (Na0.3(Mg,Li)3Si4O10(OH)2) is a trioctahedral smectite clay having an 
elongated platelet structure with an intrinsic negative charge balanced by exchange-
able sodium (Na+) ions with thickening properties. The hectorite clay provides 
large surface area and enhances the mechanical properties of the composite in 
which it is incorporated. A well-known temperature-responsive polymer poly(N-
isopropylacrylamide) (PNIPAm) with hectorite as a filler has led to successful 
reinforcement composite [22]. 

(e) Bentonite clay–polymer nanocomposites 

Chemical formula of Bentonite clay is Al2H2Na2O13Si4. The surface hydroxyl groups 
and the structural permanent negative sites of bentonite clay particles each carry a 
separate type of electrical charge, which contributes to their capacity for cation 
exchange. The ability of some metal ions to enter their crystal lattice and alter their 
surface charge with interlayer complexation ability is well recognized. 

The applicability of clay can be improved by formation of a composite with 
polymers such as acrylic acid [23]. To prepare the composite firstly acrylic acid 
was treated with base to give acrylamide followed by cross-linking with bentonite 
clay via N, N’- methylenebisacrylamide. The polymerization reaction was carried 
out at 70 ºC in the presence of (NH4)S2O8 under nitrogen atmosphere to produce 
the nanoclay–polymer composite. The formation of composite was confirmed by 
Fourier transform infrared spectroscopy, scanning electron microscopy, and X-ray 
diffraction that indicated complete dispersion and exfoliation of the bentonite layers
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in the composite, leading to an increase of the surface area with applicability in 
agriculture and environmental remediation. 

(f) Kaolinite clay–polymer nanocomposites 

Kaolinite (Al2O3 2SiO2.2H2O), a layer type 1:1 clay mineral, is made up of silicate 
sheets (Si2O5) joined to layers of aluminium oxide/hydroxide (Al2(OH)4) through the 
arrangement of tetrahedral and octahedral sheets. The distance between the silicate 
layers is 0.72 nm [24]. The cation exchange capacity and specific surface area values 
of lamellar kaolinite can be significantly increased by exfoliation. To create a novel 
class of materials with enormous promise as super absorbents, drug delivery systems, 
tissue scaffolds, rheological modifiers, wound dressings, and biosensors, exfoliated 
kaolinite nanosheets can be combined with polymer to form nanocomposites. 

The methods used for the synthesis of clay–polymer hybrid composites, the mech-
anism involved during the synthesis, the physicochemical properties of the compos-
ites prepared using different polymer matrices, and finally the application of these 
clay–polymer composites in removal of dye and heavy pollutants from waste water 
are discussed below. 

3 Methods of Synthesis 

Clay–polymer hybrid composites can be classified on the basis of method of 
synthesis. Figure 4 outlines the general methods of synthesis of nanocomposites. 

Fig. 4 Outline of the techniques used in the preparation of nanocomposites [2]
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3.1 In Situ Polymerization Method 

This method is mostly used to obtain well exfoliated clay platelets in the polymer 
matrix [9]. In this method, an initiation step takes place which results in the devel-
opment of a hybrid between the polymer molecules and the organoclay. The organo-
modified clay is swelled within a liquid monomer solution, which ultimately leads to 
the monomer dispersion in between the clay spacing. Thereafter, the polymerization 
process takes place to form the polymer. The polymerization step can be triggered 
by applying radiation or thermal energy along with a catalyst or an initiator which 
is added prior hand before the clay layers get expanded by ion exchange method 
[2]. The in situ polymerization method (i) tolerates resourceful molecular strategies 
of the polymer matrix, (ii) is an effective approach for the synthesis of polymer 
nanocomposites having extended property range, and (iii) is a technique which helps 
in developing an interface between the filler and the polymer matrix by modifying 
the matrix structure and its composition as well. This technique is generally used for 
formation of composite with thermosetting polymers. 

3.2 Solution Blending Method 

This technique is one of the easiest methods amongst the three methods available. 
This technique is also called solution-induced intercalation. The polymer is dissolved 
in a solvent initially along with clay dissolved in the same solvent separately. The 
clay solution is then poured in the polymer solution and homogenized for a uniform 
amount of time followed by evaporation of solvent [2]. However, use of organic 
solvents makes the method environmentally unsafe [25]. The major driving force in 
the intercalation process in this technique is the increase in total disorderliness of the 
system which is also called as desorption process of the solvent molecules. Solution 
blending method gives rise to uniform nanoclay dispersion. 

3.3 Melt Blending Method 

The melt blending technique is an industrially viable method which is eco-friendly 
and has high economic potential [1]. This method provides a better compatibility 
between the clay and the polymer as the polymer is directly reinforced in the polymer 
matrix. The mixture is then annealed over the polymer’s melting point [2]. The 
melt-mixing generally results in three different polymer–clay morphologies. When 
the polymer is not able to diffuse in the interlayer spacing and the clay instead 
of getting dispersed stays in an agglomerate state, microcomposites are obtained. 
The intercalated nanocomposite is obtained when the multilayer morphology is seen 
with the polymer chains diffuse into the interlayer and the spacing is approximately
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2–4 nm [10]. The third type of morphology obtained is exfoliated one where the 
individual clay platelets get suspended in a polymer melt with the interlayer distance 
of 8–10 nm [10]. The most preferred is exfoliated morphology which gives the largest 
matrix-filler contact area. The melt intercalation method provides an advantage that 
the technique is very specific as there is intercalation in systems where solvent is not 
involved. This technique is widely used for the fabrication of poly lactic acid/clay 
nanocomposites [25]. 

3.4 Sol–Gel Method 

The technique involves dissolving the desired oligomer or polymer in sol–gel solu-
tion followed by hydrolysis and condensation of clay. The polymer involved in the 
composite can be cross-linked for better interaction with clay. Cross-linking by 
organo-functional silanes is widely adopted wherein the organo silyl groups can 
be hydrolyzed and co-condensed to form clay–polymer composite. Cross-linking 
leads to an improvement in thermal stability, resistance to solvents, and deformation. 

Dual layer nanocomposite can be formed by sol–gel technique [26]. The advantage 
of this method is that a more uniform and well-oriented material is obtained. The 
surface area of the material is also high and nano-sized particles can be achieved with 
ease. The processing temperature here is low which results in homogeneity and the 
reaction can be controlled stoichiometrically to render pure products. The technique 
yields product which has high strength and high specific modulus [27]. 

Other types of modification include the formation of clay–polymer magnetic 
composites wherein the polymer matrix is filled with magnetic clay nanoparticles. 
Even clay–biopolymer nanocomposites have been formed to improve the properties 
such as surface functionality and reactivity. One of the best examples for this is the 
composite formed from chitosan which have proven to be excellent adsorbents for 
the removal of pollutants from water [28]. 

4 Characterization of Clay–Polymer Nanocomposites 

Various techniques have been employed to characterize the composites. Techniques 
like Fourier transform infrared spectroscopy, scanning electron microscopy, field 
emission scanning electron microscopy, X-ray diffraction, Brunauer–Emmett–Teller 
(BET) analysis, UV–Vis spectroscopy, and high-resolution transmission electron 
microscopy (HRTEM) have been used [11]. 

XRD and TEM are two complementary techniques to analyse the structure of 
nanocomposites [2]. XRD is a useful technique for the determination of the interlayer 
space between layered silicates and the changes in the interlayer space during the 
formation of a nanocomposite. A decrease in the 2θ value that is the increase in 
d-value, due to expansion is indicative of formation of intercalated structures. This
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expansion gives us an understanding that the polymer has penetrated the separation 
but there is preservation of the repeated layer structure. The structure of the silicate 
is unaffected in phase-separated polymer-organoclay mixes so the organoclay basal 
reflection remains the same. The exfoliated structures have a lot of layer separation 
due to which the layer stacking is interrupted, and hence, there are no observable 
peaks. This disappearance of the peaks is due to extreme separation or due to the 
lack of the order in the nanocomposite. However, XRD has some limitations, as it is 
imperfect for measuring delaminated and exfoliated polymer–clay nanocomposites 
as no peaks are visible in this case [2]. The degree of crystallinity offered by polymers 
and their composites impacts the application of that composite [14]. Exfoliation 
means disorderliness which sometimes also leads to amorphous peaks [6]. 

XRD of pure montmorillonite (the most common clay used for the formation of 
polymer–clay nanocomposites) can be seen at 2θ = 7, 14, 19 and 260. And according 
to Scherer equation, the nano-montmorillonite shows crystallite size of 38.4 nm [15]. 
The peak of SiO2 emerges at 2θ =26.960, whereas the peak at 2θ = 20.120 is attributed 
to the aluminium silicate (Al2SiO5) [29]. Similarly, the kaolinite peak is seen at 2θ 
= 9.580 and 29.060 which shows some amount of crystallinity [30]. 

TEM provides better information about the structure and gives elaborate infor-
mation about the morphology and defects present on the surface. The TEM images 
enable us to recognize the heavy atoms such as Al, Si, and O of the clay as well as 
the lighter atoms like C and H of the polymer. Even the filler atoms such as Na and 
Mg can be seen in the TEM images. The dark lines in TEM represent the layered 
silicates and the polymer appear brighter. So, this spacing between the dark and the 
bright lines gives the idea between the intercalation and the way the clay has been 
dispersed in the polymer [2]. For example, a well-known and common composite 
is between montmorillonite (MMT) and polyaniline (PANI), which has been well 
characterized using low angle XRD from an angle of 30 to 700. Polyaniline exhibits s 
peaks at about 2θ = 150, 200, and 250 while the MT used to synthesize the composite 
showed a typical peak at 2θ = 6.08 0, which corresponded to a d-spacing of 14.52 Å. 
If the peaks are sharp, it indicated crystallinity of the polymer [30]. 

Similarly, SEM images also help in knowing the structures of the composites. For 
example, a biopolymer–clay nanocomposite derived from biopolymer of M. olifera 
seed showed SEM images where a rough profile was obtained due to the insertion of 
biopolymer in between the layers of the clay structures. It showed that the biopolymer 
was well seated in the clay layers and the exfoliation of the polymer achieved was 
good. The SEM images thus helped in identification of the nanostructure composite 
formed in between the clay and polymer layers [14]. The signal intensity at each pixel 
usually corresponds to a number which is proportional to the number of electrons 
that are emitted from the surface and is represented as a greyscale value. Usually, as 
reported previously it has been seen that the fillers in general have been identified 
and characterized as white bands (upper grey values) while the polymer matrix can 
be identified as black bands (lower grey values) [10]. 

In case of FTIR, the pure components and the nanocomposites can be distin-
guished by the vibrational spectral bands obtained before and after nanocomposite 
formation. For example, in the polyaniline montmorillonite composite the typical
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Si–O bands have been identified at 1016 and 1101 cm−1 which also were present in 
the individual components confirming the intercalation of the two components. FTIR 
helps to distinguish between the pure clay and the organo-modified clay too. MMT 
and the organo-MMT is one such example. The peaks obtained at 3600–3000 cm−1 

were attributed to the OH and NH stretching which were obtained as broad peaks in 
the organo-modified MMT. The Si–O in-plane stretching was found in the range of 
1003–1087 cm−1 which after the formation of the organically modified MMT shifted 
to lower energy by 10–12 cm−1 [6]. 

The Karaya gum-graft-poly (2-methacryloloxy ethyl) trimethyl ammonium chlo-
ride/montmorillonite clay composite (KG-g-PMETAC/MMT) is another example 
where FTIR has been used to characterize the functional groups present in the 
composite. Here, the band at 1727 cm−1 has been attributed to the C = O stretching 
vibration, and the band at 1447 cm−1 is given to the bending vibration of quaternary 
ammonium groups present in the matrix. The bands at 1030 cm−1, 910 cm−1, and 
852 cm−1 have been attributed to the presence of Si–O in-plane stretching, Al-O and 
Mg-O bending vibrations of the clay [31]. 

Techniques based on X-ray spectroscopy such as X-ray photoelectron spec-
troscopy, energy-dispersive X-ray spectroscopy, and near edge X-ray absorption fine 
structure spectroscopic techniques help in understanding the chemical compositions 
of the clay–polymer nanocomposites materials. Usually, the elements of interest in 
organic polymer nanocomposites that can be identified by XPS are C(1 s) at 285 eV, 
N(1 s) at 398 eV, O(1 s) at 531 eV, F(1 s) at 685 eV, Si(2p) at 99 eV, S(2p) at 164 eV, 
S(2 s) at 228 eV, P(2p) at 130 eV, P(2 s) at 188 eV, Cl(2p) at 200 eV, Cl(2 s) at 271 eV, 
and Br(3d) at 69 eV binding energies. 

The carbon-based bonds as well as the main chain elements can be characterized 
by XPS. A more effective method which gives us more surface-sensitive information 
is angle-resolved XPS. Here, the detection limits are considerably reducing and the 
XPS signal from an area closer to the surface is obtained. If the thickness of the 
polymer film is less than 3λ, then the non-destructive vertical chemical composition 
and the distribution of the elements can also be analysed. 

Energy Dispersive X-ray Spectroscopy is another widely used non-destructive 
technique for both qualitative and quantitative analysis. Here, the energy of the 
emitted X-rays is characteristic of the types of elements present in the material. 
This technique when combined with SEM helps us to closely examine the chemical 
composition of the three-dimensional structure. 

Another emerging technique is the X-ray Absorption Spectroscopy which involves 
the near-edge absorption fine structure (NEXAFS) The edge where the X-ray is 
absorbed by the target is characteristic of the element in the sample as the signal 
is generated by the resonance of the electron waves and the backscattered electron 
waves of the other electrons surrounding the atom. K-edge spectrum of the carbon 
is examined when it comes to identification of C(1 s) electron in organic/polymeric 
materials and composites. The techniques provide both quantitative and qualitative 
analysis giving us an idea of orientation and composition of the material [32]. 

The thermal stability of the composite can be analysed by thermogravimetric 
analysis (TGA). The volatile matter that is liberated as the composite degrades as a
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function of temperature is studied. The addition of clay in the polymer matrix adds to 
thermal stability. The TGA weight loss stages are generally divided into three main 
steps (a) the loss of water content, hydroxyl groups, and volatile compounds of the 
polymer, (b) decomposition of aliphatic chains and dehydration of the cellulosic rings 
or other components present, and (c) degradation of matrix remaining if any [15]. One 
of the examples for this is PMMA-MMT nanocomposites which has 40–50 0C greater 
decomposition temperature than the individual components [2]. Another example is 
the comparison of pure polystyrene (PS) and polystyrene nanoclay composite which 
again shows a 30–40 0C stability over the pure polystyrene. 

The tensile properties can also be analysed. It is generally seen that the tensile 
strength in organically modified polymers increased with increase in clay content 
from 0 to 6 wt %, but the increase then ceased beyond 6 wt% and instead a decrease 
was found. The addition of organoclay increases the tensile strength and is due to 
the agglomeration of the organo-clay particles and intercalation between the organ-
oclay and the polymer matrix [6]. The organically modified sodium montmoril-
lonite by octadecyl ammonium-zinc oxide nanoparticles which has been incorpo-
rated in the chitosan matrix and used for food packaging has also exhibited similar 
behaviour [31]. 

BET analysis gives an idea about the surface area and the pore size of the 
polymer. For example, in the MMT/PANI composite [33], the PANI showed a porous 
morphology, whereas the MMT clay had a less porous morphology and therefore 
had a lesser specific surface area. The formed composite had a lesser surface area 
than pure PANI possibly due to the intercalation; however, the adsorption properties 
were found to be better than the pure PANI. 

5 Application 

Contamination and degradation of the aquatic environment are the major global 
concern of our society. The limitation of clean drinking water sources urges a neces-
sity to either treat the waste before discarding it to the water bodies or treat the 
polluted water in rivers, lakes, and other aquatic bodies. A lot of industrial effluent 
including organic and inorganic wastes, heavy metals, dyes, and aromatic compounds 
is discharged in the water bodies untreated which pose a considerable risk to the 
clean drinking water sources. These are harmful to both humans and aquatic life in 
the water bodies. Thus, the removal of these pollutants is absolute necessity. Clay– 
polymer composites act as efficient adsorbents in the uptake of these pollutants and 
treatment of the water bodies. 

With the growth of textile industries, the pollution of water bodies with the 
untreated discharged dyes is increasing. Dyes usually are synthetic in origin, have 
complex aromatic molecular structures which are more stable and difficult to biode-
grade. They can be cancerous and mutagenic to humans. They also prevent the 
penetration of light from the surface of water thus hampering the photosynthesis 
process of aquatic life.
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Heavy metals contained in industrial effluents constitute a major environmental 
concern as they are persistent, cannot be degraded/destroyed, and can be biomagnified 
by organisms. Presence of these metals above the permissible limits in drinking water 
can alter the metabolic body processes and induces impairment and dysfunction in 
blood and cardiovascular system in human adults and particularly in children. 

The removal of these heavy metals and dyes using adsorption by clay–polymer 
nanocomposites remains an interesting area of research. Table 2 shows the recent 
application of clay–polymer hybrid composites in the removal/uptake of dyes and 
heavy metals.

The adsorption efficiency of dyes and heavy metals can be attributed to the elec-
trostatic attraction between the pollutant and the adsorbent. The various interactions 
between the surface functional groups of the clay–polymer hybrid composite and the 
dye/heavy metal leads its adsorption on the surface of the adsorbent. For instance, 
Chitosan-Glyoxal/Kaolin used for the removal of Remazol Brilliant Blue R (at pH 4) 
has -NH2, -OH and Si–OH groups on the surface. At the acidic pH value, the amino 
group as -NH3 

+ along with the positively charged surface of the composite material 
resulted in electrostatic attraction of the sulfonic acid groups of the dye. Hydrogen 
bonding and n-π interactions between the clay composite and the aromatic ring of 
the dye further augment the adsorption process [32]. The electrostatic interactions 
and hydrogen bonding between adsorbent and adsorbate were confirmed from FTIR 
and XPS analysis. The appearance of characteristic peaks of functional groups of 
adsorbates in FTIR of composite and the shifts observed in XPS proved the interac-
tion between them [11]. The interaction between Methyl Orange and clay–polymer 
composite were discussed on similar grounds by Kang et.al. [35]. Quin et al. discussed 
the interaction between Cu2+ and the clay composite based on the appearance of Cu2+ 

peak in XPS after adsorption and disappearance of the peak of sodium due to cation 
exchange between sodium ions and copper ions [36]. 

Thus, electrostatic interaction between the surface of the clay–polymer hybrid 
composite and the dye/heavy metal plays a role in the removal of the pollutant. 
Also, hydrogen bonding between the surface functional groups and those of the 
adsorbate contribute to the removal. If the molecular structure of the pollutant has 
the presence of aromatic rings, then n-π interactions also contribute to the adsorption 
phenomenon. 

6 Conclusion 

This book chapter provides a comprehensive overview on the properties of clay– 
polymer hybrid composites, different polymers used for the surface modification 
which contribute to an enhancement in various physicochemical properties of clay, 
various methods of synthesis and finally the environmental applications of clay– 
polymer hybrid composites focussing on the adsorption of dyes and removal of 
heavy metals. The intercalated clay/polymer composites show high mechanical



Clays and Their Polymer Nanocomposites 335

Table 2 Recent application of clay–polymer hybrid composites in the removal/uptake of dyes and 
heavy metals 

Adsorbent Adsorbate pH Removal 
efficiency 
(%) or 
Adsorption 
capacity 
(mg/g) 

Isotherm model Kinetic 
model 

Ref 

Polyaniline/ 
Montmorillonite clay 
nanocomposites 

Green 25 6 100% Langmuir Pseudo 
Second 
order 

30 

Montmorillonite 
nanosheet/poly 
(acrylamide-co-acrylic 
acid)/sodium alginate 
hydrogel beads 

Methylene 
blue 

6.83 530.7 mg/g Freundlich Pseudo 
Second 
order 

11 

Polyacrylate/Bentonite Pb (II) − 1554 mg/g Langmuir Pseudo 
Second 
order 

34 

Chitosan/Montmorillonite Methyl 
Orange in 
presence of 
Methylene 
Blue 

3 1060 mg/g Langmuir Pseudo 
First 
order 

35 

Chitosan hydrogels/ 
Montmorillonite 
nanosheets 

Cu (II) 4 119.42 mg/ 
g 

Langmuir Pseudo 
Second 
order 

36 

Chitosan/Montmorillonite Methylene 
Blue 

8 276.03 mg/ 
g 

Freundlich, 
Dubinin-Radushkevish 

Pseudo 
Second 
order 

14 

Chitosan/ 
Montmorillonite/ 
Polyaniline 

Methylene 
Blue 

− 111 mg/g Temkin Pseudo 
Second 
order 

37 

Polypropylene-g-Maleic 
Anhydride-Chitosan/ 
Montmorillonite 

Pb (II) 8 90.9% Langmuir Pseudo 
Second 
order 

38 

Chitosan/Polyacrylic 
acid/ bentonite 

Malachite 
Green 

6 454.55 mg/ 
g 

Langmuir Pseudo 
Second 
order 

39 

Cross-linked Chitosan/ 
Bentonite beads 

Crystal 
Violet 

5 169.49 mg/ 
g 

Langmuir Pseudo 
Second 
order 

40 

Chitosan-Glyoxal/Kaolin Remazol 
Brilliant 
Blue R 

4 447.1 mg/g Langmuir and 
Freundlich 

Pseudo 
Second 
order 

32

(continued)
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Table 2 (continued)

Adsorbent Adsorbate pH Removal
efficiency
(%) or
Adsorption
capacity
(mg/g)

Isotherm model Kinetic
model

Ref

Chitosan-Azadirachta 
indica/Kaolinite 

Congo 
Red, 
Methylene 
Blue 

6,7 104.66 mg/ 
g, 
99.01 mg/g 

Langmuir Pseudo 
Second 
order 

29 

Cellulose/Clay composite Rhodamine 
B 

2 95.6% Redlich-Peterson Pseudo 
Second 
order 

15 

Cellulose/Clay bio 
composites 

Pb (II), 
Cd (II) 

7 265.67 mg/ 
g, 
50.38 mg/g 

Langmuir Pseudo 
Second 
order 

41 

Carboxymethyl/Chitosan/ 
Montmorillonite 

Pb (II), 
Congo Red 

5,7 87.95 mg/ 
g, 
91.77 mg/g 

Langmuir Pseudo 
Second 
order 

42 

Carboxymethyl 
cellulose-g poly 
(acrylamide)/ 
montmorillonite 
nanocomposite 

Malachite 
Green 

7 172.4 mg/g Langmuir Pseudo 
Second 
order 

43 

Zr (IV) encapsulated 
carboxymethyl cellulose/ 
montmorillonite 

Reactive 
Red 2, 
Acid 
Orange 7 

3 100% Freundlich − 44 

Graphene 
oxide-montmorillonite/ 
sodium alginate aerogel 
beads 

Methylene 
Blue 

5.99 150.66 mg/ 
g 

Freundlich Pseudo 
Second 
order 

45 

Karaya gum-graft-poly 
(2-methacryloyloxy ethyl) 
trimethyl ammonium 
chloride/montmorillonite 
clay composite 

Methylene 
Blue, 
Toluidine 
Blue, 
Crystal 
Violet, 
Azure B 

− 155.85 mg/ 
g, 
149.64 mg/ 
g, 
137.77 mg/ 
g, 
128.78 mg/ 
g 

Freundlich Pseudo 
First 
order 

46 

Tetraethoxysilane 
functionalized 
Na-bentonite polysulfone/ 
polyethylenimine 
composites 

Methylene 
Blue 

− 99% − − 47

(continued)
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Table 2 (continued)

Adsorbent Adsorbate pH Removal
efficiency
(%) or
Adsorption
capacity
(mg/g)

Isotherm model Kinetic
model

Ref

M. Oleifera/Bentonite Cd (II), 
Cr (VI), 
Pb (II) 

6–8, 
2–4, 
5–7 

99.99% Langmuir, Langmuir, 
Freundlich 

− 14

strength, filler volume, tensile strength, and thermal properties which are benefi-
cial from the point of view of environmental application of pollutants and reme-
diation of waste water. Though the low cost and readily available clay minerals 
have been considered as adsorbents of choice, their practical use as adsorbents is 
limited due to their low adsorption tendency towards organic species, difficulty in 
regeneration and recovery. Clay-polymer composites combining the advantageous 
characteristics of clay minerals and polymers have emerged as attractive alterna-
tive with high adsorption efficiency, surface area and renderability. The different 
classes of polymers that have been used in formation of composites include chitosan, 
polystyrene, polypropylene, polyesters, polyurethanes, epoxies, and polyvinyl chlo-
ride. The synthesized composites are known to exhibit enhancement in the adsorption 
potential for effective removal of the pollutants. Methods such as in situ polymer-
ization, solution-induced intercalation, and melt processing have been described in 
detail. The unique characteristics and properties of the synthesized material using 
the above techniques have been noted and described in brief. Various characteriza-
tion techniques applied allows us to distinguish between intercalated, exfoliated, and 
phase-separated polymer clay nanocomposites. Through the tensile property studies, 
one can conclude the tensile strength especially in organically modified materials 
and increase with the percentage load of the clay up to 6% of weight after which 
a decrease in the tensile strength was seen. The later part of the chapter highlights 
the application of the clay composites in the environmental area such as removal/ 
uptake of dyes and heavy metals from water resources. Hence, clay–polymer hybrid 
nanocomposites are highly promising material for waste water treatment along with 
robust and rugged material property for environmental application is now prominent 
for sustainable future.
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Clay Mineral Composites 
as Environmental Catalysts 
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Abstract Clay mineral-based composites are increasingly employed as environ-
mental catalysts owing to their accessibility, biocompatibility, nontoxicity, and dura-
bility. Natural clay minerals are phyllosilicates with a typical structure containing 
nanoscale parallel sheets of silicate tetrahedra. These unique layers and interlayers 
can be modified to build innovative catalytic composites based on clay minerals. 
This chapter revisits the contemporary studies on the engineering of clay-based 
composites, their fundamental physical and chemical properties, and their functional 
alterations, which have expanded the application of clay mineral composites as envi-
ronmental catalysts. Furthermore, the chapter summarises the clay mineral compos-
ites’ major environmental remediation applications from four perspectives: combus-
tion catalysis, water treatment, biodiesel production, and photocatalysis. Alongside 
this, the potential of clay mineral composites as nanocatalysts is briefly discussed. 
Holistically, the chapter disseminates the foundation for new insights, problems, and 
prospects of clay mineral composites as environmental catalysts and their catalytic 
applications. 
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1 Introduction 

Expanding human civilization has produced several energy sources, materials, and 
chemicals to improve living conditions, primarily using resources mined from the 
earth. Consequently, multiple human activities emit many pollutants that harm air, 
land, and water sources. Moreover, the modern world faces an energy crisis due to 
the depletion of fossil fuel, coal, and gas supplies due to rising energy consumption 
and population expansion. As such, a dire need exists for renewable energy sources 
and robust environmental remediation technologies. To this end, low-cost clay-based 
minerals have gained a growing interest, given their effectiveness and profitability 
in producing novel catalysts, synthetic chemicals, composites, and fuels. Also, clay-
based catalysts play a significant part in green chemistry due to their ability to reduce 
the usage and production of harmful compounds [1]. 

Clay minerals are a promising catalyst for purifying wastewater [2] and air [3]. 
Also, these catalysts can be effectively used in biodiesel production [4], hydrogen 
production [5], photocatalysis [6], and other environmental applications due to their 
abundance and low cost. In addition, they feature a large surface area, superior 
porosity, a high mechanical strength, and great thermal and chemical stability [7]. 
Similarly, the crystalline structure of clay minerals may be altered by various treat-
ments to improve porosity and surface area and increase the number of active sites 
that facilitate the creation of intermediates between reactant and product [8]. To maxi-
mize the environmental advantages of catalysts, special consideration should be given 
to catalytic selectivity for the product, the catalyst’s carbon footprint, waste output 
(amount of byproducts and inorganic compounds), catalyst loading and intrinsic 
activity, and catalyst recoverability [9]. 

Figure 1 shows a bibliometric analysis performed using search results of 136 
research papers published from 2017 to 2023 in the Scopus database. From a 
broader perspective, the systematic review of these results highlights on replacing 
conventional acid, trace metal-based catalysts, and other inefficient catalysts with 
clay composite-based sustainable catalysts to improve the overall efficiency and 
eco-friendliness of the environmental process.

This chapter reviews the research on applying clay composites as environmental 
catalysts. The chapter opens with a brief overview and categorization of natural clay 
minerals. Also highlighted are the robust modification procedures utilised for these 
natural clay minerals. In this respect, the chapter seeks to establish a foundation for 
the broader scope of clay mineral composites and nanocomposites. The uses of clay 
minerals for environmental remediation are reviewed in four sections: combustion 
catalysis, water treatment, biodiesel synthesis, and photocatalysis. The review closes 
with a discussion of potential research opportunities and challenges in developing 
environmentally benign clay composite catalysts.
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Fig. 1 Clay mineral and composites found in literature

2 Clay Minerals 

Clay minerals are naturally occurring, inexpensive, layered aluminosilicates with 
desirable catalyst properties. These properties include smaller particle sizes, inter-
layer spacing that can be expanded, and cation exchangeability. Clay minerals have 
a sandwich-like structure comprising one or two layers of silicon oxide tetrahedral 
sheets adhered to an aluminium or magnesium octahedral sheet via electrostatic and 
hydrogen-bonding forces (Fig. 2). The kaolin group, which has a general composition 
of Al2Si2O5(OH)5, is formed when one tetrahedral sheet and one octahedral sheet 
bond. In contrast, phyllosilicates form when two tetrahedral sheets bond with one 
octahedral sheet. The thickness of kaolin group layers is approximately 0.7 nm, while 
the thickness of phyllosilicates is approximately 0.9 nm. Clay minerals with particle 
sizes less than 2 μm occur naturally in soils, sediments, and deposits. Abundant clay 
mineral types include kaolin, smectite [10], illite [11], and chlorite [12].

Naturally occurring clays, such as smectite, are negatively charged and welcome 
balancing cations in their interlayer space, whereas positively charged clays, such as 
chlorite, have counterbalancing anions. Clays have a porous structure that allows 
molecules to interact inherently, such as through adsorption, swelling, and ion 
exchange. As such, different types of clay facilitate various reactions. For instance, 
Montmorillonite (MMT) exhibits excellent adsorption capacity, high surface area, 
and interesting acidic properties, making it a successful catalyst in various reac-
tions, including Friedel–Crafts alkylation, oxidative deprotection, and nucleophilic 
additions.
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Fig. 2 Schematic structures of various clay minerals

2.1 Kaolinite 

Kaolinite is a 1:1 layer hydrous alumino-silicate mineral [13] with generalized 
formula Al2O3·2SiO2. It is made by advance weathering of feldspar and other alumi-
nosilicates, and it is one of the abundant minerals in soils and sediments. The structure 
of kaolinite has an alumina octahedral sheet and a silica tetrahedral sheet in an alter-
native fashion. The 1:1 layer is electrically neutral in kaolinite, and the layers are kept 
together by hydrogen bonding between the basal oxygens of the tetrahedral sheet and 
the hydroxyls of the outer plane of the adjacent octahedral sheet. Kaolinite contains 
10–95% of kaolin along with mica and quartz and metal oxides including K2O, 
CaO, TiO2, Fe2O3, Na2O, MgO, MnO, and P2O5 as impurities. Unmodified kaoli-
nite has impurities, low porosity, and acidity that lower their catalytic ability [14]. 
Thus, clays should undergo pre-treatment such as thermal treatment, exfoliation, 
acid-leaching and pillaring before being utilised as catalyst supports. Kaolinite can 
be modified to suit many industrial uses such photocatalyst [15], catalyst supports 
[16] and modified catalysts [17] due to its abundance, mature mining technology 
and chemically modification ability. Various methods, including chemical activa-
tion, intercalation and thermal treatments are proposed in the literature to enhance 
Kaolinite catalytic activity. Modified Kaolinites’ high stability, adsorption capacity, 
and high Lewis and Brønsted acid sites density which are desirable properties for 
catalysts. Kaolinite is commonly used as a precursor to synthesise Zeolite that has 
applications in variety of catalysis processes [18]. Halloysite is a 1:1 type kaolin 
group member with a multilayer nanotubular structure. The approximate physical 
dimensions of Halloysite range from 500 to 1000 nm in length and 100 to 200 nm in 
outer diameter with 15–20 nm channels/lumen in the tubes [19]. The general struc-
tural formula of Halloysite with one layer of water molecules in the interlayers is
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Al2(OH)4Si2O5·H2O [20]. This mineral can be functionalised at the nanoscale by 
exploiting supramolecular and covalent interactions. Once functionalised, halloysite 
nanotubes can be utilised as reinforcing fillers for polymers and vehicles carrying 
control release of active molecules, such as antioxidants, flame-retardants, corrosion 
inhibitors, biocides, and drugs. The self-assembling property of halloysite on the 
oil–water interface nanotubes makes them excellent substances for petroleum spill 
bioremediation and catalysis. 

2.2 Smectite 

Smectites (derived from the Greek word semcktos, meaning soap) are a group of 
highly absorbent clay minerals containing 2:1 layer hydroxyl aluminosilicate with 
a total negative layer charge of 0.2–0.6 per formula unit. Smectites are also called 
layered clay as they contain three layers composed of two tetrahedral sheets(contains 
Si4+ cations surrounded by four oxygen atoms) and one octahedral sheet in between 
[21]. The octahedral sheet contains divalent (i.e., Mg2+) or trivalent  (Al3+) cations 
surrounded by six oxygen atoms. Different names are given to smectites based on the 
predominant octahedral cation, the location of isomorphic substitution, and whether 
the mineral is di- or trioctahedral. Dioctahedral smectites are the most common in 
soil, and the three major minerals include montmorillonite (MMT), beidellite, and 
nontronite. At the same time, saponite, sauconite, and hectorite are examples of trioc-
tahedral smectites. Bentonite is a soft clay generated from alteration of volcanic ash 
and mainly consists of smectic minerals, especially MMT. MMT is a hydrated 2:1-
layered dioctahedral aluminosilicate with a CEC of 70–130 meq per 100 g. MMT also 
has high swelling properties for adequate intercalation and intersalation (accommo-
dation of ion-pair salt into the interlayer space). Kaolinite has lower cation exchange-
ability than MMT due to the low surface area. MMT consists of two-dimensional 
layers (thickness ∼0.96 nm) formed by two Si–O tetrahedral sheets linked with 
an edge-shared octahedral sheet of either Al–O or Mg–O [22].  The formation of  
biopolymers, and the efficient support of MMT as heterogeneous catalysts, and the 
ability to develop solid acid catalysts have made it highly attractive to study. The 
expansive properties of the aluminosilicate layers of natural MMT protect the metal 
particles from leaching. Hence, the natural MMT holds arbitrary impurities (Fe2+, 
Mn2+) that hinder their catalytic performances. 

Other smectite minerals such as hectorite, sapnolite, beidelite, and nontronite also 
contain in bentonite in small quantities. The chemical composition of bentonite highly 
varies with the mineralization environment and their catalytic ability varies as a result 
[23]. Various transition metal cations and alkali metal cations can be introduced to 
the octahedral sheet and the interlayer, respectively, and tune the acidic and basic 
properties of smectites to suit their catalyst activity. Smectite has a smaller particle 
size than most clays, hence owning a great surface area ranging from 650 to 800 
m2/g. The interlayer expansion of smectites promotes ion exchange, and smectites
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have a high cation exchange capacity (CEC) since they have a high concentration of 
interlayer cations. The surface properties, high CEC and acidity make Smectites a 
viable catalyst for many reactions [22, 24, 25]. 

2.3 Sepiolite 

Sepiolite is a phyllosilicate mineral with a structural formula of 
Mg8Si12O30(OH)4·8[(H2O)4]. It is a fibrous material with fine microporous 
channels with dimensions of 0.37 × 1.06 nm running parallel to the fibres’ length, 
contributing to its high specific surface area. Sepiolite comprises ribbons with a 
2:1 layered structure resulting from the inversion of SiO4 tetrahedra along a set of 
SiO sheets. This mineral has a discontinuous octahedral magnesium sheet, creating 
a net negative charge of about 0.2. A small number of exchangeable cations and 
coordinated water molecules along the channels balances the excessive negative 
charge. Natural sepiolite has a cation exchange capacity (CEC) of approximately 
10 meq/100 g. However, various ionic and catalytic substitutions warrant sepiolite 
with different adsorption capacities of heavy metal cations with different CEC 
values. The adsorption capacity of heavy metals on sepiolite has been reported 
to follow the order of Cr(III) > Cd(II) > Cu(II) > Zn(II) > Ni(II) > Ag(I). This is 
inconsistent with the hydration of heavy metal cations because Si–OH and Mg2+ 

substitution in the sepiolite structure also affect the adsorption of heavy metal 
cations [23]. 

The high surface area and physiochemical activity make sepiolite effective at 
removing heavy metals and dyes. Also, these characteristics furnish sepiolite with 
more sites for catalytic activity and prevent nano-catalysts from aggregating. The 
unique structure and morphology of sepiolite increase catalysts’ recyclability and 
flexibility when loaded on sepiolite [26]. As a result, sepiolite has been utilized as an 
adsorbent for cationic and anionic dyes such as methylene blue, acid red, and crystal 
violet and as a support and binder for metal oxide composites [23]. 

3 Clay Mineral Modifications 

Modified clay catalysts show improved results compared to their original counter-
parts [27]. Therefore, different approaches have been utilized to alter the crystalline 
structure and optimize the active sites that help intermediate formation between reac-
tant and product in a controlled way [8]. Four main modification methods can be 
highlighted for clay mineral modifications: thermal treatment, acid leaching, exfolia-
tion, and pillaring (Fig. 3). Thermal treatment (dehydroxilation) refers to heating the 
clay minerals to extreme temperatures to remove hydroxyl groups. Exfoliation is the 
process of increasing the separation between the layers from their normal distance 
of 1 nm to about 20 nm or higher. To this end, the layers are disrupted and spatially
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Fig. 3 Strategies employed for natural clay modification 

separated, resulting in nanoscale dispersion in the polymer matrix. Acid leaching 
and pillaring are results of intercalation where an ion or a large molecule like a 
dye or polymer is physically inserted between two layers of clay. The inter-layer 
spacing is not significantly impacted during intercalation. Cations in clay minerals 
can be changed via such ion-exchange reactions to replace the desired ions as active 
catalytic species. Monovalent and divalent cations in the interlayer region of MMT 
can be replaced with other ions to produce either homoionic or heteroionic MMT. 

3.1 Thermal Treatment 

Thermal treatment of kaolinite clays removes water from the structure, causing it 
to collapse and reconstruct into an amorphous metakaolin [28]. This modifies the 
catalytic ability of the natural kaolinite, which is negatively affected by the crystalline 
phase and low specific surface. The typical thermal treatment process occurs in a 
muffle furnace where kaolin undergoes a calcination process under temperatures 
ranging from 550 to 800 °C [29]. At temperatures between 100 and 400 °C, a set 
of –OH groups in the clay mineral separate into O2− and H+ ions resulting in an 
abundance of H+ ions to form water molecules combining with other –OH groups.
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These water molecules evaporate from the mineral clay [30]. Again, the mineral clay 
crystal lattice transforms into a structure analogous to its natural form at 600 °C, 
rearranging the silica and alumina layers and the O2− ions [31, 32] show that thermal 
treatment of kaolinite clays at 750 °C produces metakaolin with a higher specific 
surface area. Moreover, the high-temperature treatment of clays tends to form micro-
cracks or widen pores on the surface of clay minerals. The structural modification 
and the increased porosity warranted through thermal treatment enable the resulting 
modified clay mineral to act as a catalyst and a supporting material for other catalysts, 
including organic substances and metals. 

3.2 Acid Leaching 

Treating clay minerals with acids results in hydrogen ion-exchanged clay minerals. 
The acid treatment leads to the part or thorough breakdown of layers, broken-edge 
M–O− bonds, and a reduced particle size of clay platelets. Selective leaching out 
of the central atoms in tetrahedral and octahedral sheets produces active sites with 
higher acidity and a larger surface area. The concentration, type of acid, reaction 
time, and temperature affect the properties of the resulting acidified clay minerals. 
Acid leaching can introduce guest species into the space between the expandable 
layers (intercalation). For instance, smectitic clay minerals can absorb guest species 
ranging in size from a few angstroms to several nanometers into their interlayer space 
because of their ion exchange capacity and swelling. When Al–O layers are removed 
from clay, the surface area of the clay increases, allowing active phases to be more 
evenly distributed. This leads to closer contact between the active sites of the catalyst 
and reactants and improves the catalytic reaction. One way to modify the Al–Si ratio 
of clay-based catalysts, such as zeolites, is through a dealumination process using 
acids [33]. Furthermore, acid leaching can also create meso and macro pores on the 
clay surface, increasing the pore volume and active metal content. This leads to better 
control of particle growth and inhibition of catalyst deactivation [33, 34]. 

3.3 Exfoliation 

Exfoliation can be achieved by intercalation, ultrasonication in water [35, 36], 
and high-energy ball milling [37]. Huang et al. [38] employ isopropanol with 
poly(oxyethylene-oxypropylene)-amines (POA) as intercalating agents to exfoliate 
the Na-MMT layers. As clay minerals undergo swelling in water, the positively 
charged ions in the clay interlayer solubilize, resulting in a net negative charge 
between the adjacent layers. The electrostatic repulsion between the two identically 
charged clay layers weakens their bond. The weakened bonds between clay layers 
get disrupted by the strong vibrations generated from ultrasonication, producing 
exfoliated clay layers [35, 36]. Also, clay minerals can be exfoliated by high-energy
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ball milling [37]. Applying energy to clays through the friction and impact in the 
ball mill disrupts the layered structure, causing them to exfoliate into sheets [36]. 
The high-energy grinding severs the bonds between the clays, exposing new active 
surface [39]. Masindi et al. [40] show that high-energy vibratory ball milling doubles 
South African bentonite clay’s BET (Brunauer, Emmett, and Teller) surface area, 
which improves their water treatment ability. Similarly, Leo et al. [41] report that, 
under high-energy ball milling, smectite clays experience delamination, leading to 
increased efficiency in Cd sorption. 

3.4 Pillaring 

Pillared interlayered clays (PILCs) can be used either as a catalyst support or as a 
catalyst [42]. Techniques for pillaring clays include using mixed solutions, coor-
dination or organometallic compounds, polymers and surfactants, acid-activated 
clays, and enhancing PILC acidity [43–45]. The process of pillaring clays involves 
replacing the cations in the interlayer space of swelling clays with bulkier polyhy-
droxy metal cations, altering the pillar distance and interlayer spacing. Afterwards, 
the ion-exchanged clay is calcined, transforming it into metal oxide pillars that are 
tightly bound to the layers of the clay owing to the penetration of strong inorganic 
molecules into the interlayer region [46]. Negative charges generated by substituting 
cations are counterbalanced by alkali or alkaline earth cations inside the galleries, 
resulting in column-like structures with spaces between them. 

PILCs with high porosity can be obtained by using calcination as a post interca-
lation protocol. The pore size of PILCs can influence the catalytic reaction, as well 
as resistance to poisoning, temperature, and pressure gradients in the catalyst bed. 
In addition, active species become immobilised as pillars in PILCs, which prevents 
them from leaching in a liquid reaction, as opposed to the ion-exchanged clay mineral 
catalysts. PILCs involving several transition metals such as Fe, Cu, or Mn exhibit 
exceptional physicochemical properties. Metal oxide PILCs have several interesting 
properties, such as large surface area, high pore volume, tunable pore size (from 
micropore to mesopore), high thermal stability, and strong surface acidity [47]. These 
properties and the ease of incorporating PILCs as active redox components make 
PILC a better combustion catalyst [48]. PILCs can accommodate larger molecules 
than zeolites, thus being cheaper replacements [49]. Stacking of the layers leads to 
a regular van der Waals gap between the layers, known as interlayer. Several recent 
studies have explored ways to change different aspects of the synthesis process, such 
as the type of clay used, the intercalating solution, and the drying and calcination 
steps involved in the manufacture of PILCs.
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3.5 Clay Mineral Composites and Nanocomposites 

Composites are generally solid multiphase materials designed by combining mate-
rials with different properties hence making composites different from other mixture 
substances like alloys and blends. With the recent advancement in the field of mate-
rial science and technology, clay composites and polymer–nanoclay composites 
are getting considerable attention owing to their superior physical, chemical, and 
structural properties. Granulated clay composites comprising activated carbon-clay 
composites and cross-linked clay beads [50], Bentonite-alginate composites, and 
magnetic chitosan/clay beads are some of the emerging clay composites. The major 
benefits of using clay composites over other adsorbents are as follows: 

1. Ability to remove both organic and inorganic contaminants, 
2. High sorption capacity, 
3. Economic feasibility. 

Clay-based composites can be used as adsorbents, catalyst supports, or cata-
lysts for important industrial organic reactions like esterification, alkylation, isomer-
ization, Diels–Alder reactions, coupling reactions, and polymerixation reactions. 
Clay composites formed with metal oxide semiconductors have shown significant 
improvements in photocatalytic activity [7]. The introduction of oxide pillars in the 
interlayer space of MMT and the immobilization of metal oxides or zero-valent 
metals on the surface of MMT allow MMT to be used in catalytic oxidation, reduc-
tion, isomerization, and coupling reactions. Moreover, the formation of Fe, Co, and 
Si composite pillars enhanced the thermal stability of MMT, making it maintain good 
crystallinity and ordered interlayer structure at high temperature [51]. The mixing 
of two or more metal-pillared clay composites has shown selective improvements in 
the catalytic active sites [52]. 

The particle size, the shape, and the support material govern the catalytic ability 
of metal nanoparticles. The agglomeration on supporting clay surfaces, such as 
bentonite and PILC, can significantly enhance the catalytic activity of the metal 
nanoparticles. At the nanoscale, the tubular morphology of halloysites facilitates 
core–shell metal support templates for mesoporous catalysts [53]. Thus, the metal 
nanoparticles’ stability and catalytic efficiency can be significantly improved by 
forming composites with clay minerals. Clay nanocomposites have good thermal 
and chemical stability, better mechanical and barrier properties, improved flame 
retardancy, and have longer lifetime [54, 55]. 

Polymer/clay nanocomposites are emerging and novel materials with a wide range 
of applications [6, 56]. The term “Nanocomposites” was coined for the first time for 
nylon/MMT-based composite by the Toyota Central Research Laboratory. Various 
polymers can be applied to develop nanocomposites for wastewater treatment, dye 
removal, petrochemical, and biomedical applications [57]. Bentonite and MMT was 
utilised as nanofillers in EVA nanocomposite for bioimplants to improve mechan-
ical stability and to lessen cytotoxic activity [58]. According to Murugesan and 
Scheibel [59] and [60] studies, clay-based polymer nanocomposites have excel-
lent biocompatibility, aid rapid tissue generations, stimulates vascularization, and
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facilitate sustained drug delivery. Also, they have shape memory and are respon-
sive to stimuli reveal that clay-laden polymer nanocomposite is compatible with 
blood, non-toxic to cells, support fast tissue regeneration, induces vascularization, 
is helpful for sustained drug release, has a shape memory effect, and is responsive 
to stimuli. Further, the nanocomposites can be 3D printed or process with thin film 
preparation methods to make microfluidic devices and orthopaedic implants, and for 
drug delivery and tissue engineering applications. Other reports have also suggested 
that these composites could be used in bone cement, wound healing, and enzyme 
immobilisation. Clay-impregnated polymeric hydrogels are useful in bioprinting and 
wearable device development. 

4 Environmental Remediation Applications 

Clay minerals absorb ionic impurities and act as catalysts in degrading environmental 
pollutants, making them useful for air, water, and soil pollution management. Their 
catalytic abilities can be further enhanced through modifications such as calcination, 
acid activation, and magnetization [61]. The available reactants and the 2D structure 
of the clay composites render them a higher reactivity [6]. The catalytic activity of 
natural or modified clay minerals comes from four main sources: Brønsted acidity, 
Lewis acidity, redox active species, and transition metals or cations [6, 26, 62]. 
Interlayer cations in clay composites give them Brønsted acidity through proton 
donation and acceptance. Clay minerals that have undergone cation exchange show 
potential as catalysts for organic reactions. The preparation and design of modern 
clay-based catalysts still underpin the utilization of layers and the interlayer of clay 
minerals. Primarily, the studies concerning developing these catalysts have focused 
on various guest components and preparation conditions. Generally, the rationale for 
preparing clay-based composite catalysts can be categorized under four perspectives. 

1. The presence of active species. 
2. The selective exchange of interlayer ions with active components triggers the 

catalytic activity. 
3. The clay nanostructure endures the functional nanoparticles or clusters. 
4. Clay minerals or their derivatives act as catalyst supports. 

Given their large surface area and inertness, pillared interlayer clays are ideal 
for immobilizing metal oxocations, including Fe and Al. In addition, the simplicity 
of the pillaring technique, excellent stability, and minimal metal ion leaching make 
pillared interlayer clays suitable heterogeneous Fenton catalysts for use in various 
environmental remediation procedures. Chang et al. [63] indicate that MMT treated 
with iron pillars has strong catalytic activity in eliminating methylene blue. Moma 
et al. [43] effectively utilized Fe–Al-pillared clays as heterogeneous catalysts for 
phenol peroxide oxidation in water. The use of metal nanoparticles in modified 
clay composites has also garnered increasing interest in recent research. Combining 
pillaring methods, some researchers have loaded platinum nanoparticles onto the
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surface of modified clay minerals [64]. These adjustments to the clay compos-
ites provide complex catalysts with better chemical recognition, shape selectivity, 
stereoselectivity, and region selectivity. 

PILCs and intercalated clay catalysts may be modified and employed as a 
support or promoter through ion exchange. New kinds of supported (heteroge-
neous) clay catalysts have evolved from advances in intercalation, such as the 
accommodation of ion-pair salt into the interlayers and the interactions of metal 
complexes or other organic compounds with MMT. As catalysts for organic 
synthesis, several metals or metal oxides can be selectively supported on acti-
vated clay, PILCs, and PCHs materials [65]. A clay-complex catalyst, such as 
dinuclear manganese(III) complex [Mn2III,III(O)(tpdm)2(OAc)2] ((tpdm = tris(2-
pyridyl)methane)) and manganese(III) acetate Mn (OAc)3, performed a catalytic 
function in the light-driven oxidation of water [66]. Zhou [67] provides a rich discus-
sion on similar clay-based designer catalysts for green and sustainable catalysis. In 
addition to the structural modifications made to composites, current research has 
investigated the microwave-assisted Fenton degradation of composites (e.g., [47]). 

4.1 Combustion Catalysis 

Clay-based composites have become increasingly popular as catalysts for catalytic 
combustion due to their availability, low cost, high-temperature stability, and environ-
mental friendliness. Among these composites, PILC-based catalysts have been signif-
icantly employed for the catalytic combustion of volatile organic compounds (VOCs) 
such as acetone, benzene, butylamine, chlorobenzene, propene, and trichloroethy-
lene. Such VOCs, if untreated, can significantly contribute to environmental pollu-
tion by forming ground-level ozone and fine toxic organic particles [42, 62]. Simi-
larly, exfoliated smectites have been employed to synthesize combustion catalysts 
that show favourable textural qualities and dispersion of the active catalytic phase 
[68]. In catalytic experiments of toluene and ethanol combustion using MMT/MnO2 

composites, the clay composites revealed distinct catalytic activity depending on 
the type of the oxidized organic molecule. In the oxidation of toluene, a correlation 
was discovered between the catalysts’ performance and the materials’ reducibility. 
This association was not detected in the case of ethanol, indicating that another 
factor affected the effectiveness of the catalytic process. Moreover, lower CEC of 
the clay mineral resulted in a more significant proportion of K in MnO2, improving 
the basicity, which is advantageous for ethanol combustion [42, 62]. 

Cheng et al. [69] developed La2O3 silicon-pillar clay-supported PtOx nanocrys-
talline catalysts for benzene combustion using a high-temperature liquid reduction 
technique. The catalyst showed superior adsorption capacity and thermal stability 
in benzene combustion when a load of 0.2 wt% Pt and a molar ratio of 0.5:1 La/ 
KSF had the most robust catalytic combustion activity and CO2 selectivity at lower 
reaction temperatures (about 200 °C). The catalyst remained stable over a 100-h 
reaction at 195 °C. The excellent dispersion of Pt particles, the presence of active
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oxygen species, and the strong reaction characteristics of Pt/LaSPC (0.5%) render 
the catalyst very effective for benzene combustion [69]. Li et al. [42] discussed the 
modification of PLCs from a single core to multiple cores and their application to the 
catalytic combustion of VOCs. In addition, the concept of the modification of PILC, 
the preparation technique, including the screening type and ratio of the pillar solution, 
and the improvement of conventional synthesis to a one-step, high-temperature, high-
pressure hydrothermal synthesis method (HTHP) have been described. Chen et al. 
[70] synthesize Al-Ni nanocrystal catalysts utilizing a one-step, high-temperature, 
high-pressure hydrothermal process. The nanocrystal catalyst supported by AlNi-
PILC exhibits anti-sintering and enhanced stability. The exhaustive performance 
evaluation established the optimal synthesis settings for AlNi-PILC [70]. MnO2/ 
MMT composites were synthesized effectively using a simple reductive process, 
including KMnO4 and HCl. Some interlayer Na+ or Ca2+ substitution for K+ cations 
occur in clay mineral components. The composites had a mesoporous morphology 
and a substantial specific surface area in the range of 80–116 m2 g−1. In the pres-
ence of a clay mineral matrix, cryptomelane generated substantially shorter fibres. 
The reducibility of this form was similarly lower than that of the Mt-free reference 
sample. Attique et al. [71] prepared Fe-POM/attapulgite catalysts that reduced the 
pyrolysis temperature from 375 to 310 °C. The Fe-POM/attapulgite clay composites 
exhibited a higher affinity for lower hydrocarbons (C5-C12), with aliphatic hydro-
carbons being most of their composition [71]. In addition, the catalysts improved the 
production of liquid fuel during the breaking process. For a 50% Fe-POM/attapulgite 
combination, the greatest yield of liquid oil fraction was 82% with minimal coke. 
In contrast, non-catalytic pyrolysis produced only 68% liquid oil fractions together 
with a substantial amount of solid black residue [71]. 

The strategic combination of selective catalytic oxidation of nitrogen-containing 
volatile organic compounds (NVOCs) and selective catalytic reduction of the 
secondary pollutant NOx might eradicate both NVOCs and NOx efficiently. To do this, 
a combination of CuxMg3−f CuxMg3−xAlO oxides was formulated and evaluated for 
the selective catalytic oxidation of n-butylamine. The Cu concentration considerably 
altered the catalytic performance. At 350 °C, Cu0.4Mg2.6AlO exhibited the highest 
catalytic activity, converting n-butylamine to N2 with a selectivity of 83% [72]. Ma 
et al. [73] investigates the usage of two types of spherical SiO2 materials with varying 
surface areas as a substrate for Pd nanoparticles introduced via in situ synthesis, 
wet impregnation, and grafting. The types of support and preparation procedures 
impacted the catalytic activity of catalysts [73]. The grafting technique yielded more 
active catalysts due to enhanced Pd dispersion. Nonetheless, these catalysts enhanced 
NOx generation. In contrast, in situ synthesized catalysts could burn n-butylamine 
while exhibiting superior catalytic activity and producing less NOx [73].
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4.2 Water Treatment 

Many studies have attempted the removal of phenol using PILCs and bentonite-based 
materials manufactured at ambient temperature and atmospheric pressure [74]. Al/ 
Fe and Al/Ce/Fe-PILCs were examined as potential catalysts for phenol elimina-
tion [74]. Henao-Aguirre et al. [75] produced extrudates from Al/Fe and Al/Ce/Fe 
pillared bentonite in the form of pellets, Raschig rings, and monoliths using Na- or 
Ca-bentonite as a binder. The catalyst could be reused for several reaction cycles 
without a substantial decrease in its catalytic activity, with just a small quantity of Fe 
leaching from the catalyst into the solution. Al/Fe-PILCs, as synthesized, were proven 
to be an effective catalyst for industrial wastewater treatment. Using a wet oxida-
tion method, Guo et al. [76] examined Al/Fe-PILC extrudates in packed-bed opera-
tions for wastewater treatment. The catalytic oxidation of phenol typically produces 
aromatic intermediates such as catechol, hydroquinone, and benzoquinones. These 
intermediates are converted to organic acids such as oxalic acid, formic acid, maleic 
acid, and fumaric acid. According to reports, the chemical and catalytic capabilities 
of the powdered produced materials are retained in the extrudate state. The extrudate 
materials’ intrinsic diffusional constraints affect the observed discrepancies in the 
reaction times necessary for equivalent phenol elimination. 

Increasing the adsorption capacity of PILCs significantly boosts the organic 
contaminant removal rate since adsorption on the surface of the catalyst expedites the 
removal of organic pollutants by AOPs. Moma et al. [43] produced a unique Al/Cr-
pillared MMT clay with outstanding phenol oxidation ability. Complete desorption 
could be performed at a temperature well below the material’s calcination tempera-
ture, indicating reusability of the material. Ziyat et al. [77] produced Al-PILCs from 
Moroccan clay that exhibits high adsorption capability for aqueous thymol removal 
in wastewater. Tomul et al. (2019) created Ti-pillared bentonite, Cu, Ag, and Fe-
modified Ti-pillared bentonite, and Cu/Ti- and Fe/Ti pillared bentonite composites 
utilizing various Ti sources by direct synthesis or modification after synthesis. Gao 
et al. [78] demonstrated that NiO/sepiolite may remove methylene blue from aqueous 
solutions. The adsorption and regeneration efficacy of the adsorbent/catalyst NiO/ 
sepiolite were evaluated using methylene blue. NiO/sepiolite adsorbed with methy-
lene blue was regenerated with oxygen as the methylene blue decayed. The removal 
of adsorbed water from the outside surface of methylene blue was accomplished 
with a 15% weight loss at 100 °C. At 350 °C, catalysts adsorbed with the dye no 
longer exhibited weightlessness after 18 min. The mass loss of 4% was in good 
agreement with the methylene blue adsorption quantity on NiO/sepiolite at satu-
ration (39.06 mg/g) [78]. Adsorption kinetics and equilibrium adsorption isotherm 
fitted pseudo-second-order kinetic model and Langmuir isotherm model, respec-
tively. Table 1 contains selected examples of literature containing clay catalysts in 
removing dye from wastewater.
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Table 1 Clay composite-based catalysts used in the removal of dye in wastewater 

Composite Summary Reference(s) 

Fe3O4/bentonite Fe3O4 nanoparticles were used to magnetize 
bentonite. The resulting composite shows high 
adsorption capacity and an efficient adsorption 
of the organic contaminants where the 
equilibrium could be established within 20 min. 
Gamma-irradiation of the absorbent enables its 
re-use. The potential application includes 
treatment of coloured wastewaters 

[79, 80] 

Iron oxide/activated MMT A 0.5  g of Fe3O4/activated MMT (Fe3O4/ 
MMT) nanocomposite removed 99.47% of the 
MB from a 120 mg L−1 solution at 293 K and at 
an original solution pH of 7.37 in 25 min. The 
absorbent could be used for five cycles with 
80% or more efficiency 

[63] 

Sodium eicosenoate (SEIA, 
anionic surfactant) and 
cetyltrimethylammonium 
chloride modified magnetic 
MMT (Fe3O4-CTMAC/ 
SEIA-Mt) 

Among the examined composite systems, 
Fe3O4-CTMAC/SEIA-Mt showed a superior 
adsorption capacity. The adsorbent of 
Fe3O4-CTMAC/SEIA-Mt can be easily 
separated from the reaction mixture by an 
external magnetic field. The adsorption of MB 
on Fe3O4-CTMAC/SEIA-Mt was endothermic 
and it was carried out as a spontaneous process 

[81] 

Spherical 
montmorillonite-supported 
nano-silver 

The loading of silver nanoparticles with 40 nm 
in diameter was 15.2 wt% and the specific 
surface area of this prepared spherical 
MMT-supported silver nanoparticles catalyst 
was 45.3 m2/g. The prepared catalyst with 
quickly self-sedimentary property in aqueous 
solution was conveniently recovered and reused 
without any devices involves. The catalytic 
performance of prepared catalyst were almost 
unaltered after five cycles 

[82] 

7% Fe3O4/kaolinite A novel and simple solid-state synthetic method 
of producing Fe3O4/kaolinite nanocomposites 
was developed for enhanced adsorptive removal 
of cationic and anionic dyes. The obtained 
Fe3O4/kaolinite nanocomposite containing 7 
mass% Fe3O4 exhibited the best performance. 
The dye-removal ability of kaolinite could be 
improved significantly by modification with 
moderate amount of Fe3O4 

[83]

(continued)
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Table 1 (continued)

Composite Summary Reference(s)

Alginate/natural bentonite Hybrid beads were prepared from natural 
bentonite and alginate. Alginate-to-clay ratios 
was varied (1/1; 1/2 and 1/3). The results show 
monolayer and homogeneous adsorption. 
Regeneration study showed that dyes were 
successfully desorbed from A-B 1/1 and A-B 1/ 
3 with removal percentages of 99.65% and 
86.2%, respectively, in the first cycle 

[84] 

Polyvinyl alcohol/ 
carboxymethyl cellulose 
hydrogels reinforced with 
graphene oxide and bentonite 

Eco-friendly polyvinyl alcohol/carboxymethyl 
cellulose (isolated from pineapple peel) 
hydrogels reinforced with graphene oxide and 
bentonite were prepared. After introducing 
graphene oxide and bentonite into the 
hydrogels, the maximum adsorption capacity 
calculated from the Langmuir isotherm model 
reached 172.14 mg/g at 30 °C. The absorbents 
displayed good reusability for the efficient 
removal of anionic dyes in wastewater treatment 

[85] 

Hydrogel based on katira 
gum-clpoly(acrylic 
acid-co-N, 
Ndimethylacrylamide) 
incorporated bentonite (BT) 
nanoclay 

Various nanocomposite hydrogels (KGNCH-1 
to KGNCH-4) are prepared by varying weight 
percentage of bentonite clay. The best one is 
selected (KGNCH-3) with respect to their 
highest swelling percentage in aqueous 
medium. The adsorption of cationic dyes onto 
the KGNCH-3 is found to be pH dependent. 
The absorbent also exhibits excellent 
regeneration capacity at different pH using five 
cycles of adsorption–desorption studies 

[86] 

MMT/graphene oxide Composite structure of MMT with graphene 
oxide (GO) or reduced graphene oxide (rGO) 
was successfully synthesised by grafting with 
3-aminopropyl triethoxysilane (APTES) and 
hydrazine hydrate reduction. Mechanism 
analysis suggested that the high absorption 
performance of the composite was determined 
by the high specific surface area, oxygenic 
groups of GO, high adsorption capacity of 
MMT, and the synergistic effect between the Mt 
and graphene oxide nanosheets 

[87] 

4.3 Biodiesel Production 

Biodiesel is a sustainable alternative to crude oil that can be synthesized from 
both edible and non-edible vegetable oil, animal fats, and fungal and algal sources. 
Biodiesel contains long-chain fatty acid alkyl esters, which result from the transester-
ification reaction between alcohol and triacylglycerol’s in the presence of a catalyst.



Clay Mineral Composites as Environmental Catalysts 359

Many important parameters including biodiesel yield, reaction conditions, and post-
separations steps that influence the economic viability of biodiesel process are influ-
enced by the catalyst. Clay-based catalysts in biodiesel production prevent inconve-
niences occurring with homogeneous and other solid catalysts including soap forma-
tion, non-reusability, leaching, swelling, and extensive pretreatment of biomass [4]. 

Also, clay-based catalysts produce low-cost and high-quality biodiesel yield [88]. 
Munir et al. [89] reported of gaining the highest yield of 85% biodiesel with 

cadmium and manganese-impregnated MMT clay catalyst (with 4% catalytic 
loading) from Prunus Cerasoides seed oil from transesterification reaction. Simi-
larly, 98.5% of biodiesel yield was achieved with sulphonated phenyl silane MMT 
catalyst from Jatropha seed oil and 89.8% from castor seed oil transesterification. 
Reusability of clay-based catalysts in biodiesel production improves the catalyst both 
economic and environmental performance of the process. For an example, K2CO3-
loaded Palygorskite catalysts could be used upto 8th cycles to transesterification 
palm oil managed to generate a yield above 80% [90]. 

MMT-derived catalysts are the most common as catalysts in biodiesel produc-
tion, while bentonite, kaolinite, and playgorskite-derived catalysts are also generally 
used. Many catalysts preparation methods including wet impregnation, hydrothermal 
synthesis, mechanical/thermal/acid activation, ion-exchange, and pillaring are 
employed to derive clay catalysts for biodiesel production [4]. Table 2 shows 
the details of selected clay catalysts, catalyst preparation methods, optimum reac-
tion conditions, reusability, biodiesel source, and yield. Here, bentonite/zeolite-P 
composite (B/ZP) was synthesized by simple alkaline hydrothermal treatment at 
150 °C for 4 h and characterized by different analytical techniques. The composite 
was introduced as a low-cost catalyst of enhanced physiochemical properties and 
catalytic activity in the transesterification of palm oil into biodiesel. The catalyst is 
of higher activities than several homogenous and heterogeneous catalysts and can be 
reused several times with high catalytic activity especially using an organic solvent 
either by normal stirring or under the ultrasonic irradiation. The physicochemical 
specification of the obtained biodiesel by both methods matches the requirements of 
STM D-6571 and EN 14214 international standards.

Shan et al. [90] produce biodiesel from plum waste seed oil using a catalyst 
supported on low-cost Bentonite clay. For this purpose, bentonite-potassium ferri-
cyanide, White pocha-potassium ferricyanide, Granite-potassium ferricyanide, Sindh 
clay-potassium ferricyanide, and Kolten-potassium ferricyanide composites were 
prepared. The highest biodiesel yield was observed when calcinated Bentonite-
potassium ferricyanide composite was used as the catalyst support. The increase 
in the average crystal size of the composite, granted by the calcination (as supported 
by XRD results), and the changes in the surface characteristics (as revealed by 
SEM images) have provided a comparatively greater surface area for reactants for 
successful conversion into biodiesel.
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4.4 Photocatalysis 

Photochemistry is another field where highly performing nanocatalysts are required. 
Technological innovations resulting in efficient, cheap, and stable photocatalysts 
are the key for development of solar energetics. Typically, the high percentages of 
SiO2 and Al2O3 in the Clay mineral compositions render them with high energy 
band gaps (e.g., 9 and 8.8 eV) that hinder their use as efficient materials to capture 
solar energy. Yet, MMTs have shown the potential to absorb up to 300 nm of UV 
light and visible light irradiations [99]. The light harvesting potential of clay can be 
significantly improved by creating composites with photoreactive materials, such as 
metal oxides (WO3, TiO2, Fe2O3), non-metal oxide semiconductors or Non-metal 
oxide semiconductors consist of materials such as g-C3N4. In such applications, 
clays induce spatial charge separation and, consequently, an extended lifespan of 
electron/hole pairs, resulting in enhanced photocatalytic activity via the promotion 
of heterojunction formation over composite photocatalysts. 

Kaolinite and MMT have been extensively employed to support different semi-
conductor photocatalysts, therefore producing composites and obtaining effective 
conversion of reactants under solar irradiation. The modified clays can enhance the 
photochemical process by facilitating the creation of composites [100]. In addition to 
a wide surface area and an active surface hydroxyl group, the layered structure of clay-
based photocatalysts allows extra room to expand their use. Recently, clay minerals 
have been utilized more often in the production of hybrid photocatalysts. Typically, 
the photocatalytic uses of metal oxides are hindered by the rapid charge recom-
bination of charge carriers, poor surface area, inactivity under visible light, ineffi-
ciency, and expensive post-treatment recovery. Clay nanocomposites have substan-
tially increased the light-gathering capability of metal oxides. Due to the increased 
availability of active surface sites and decreased particle aggregation, metal oxide 
nanoparticles supported on clay minerals exhibit enhanced photocatalytic activity. 
For instance, dispersing TiO2 nanoparticles on the surfaces of clay minerals increases 
the photocatalytic activity of TiO2 by increasing the number of active surface sites 
and decreasing the concentration of TiO2 nanoparticles [101]. The addition of metals 
such as copper, silver, gold, nickel, and platinum to MMT/TiO2 nanocomposites can 
enhance its photocatalytic yields and selectivity [102, 103]. 

Clay composites have been used for photocatalysis in a variety of applications, 
including the degradation of organic contaminants when exposed to visible light 
[104]. Under visible light irradiation, the sepiolite/CN/Pd(0) composite can operate 
as a possible catalyst for degrading organic pollutants in wastewater. Chuaicham 
et al. [100] develop a composite of natural sepioliteclay and synthetic graphitic 
carbon nitride (CN) mixed with dispersed palladium nanoparticles for the efficient 
photocatalytic degradation of ciprofloxacin (CIP) under visible light irradiation. The 
sepiolite/CN composite (SC30%) displayed superior activity than pristine sepiolite 
and CN, resulted from the generation of new electron trap states in the interfacial 
contract between sepiolite and CN to suppress the charge recombination of CN. 
Furthermore, the well-dispersed of 1 wt% Pd nanoparticles in the SC30% composite
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collectively enhanced CIP degradation by avoiding the recombination of photogen-
erated electrons and holes. Titania is one of the most popular photocatalyst for 
decomposing organic compounds due to its strong photocatalytic activity, chem-
ical and biological inertness, and high photochemical stability. The production of 
nano-architecturally designed photocatalysts on the base of natural aluminosilicate 
clays and metal sulphides is a very promising direction for industrial applications. 

Photocatalysis is a potential approach for producing H2 since it just requires 
water and a catalyst in the presence of ultraviolet or visible light. Using a low-
cost, highly active, and photostable g-C3N4/MMT/TiO2 composite can improve 
the efficiency of photocatalytic water splitting. Increased dispersion and separa-
tion of charges by MMT and an adequate band structure of the 2D/2D/0D g-C3N4/ 
MMT/TiO2 composite catalyst functional under light irradiation can generate much 
higher volumes of H2. MMT acted as a metal, retaining electrons and preventing 
their recombination for enhanced H2 evolution. Due to the significant dispersion 
of g-C3N4/MMT/TiO2 across the MMT structure, the stability test demonstrated 
outstanding long-term activity over g-C3N4/MMT/TiO2 composites [105]. MMT-
distributed Au/TiO2 nanocomposite has shown rapid photocatalytic reduction of CO2 

to CO, CH4, and H2 [102, 103]. According to Tahir [102, 103], the favourable interac-
tion between MMT transition metals and Au ions and the fast adsorption–desorption 
process has positively supported this conversion process [102, 103]. Similarly, ZnS/ 
MMT nanocomposite demonstrated photocatalytic CO2 reduction by H2O to CO,  
CH4, and H2. Multiwall carbon nanotubes (MWCNTs) with modified TiO2 1D/0D 
heterojunction distributed in 2D MMT nanoclay composites yielded H2 evolution 
rate of 1888 ppm h−1. The  H2 evolution via electrophilic substitution reaction has 
been improved by the MMT-dispersed TiO2 catalysts that support Ni and Ni-CaO. 
Enhanced metal dispersion with minimized sintering and coke formation effects have 
enhanced the high activity and stability of these catalysts. For instance, Tahir [102, 
103] have reported NiO loaded over MMT support yielding higher H2 production 
from ethanol steam reforming. Vermiculite clay-based catalysts were also used for 
photocatalytic CO2 reduction to produce solar fuels. Valaskova and co-workers first 
ball-milled the raw vermiculite, followed by loading of α-Fe2O3 and subsequent 
calcination. It was noted that the α-Fe2O3/Ver composite calcined at 500 °C showed 
meliorated photoactivity for CO formation due to the oxygen vacancy-rich surface 
that acts as electron traps. This in turn prevents the recombination of electron/hole 
pairs, which prolongs the lifetime of the charge carrier for the reduction of CO2 to 
CO. Also, the introduction of vermiculite boosted the specific surface area, which 
was believed to enhance the light harvesting capability of the composite [106] (Table 
3).
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Table 3 Clay composite based photocatalysts in H2 evolution 

Photocatalyst Reference Composite Irradiation condition 

HNTs-based [107] Cd0.5Zn0.5S Xenon lamp (λ > 400 nm) 

[108] CdS LED lamp (λ = 450 nm) 

MMT-based [109] TiO2 Visible light 

[110] 

[111] pCN-TiO2 

Palygorskite/attapulgite-based 
composites 

[112] MoSx nanodots 

5 Concluding Remarks 

Clay-based composite catalysts show great potential in remediating environmental 
issues. These catalysts, which are primarily heterogeneous in nature, abate heavy 
metals from water by strongly interacting with pollutants and desorbing them by 
altering pH or temperature. Also, these materials’ photocatalytic activity has expe-
dited the production processes of H2 evolution and carbon degradation and resulted in 
a paradigm shift in sustainable energy-related research. Given the increasing demand 
for clay minerals, unsustainable rapid mining of these minerals has caused severe 
environmental pollution that negatively affects species living on land and aquatic 
systems. The suspended clay and silt generated from unsustainable mining activi-
ties affect the development and reproduction of marine species. Moreover, natural 
clay may contain toxic inorganic metal ions that should be freed before preparing 
clay minerals for water treatment. Modifying clay using concentrated inorganic acids 
produces acidic effluent, equipment damage, and operational hazards, which harm the 
environment. Since the potential alternatives to inorganic acids, such as carboxylic 
and sulfonic acids, can minimize these issues, further studies should focus on the 
effects of these alternative acids on the layer, interlayer, and catalytic mechanism of 
modified clay composites. The limited mechanical strength, temperature and pressure 
resistance, and recycling issues are critical challenges associated with clay composite 
catalysts. Future studies should address these challenges while improving catalyst 
efficiency and reusability. Also, most of the synthesis procedures of the clay compos-
ites reported in the literature take time and expensive equipment like centrifuges and 
autoclaves. Such demanding processes limit the industrial-scale applicability of these 
catalysts. The limited reproducibility challenges the relevance of these novel methods 
in local clay reserves in underdeveloped regions.



Clay Mineral Composites as Environmental Catalysts 365

References 

1. Anastas, P.T., Kirchhoff, M.M., Williamson, T.C.: Catalysis as a foundational pillar of green 
chemistry. Appl. Catal. A 221(1–2), 3–13 (2001) 

2. Baloyi, J., Ntho, T., Moma, J.: Synthesis and application of pillared clay heterogeneous 
catalysts for wastewater treatment: a review. RSC Adv. 8(10), 5197–5211 (2018) 

3. Mavrikos, A., Papoulis, D., Todorova, N., Papailias, I., Trapalis, C., Panagiotaras, D., Chalkias, 
D.A., Stathatos, E., Gianni, E., Somalakidi, K., Sygkridou, D.: Synthesis of Zn/Cu metal ion 
modified natural palygorskite clay–TiO2 nanocomposites for the photocatalytic outdoor and 
indoor air purification. J. Photochem. Photobiol., A 423, 113568 (2022) 

4. Nawaz, S., Ahmad, M., Asif, S., Klemeš, J.J., Mubashir, M., Munir, M., Zafar, M., Bokhari, 
A., Mukhtar, A., Saqib, S., Khoo, K.S.: Phyllosilicate derived catalysts for efficient conversion 
of lignocellulosic derived biomass to biodiesel: a review. Biores. Technol. 343, 126068 (2022) 

5. Selvitepe, N., Balbay, A., Saka, C.: Optimisation of sepiolite clay with phosphoric acid treat-
ment as support material for CoB catalyst and application to produce hydrogen from the 
NaBH4 hydrolysis. Int. J. Hydrogen Energy 44(31), 16387–16399 (2019) 

6. Zou, Y., Hu, Y., Shen, Z., Yao, L., Tang, D., Zhang, S., ... Wang, X.: Application of alumi-
nosilicate clay mineral-based composites in photocatalysis. J. Environ. Sci. 115, 190–214 
(2022) 

7. Fan, W.K., Tahir, M.: Structured clay minerals-based nanomaterials for sustainable photo/ 
thermal carbon dioxide conversion to cleaner fuels: a critical review. Sci. Total Environ. 
157206 (2022) 

8. Barakan, S., Aghazadeh, V.: The advantages of clay mineral modification methods for 
enhancing adsorption efficiency in wastewater treatment: a review. Environ. Sci. Pollut. Res. 
28(3), 2572–2599 (2021) 

9. Lange, J.P.: Performance metrics for sustainable catalysis in industry. Nat. Catal. 4(3), 186– 
192 (2021) 

10. Zhang, W., Zhang, R., Wu, C., Goh, A.T., Wang, L.: Assessment of basal heave stability 
for braced excavations in anisotropic clay using extreme gradient boosting and random 
forest regression. Undergr. Space 7(2), 233–241 (2022). https://doi.org/10.1016/j.undsp.2020. 
03.001 

11. Liu, X., Wang, W., Du, C., Su, Y.: Synergistic activation of peroxymonosulfate via oxygen 
vacancy-rich CoxMn3−xO4/MMT catalyst for environmental remediation. Appl. Clay Sci. 
228, 106625 (2022) 

12. Feng, Y., Chu, G., Xiao, B., Li, R., Deng, C., Li, G., Shi, H.: Chlorite mineralogy, geochemistry 
and exploration implications: a case study of the Xiaokelehe porphyry Cu-Mo deposit in NE 
China. Ore Geol. Rev. 140, 104568 (2022) 

13. Anggraini, V., Dassanayake, S., Emmanuel, E., Yong, L.L., Kamaruddin, F.A., Syamsir, A.: 
Response surface methodology: the improvement of tropical residual soil mechanical prop-
erties utilizing calcined seashell powder and rreated coir fibre. Sustainability 15(4), 3588 
(2023). https://doi.org/10.3390/su15043588 

14. Alaba, P.A., Sani, Y.M., Daud, W.M.A.W.: Kaolinite properties and advances for solid acid 
and basic catalyst synthesis. RSC Adv. 5(122), 101127–101147 (2015) 

15. Cao, Z., Wang, Q., Cheng, H.: Recent advances in kaolinite-based material for photocatalysts. 
Chin. Chem. Lett. 32(9), 2617–2628 (2021) 

16. Ayodele, O.B., Abdullah, A.Z.: Exploring kaolinite as dry methane reforming catalyst 
support: influences of chemical activation, organic ligand functionalization and calcination 
temperature. Appl. Catal. A 576, 20–31 (2019) 

17. Rosadi, I., Athikaphan, P., Chantanachat, P., Neramittagapong, A., Neramittagapong, S.: 
The catalytic activity of Co/kaolinite catalyst for dimethyl ether synthesis via methanol 
dehydration. Energy Rep. 6, 469–473 (2020) 

18. Prasetyoko, D., Santoso, M., Qoniah, I., Leaw, W.L., Firda, P.B., Nur, H.: A review on synthesis 
of kaolin-based zeolite and the effect of impurities. J. Chin. Chem. Soc. 67(6), 911–936 (2020)

https://doi.org/10.1016/j.undsp.2020.03.001
https://doi.org/10.1016/j.undsp.2020.03.001
https://doi.org/10.3390/su15043588


366 S. M. Dassanayake et al.

19. Jinhua, W., Xiang, Z., Bing, Z., Yafei, Z., Rui, Z., Jindun, L., Rongfeng, C.: Rapid adsorption 
of Cr (VI) on modified halloysite nanotubes. Desalination 259(1–3), 22–28 (2010) 

20. Anastopoulos, I., Mittal, A., Usman, M., Mittal, J., Yu, G., Núñez-Delgado, A., Kornaros, 
M.: A review on halloysite-based adsorbents to remove pollutants in water and wastewater. 
J. Mol. Liq. 269, 855–868 (2018) 

21. Pandey, P., Saini, V.K.: Pillared interlayered clays: sustainable materials for pollution 
abatement. Environ. Chem. Lett. 17(2), 721–727 (2019) 

22. Sun, B., Khan, F.A., Süss-Fink, G., Therrien, B.: Metal catalysts intercalated in smectite clays. 
In: Encapsulated Catalysts, pp. 387–441. Academic Press (2017) 

23. Zhang, T., Wang, W., Zhao, Y., Bai, H., Wen, T., Kang, S., ... Komarneni, S.: Removal of heavy 
metals and dyes by clay-based adsorbents: from natural clays to 1D and 2D nano-composites. 
Chem. Eng. J. 420, 127574 (2021) 

24. Borah, D., Nath, H., Saikia, H.: Modification of bentonite clay & its applications: a review. 
Rev. Inorg. Chem. 42(3), 265–282 (2022) 

25. Amaya, J., Bobadilla, L., Azancot, L., Centeno, M., Moreno, S., Molina, R.: Potentialization 
of bentonite properties as support in acid catalysts. Mater. Res. Bull. 123, 110728 (2020) 

26. Zhou, C.H., Zhou, Q., Wu, Q.Q., Petit, S., Jiang, X.C., Xia, S.T., ... Yu, W.H.: Modification, 
hybridization and applications of saponite: an overview. Appl. Clay Sci. 168, 136–154 (2019) 

27. Abukhadra, M.R., Sayed, M.A.: K+ trapped kaolinite (Kaol/K+) as low cost and eco-friendly 
basic heterogeneous catalyst in the transesterification of commercial waste cooking oil into 
biodiesel. Energy Convers. Manage. 177, 468–476 (2018) 
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Ryczkowski, J.: Porous clay heterostructures intercalated with multicomponent pillars as 
catalysts for dehydration of alcohols. Appl. Clay Sci. 160, 116–125 (2018) 

53. Lazzara, G., Cavallaro, G., Panchal, A., Fakhrullin, R., Stavitskaya, A., Vinokurov, V., Lvov, 
Y.: An assembly of organic-inorganic composites using halloysite clay nanotubes. Curr. Opin. 
Colloid Interface Sci. 35, 42–50 (2018) 

54. El-Fattah, M.A., El Saeed, A.M., Dardir, M.M., El-Sockary, M.A.: Studying the effect of 
organo-modified nanoclay loading on the thermal stability, flame retardant, anti-corrosive 
and mechanical properties of polyurethane nanocomposite for surface coating. Progr. Org. 
Coat. 89, 212–219 (2015). https://doi.org/10.1016/j.porgcoat.2015.09.010 

55. Lecouvet, B., Gutierrez, J.G., Sclavons, M., Bailly, C.: Structure–property relationships in 
polyamide 12/halloysite nanotube nanocomposites. Polym. Degrad. Stab. 96(2), 226–235 
(2011). https://doi.org/10.1016/j.polymdegradstab.2010.11.006 

56. Amiri, S.: Preparation and characterization of nanoclay-based (Na-MMT and bentonite) poly-
acrylamide hydrogels as water shut-off agent for enhanced oil recovery. SILICON 11(3), 
1193–1203 (2019)

https://doi.org/10.1016/j.jhazmat.2016.03.076
https://doi.org/10.1097/ss.0b013e31815cc498
https://doi.org/10.1097/ss.0b013e31815cc498
https://doi.org/10.1016/j.eurpolymj.2016.05.014
https://doi.org/10.1016/j.porgcoat.2015.09.010
https://doi.org/10.1016/j.polymdegradstab.2010.11.006


368 S. M. Dassanayake et al.

57. Bharadwaj, R.K., Mehrabi, A.R., Hamilton, C., Trujillo, C., Murga, M., Fan, R., Chavira, A., 
Thompson, A.K.: Structure–property relationships in cross-linked polyester–clay nanocom-
posites. Polymer 43(13), 3699–3705 (2002). https://doi.org/10.1016/S0032-3861(02)001 
87-8 

58. Mohammed Fitri, T.F., Osman, A.F., Alosime, E.M., Othman, R., Hashim, F., Abdullah, 
M.A.A.: Biomedical PEVA nanocomposite with dual clay nanofiller: cytotoxicity, mechanical 
properties, and biostability. Polymers 13(24), 4345. https://doi.org/10.3390/polym13244345 

59. Murugesan, S., Scheibel, T.: Copolymer/clay nanocomposites for biomedical applications. 
Adv. Funct. Mater. 30(17), 1908101 (2020). https://doi.org/10.1002/adfm.v30.17. https://doi. 
org/10.1002/adfm.201908101 

60. Murugesan, S., Scheibel, T.: Chitosan-based nanocomposites for medical applications. J. 
Polym. Sci. 59(15), 1610–1642 (2021). https://doi.org/10.1002/pola.v59.15. https://doi.org/ 
10.1002/pol.20210251 

61. Benna, M., Kbir-Ariguib, N., Clinard, C., Bergaya, F.: Static filtration of purified sodium 
bentonite clay suspensions. Effect of clay content. Appl. Clay Sci. 19(1–6), 103–120 
(2001). https://doi.org/10.1016/S0169-1317(01)00050-3 

62. Serwicka, E.M.: Titania-clay mineral composites for environmental catalysis and photocatal-
ysis. Catalysts 11(9), 1087 (2021) 

63. Chang, J., Ma, J., Ma, Q., Zhang, D., Qiao, N., Hu, M., Ma, H.: Adsorption of methylene blue 
onto Fe3O4/activated montmorillonite nanocomposite. Appl. Clay Sci. 119, 132–140 (2016) 

64. Zhang, Q., Zhang, T., He, T., Chen, L.: Removal of crystal violet by clay/PNIPAm nanocom-
posite hydrogels with various clay contents. Appl. Clay Sci. 90, 1–5 (2014). https://doi.org/ 
10.1016/j.clay.2014.01.003 

65. Ding, X., Henrichs, S.M.: Adsorption and desorption of proteins and polyamino acids by clay 
minerals and marine sediments. Mar. Chem. 77(4), 225–237. https://doi.org/10.1016/S0304-
4203(01)00085-8 

66. Berends, H.M., Homburg, T., Kunz, I., Kurz, P.: K10 montmorillonite supported manganese 
catalysts for the oxidation of water to dioxygen. Appl. Clay Sci. 53(2), 174–180 (2011) 

67. Zhou, C.H.: An overview on strategies towards clay-based designer catalysts for green and 
sustainable catalysis. Appl. Clay Sci. 53(2), 87–96 (2011) 

68. Napruszewska, B.D., Michalik-Zym, A., Rogowska, M., Bielańska, E., Rojek, W., Gaweł, A., 
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Environmental Applications of Natural 
and Surface-Modified Zeolite 
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Muhammad Bilal Shakoor, Muhammad Mahroz Hussain, 
Nabeel Khan Niazi, and Muhammad Farrakh Nawaz 

Abstract Zeolite is a natural crystalline aluminosilicate which is found naturally in 
the sedimentary rocks but can also be synthesized artificially under controlled condi-
tions. In past few decades, natural zeolite and surface-modified zeolites (SMZs) have 
emerged as sustainable and environmental friendly materials which have numerous 
applications in cement manufacture (as stabilizer), soil amendment and wastewater 
treatment as well as adsorbent for remediation purpose. In the environment, there 
are various types of contaminants such as inorganic heavy metal (liod)s and organic 
compounds that have been proven threat not only to the humans but to the surrounding 
ecosystems. Considering the environmental threat, many approaches have been used, 
of which adsorption has been classified as safe and environmentally-friendly tech-
nique. Depending upon adsorption efficacy, zeolite-based materials are known to be 
safe for human being and environment. To date, various zeolitic-based materials have 
been used to detoxify heavy metals and other contaminants within in the environment. 
But due to limitation of research on zeolite application in the process of adsorption, 
the contaminant removal efficiency of zeolite is still unclear. Therefore, its appli-
cation in the development of efficient, cost-effective and novel technologies for the
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treatment of contaminated water, air, and soil is needed to be explored for contami-
nant remediation in water and soil systems. Zeolite application in remediation of the 
contaminated environments through adsorption-based techniques is believed to be 
the most effective, cheap, and sustainable way. In this chapter, various recent achieve-
ments of the potential application of natural zeolite and surface-modified zeolite for 
the removal of contaminants from contaminated soil and water are discussed. Also, 
sources and occurrence of zeolite will be elucidated. Moreover, the major research 
gaps and zeolites application as adsorbents will be discussed critically. Critical under-
standing of the zeolite behaviors under different environments will be explained 
briefly. 

Keywords Adsorbent-based zeolite · Environmental applications · Sequestration 
and immobilization 

1 Introduction 

In addition to zeolite’s widespread applications in the microelectronics, chemical 
industry, optics, and some other areas, it is also widely used for environmental protec-
tion. Its wide application includes its applicability in decontamination of wastew-
ater and groundwater contaminated with organic and inorganic (heavy metal (liods) 
contaminant, carriers of herbicides, slow-release fertilizers, pesticides and fungicides 
production, improving carbon sequestration, acts as soil conditioners, also enhancing 
water holding capacity, and soil structure improving soil productivity [3, 8, 53, 55, 
118]. Natural and synthetic zeolite have potential to remediate wastewater where it 
not only removes chromaticity and turbidity but also mitigate and detoxify heavy 
metal cations, ammonium, and other organic contaminants like xylene, benzene, and 
others. However, it is known that natural zeolite is very effective in removing cations 
such as phosphorus and heavy metal oxyanions [116]. 

Because of negatively charged surfaces, natural zeolites have been commonly 
used to remediate cationic contaminants in soil that prevents their leaching from soil 
profile like nitrates which causes many human health and environmental issues by 
entering water bodies [24]. Surface-modified zeolites (SMZs) can adsorb anions if 
it is modified with different species having positive charges to enable various anions 
adsorption [16, 88]. Mechanism of contaminants removal by low-cost sorbents is 
shown in Fig. 1.

The strong- and weak-base organic anion exchangers have been commonly used 
for zeolite modification and synthetic resins are often not more suitable because of 
their potential hazard to emerge as secondary contaminants, and artificial synthesized 
zeolite from natural materials is unstable under various soil conditions [18]. 

For more environmental-friendly applications, natural/synthetic zeolites are modi-
fied with metal oxides or metal cations in effective, simple, and relatively inexpen-
sive processes [43]. The charged properties of modified zeolite based on the type of 
modifier and the manufacturing conditions [74]. Using various improved methods,
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Fig. 1 Mechanism of heavy metal ions removal by low-cost sorbents (LCS) (modified from Chen 
and Shi [19])

efforts are being made to significantly increase the potential of zeolite surface adsorp-
tion. The use of modified zeolite to remove contaminants has attracted new research 
interest not only because of its remarkable appearance and performance, but also 
because of its optimized performance and low cost [31, 32, 112]. 

Recently, SMZs are mainly used for remediating contaminants from contaminated 
wastewater. However, to our knowledge no data has been published on natural and 
surface-modified zeolites to create an advance understanding on its mechanism and 
application in contaminants remediation. This chapter summarizes zeolite synthesis 
methods and its modification approaches. In general, this chapter will give people 
a critical understanding for the application of natural and SMZs in environmental 
remediation and offers broad perspectives for future applications. This chapter also 
discussed the major research gaps that must be needed to be filled for broad-spectrum 
application and enhanced efficiency of the zeolite (natural or SMZs) in sustainable 
environmental protection. 

2 Background Study, Origin, Classification, and Critical 
Properties of the Zeolite Compounds 

Generally, zeolites have diverse group of alkaline, inorganic, and hydrated-crystalline 
aluminum silicates. Its tetrahedral structure connects adjacent corners by sharing their 
oxygen atoms (O-positions), making a regular nonlinear arrangement of uniform 

cavities or channels cages of molecular proportions (typically in the 4–15 Ǻ range) 
[39]. Internal skeleton of zeolite is form by three-dimensional framework of four-
valent TO4 unit cells (T = Al, Co, B, Ga, P, Fe, and Ge) accommodating a various 
quaternary ammonium cations or alkaline earth metal that’s its empirical chemical 
derivation [39, 122, 132] is:
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Mx/n[AlxSiyO2(x+y)] ·  pH2O (1)  

Mx/n[AlxSiyO2(x+y)]·pH2O with M is (Ca, Mg, Ba, Sr) or (Na, K, Li), n is cation 
charge; p/x = 1–4, y/x = 1–6. 

Zeolite has crystalline pentasil ring that exhibits high ion exchange capacity, 
unique hydrophilicity containing molecular sieve, large porous surface area, inherent 
charge balancing cations, flexible shape selectivity, and electrochemical behavior 
which enhance the high level of encapsulation network increasing adsorption affinity. 
Embedded silanol (Si–OH) (made by bond defects between oxygen and silicon atoms 
during crystal growth), Brönsted acid hydroxyl (bridging Si–OH–Al structure), and 
Lewis acid (from 2 it is made by dehydration) make its structure unique for encapsula-
tion and adsorption. The acidic hydroxyl group in a vacuum of 750 K is characterized 
by its strong hydrogen bond, the induced dipole–dipole moment and the polarization 
attraction of the electrostatic interaction (π-electrons) [28, 87, 126]. 

Natural zeolite is primarily derived from a variety of ash, volcanic rock, 
biological silicon dioxide, quartz, and clay [35]. The main forms are clinoptilolite, 
mordenite, chabazite, analcime, erionite, chabazite, apatite, bauxite, laurel stone, 
limonite, sodium zeolite, sphalerite, limonite, paulownia, matzite, and barium iron 
ore that are deposited by sol–gel, microwave heating, centrifugation, redispersion, 
dip coating calcination, co-polycondensation, carbonization (polymer blends and 
organic aerogels), crystallization, templating, and hydrothermal treatments for 
commercial formation of zeolite modifications [34, 39, 59, 91]. Common zeolite 
was first discovered by Friedrich Axel Cronstedt in 1756 for the first time. Swedish 
mineralogists observed the warming of pyroxene and created the common name 
for zeolite using two Greek words (zein (cooking) and lithium (stone)). In the years 
1862 and 1940s, Richard Barrer and St. Claire Deville of Imperial College London 
believe that the origin laboratory for zeolite was created under the synergistic effect 
of a strong salt solution at an extremely high temperature (170–270 °C) [29]. Robert 
Milton demonstrated the major effect of newly precipitated aluminosilicate gels in 
the United States which led to the formation of Type X, Type Y, and Type A zeolites 
in the late 1950s [39]. 

In addition, with the slow expansion of quaternary ammonium cations and the 
foaming of organic components, zeolites were developed in the early 1960s. Beta 
zeolite was invented in 1967, and the prototype zeolite ZSM-5 was invented in 1972 
[39]. Since then, zeolite applications have been vigorously expanded and consol-
idated the multidisciplinary zeolite combination including structural and concrete 
finishing materials (reduced weight, chloride permeability, moderate water content, 
improved workability properties, breaking strength, and slow drying). Its applica-
tion in electronics (electrocatalysis, redox process, optoelectronics, electronic isola-
tors, photonics, fuel cell development, electrochemical double-layer capacitors and 
microelectronics), physics (micron level, cement, bone materials), chemistry (enan-
tioselective separation, chemical sensors, aquarium filter additives, oxidation chem-
istry, water purification, gas separation and ion softening), engineering (soil treat-
ment, detergent manufacturing, enhanced cumene cracking, process enhancement,
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alkane hydroisomerization, solar heat collection, aromatic alkylation, reform catal-
ysis, adsorption refrigeration industry and nanotechnology) and biological (double-O 
implants, animal feed use, cancer treatment, medical oxygen treatment, childbirth and 
diarrhea treatment) are noticed from past few decades [28, 39, 49]. It is estimated that 
the annual formation/production of natural zeolite in the world is 4 million tons/year, 
which is 2.6 million tons for China’s unprecedented industrialization construction. 
The basic classification is based on the source and level, the improved transmission 
properties or the topological system [34, 91]. 

3 Natural and Surface-Modified Zeolites 

The Swedish geologist Alex Fredrik Cronstedt first discovered zeolite as a rock in 
1756 [80], after copper mine sample collection he, observed a lot of steam release after 
heating [64, 102]. Zeolite word was first given to it after this heating was observed 
meaning ‘boiling stone’ [54]. Synthetic zeolite after its first synthesis attracts great 
market demand in 1960s, especially when petroleum industry used it for the purpose 
of catalytic cracking [54]. It was reported in 1970s, when it was discovered that 
synthetic zeolite could replace the phosphate compound in washing powder, synthetic 
zeolite market demands reached at its maximum again. The increased demand has 
intensified research interest on zeolites [102]. Although natural zeolite has been 
around for some time, large-scale zeolite deposits were not discovered until the mid-
twentieth century. With the intensification of research on synthetic zeolites, it has 
been found that these inexpensive natural zeolites have properties similar to more 
expensive synthetic materials. With the market share of materials, research on natural 
zeolite has increased. There are now more than 50 natural zeolites registered [101]. 

Natural zeolites have the crystal-like structure composed of silicon (aluminum) 
and oxygen tetrahedral structure consisting of many tetrahedral to form a porous 
hydrated anionic structure [76, 132]. Zeolite has the ability to exchange cations in the 
structure and lose or accept water molecules [57]. The mechanism of natural zeolite 
to remove pollutants is as follows: (a) connected and ordered channels or within the 
crystal,(b) excessive negative charges on the zeolite framework can be replaced by 
divalent or monovalent cations (Mg2+, Ca2+, and Na+, K+) balance [41, 50]. 

Widiastuti et al. [133] reported that the natural zeolite had a good ammonium 
removal performance at 150-min with 3.0 mg/g adsorption capacity. In another study, 
Zanin et al. [138] potential to remediate heavy metals by using natural zeolite was 
explored and according to results recovery time of copper was 180 min with 96% 
removal rate. Chromium equilibrium time was 300 min, and removal rate was 85.1%. 
After 360 min, the iron removal rate can reach 95.4% [138]. Surface-modified zeolite 
can increase the adsorption potential under certain conditions, due to impurities SMZs 
pores causes agglomeration issues [58, 112]. 

The efficiency of zeolite sorption process is dependent upon adsorbents chemical 
and structural composition. Adsorption potential of zeolite also depends on silicon/ 
aluminum ratio in the structure, cation nature, its concentration, and its availability.
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Modification in natural zeolite structure can increase the potential to remediate the 
contaminant. Various organic and inorganic pollutant can be adsorbed more effi-
ciently on zeolite crystal lattice by various modification with acids/base or with 
impregnation of different surfactants that usually are used to change the hydropho-
bicity and hydrophilicity potential of zeolite [132]. There are several methods of 
modification that are physical, chemical, biological, and composite modifications 
explained below [112]. 

3.1 Physical and Chemical Modification 

Ultrasonic and thermal modifications are two important methods used for phys-
ical modification for zeolite. In thermal modification, muffle furnace or microwave 
heating is used to modify zeolite physically which increase its surface adsorption 
potential by reducing surface resistance of zeolite. Ultrasound approach is used to 
remove pollutants from the zeolite pore, thus enhancing its adsorption capacity [143]. 
Generally, the improvement of the muffle furnace is to provide high-temperature 
(200–600 °C) natural zeolites for 2–5 h in the muffle furnace. Temperature plays an 
important role in affecting zeolite adsorption potential as high temperature can also 
destroy the crystalline structure of zeolite reducing its adsorption potential [107]. 

Natural zeolite can be modified by using microwave heating in which microwave 
radiations are used where heating and time are two factors that can increase the 
zeolite adsorption capacity. Overheating for longer time can destroy the surface 
and crystal lattice of the natural zeolite resulted in destroyed structure and lower 
adsorption ability. Fahmy et al. [36] reported to use microwave-treated zeolites for 
removal of divalent cadmium ions from wastewater. Results showed that optimum 
time was 140 min for removing maximum cadmium at 0.25 g of zeolite dose in 25 mL 
of cadmium-contaminated wastewater. Another method of physical modification 
is the use of ultrasonic waves in which sound waves of different frequencies and 
strength increased the adsorption capacity. As it was reported by Wang et al. [130] 
that removal rate of ammonia was 86.9% by ultrasonic modification of natural zeolite 
for 40 min at 560 W. Natural zeolite can be modified chemically by using different 
concentration of cationic surfactants, rare elements addition, salts, acids, and bases to 
enhance adsorption capacity for different [112]. The mechanism and advantages or 
disadvantages of different physical and chemical modification are given in Table 1.

3.2 Composite Modification 

Natural zeolite modification can also be done by combining several methods of 
modification under ambient conditions. This can be achieved in different ways of 
combining ultrasonic, heating, and chemical modification all together to achieve 
a better goal of adsorption using natural zeolite [112]. The contaminants removed
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by various modifications are shown in Table 2. Shorter reaction time and enhanced 
adsorption capacity can be achieved by modifying natural zeolite using the ultrasonic 
and salts that even can remove the impurities from the zeolite crystals and replace 
the larger radius cations which can increase its adsorption potential.

Table 1 Characteristics of physical and chemical modification 

Methods Mechanism Contaminants Advantages Disadvantages References 

Ultrasonic Elimination of 
impurities from 
channel; 
increase surface 
area 

Ammonia Good penetration; 
removal of 
impurities from 
channel 

Inefficient; 
always 
combined with 
other methods 

[144] 

Microwave 
oven-heating 

Elimination of 
impurities from 
channel; 
increase hole 
diameter; 
uniform pore 
size 

Ammonia Heating time 
saving; good 
penetration; high 
efficiency 

Uneven heating 
because of 
moisture in the 
zeolite 

[9] 

Acid H+ replaces 
Ca2+ and Mg2+ 

in zeolite which 
have large 
diameter to 
increase specific 
surface area and 
microporosity 

Ammonia, 
antimony 
(III), uranium 
(VI) 

Simple and 
convenient, 
improving cations 
adsorption capacity 

Low cation 
exchange 
capacity due to 
H+ competition 
and dissolution 
of Sitetrahedra 
and free 
linkages 

[78] 

Alkali a. Dissolve 
silicon reduce 
Si/Al from 
zeolite; make 
uniform pore 
size; b. 
electrostatic 
interaction and 
form covalent 
bonds 

Organics, 
ammonia, 
manganese 
(II), lead (II), 
copper (II), 
cadmium (II) 

Simple and 
convenient, 
improving the 
removal rate of 
cations 

Destruction of 
crystal 
structure by 
poor 
concentration 
control, 
reduction in 
absorption rate 

[4, 106] 

Cationic 
surfactant 

a. Anions 
adsorption and 
associated 
compounds 
formation; b. 
cations 
exchange; c. 
organics 
adsorption by 
hydrophobic 
alkyl chain 

Tungstate, 
antimonate 
phosphorus, 
ammonia, 
copper (II), 
nickel, iron 
aniline, 
EDTA 

Increase anion 
removal rate 

More 
expensive than 
salt 
modification. 
Complicated 
modification 
process 

[56, 135]

(continued)
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Table 1 (continued)

Methods Mechanism Contaminants Advantages Disadvantages References

Salt a. Exchanging 
with Ca2+ and 
Mg2+ in the 
zeolite, 
increasing the 
pore size; b. 
ligand-exchange 
and electrostatic 
interaction 

Ammonia, 
iron (II), 
calcium (II), 
magnesium 
(II), 
manganese 
(II), copper 
(II), zinc (II), 
nickel (II), 
uranium (VI) 
phosphorus, 
fluoride, 
chromium 
(VI), arsenic 
(III), arsenic 
(V), lead (II) 

High pollutants 
removal efficiency 

Expensive salt 
solutions 

[7, 73]

Wang et al. [130] showed that NaCl at 0.8 mol/L and ultrasonic waves with 560 
W reduced the reaction time to 40 min, and removal efficiency reached 91.1% for 
ammonia. With ultrasonic and salts modifications, it can reduce the reaction time to 
10 min, while natural zeolite has 60 min reaction time for ammonia. Two possible 
mechanism can be adopted for zeolite modifications, i.e., either by heating it first 
and then impregnation with different salts or methods. Other is first to modify it with 
different salts then heat it, this method is more efficient, and this modification allows 
better adsorption rate and lower reaction time. 

Yang et al. [136] observed that NaOH (1.0 mol/L) and NaCl (2.0 mol/L) were 
used to treat the zeolite for 2 h and then this solution was heated for 0.5 h at 400 °C 
the removal efficiency increased remarkably from 54.5 to 98.3% for ammonia. This 
only took 140 min to reach equilibrium, according to kinetic curve for adsorption. In 
recent years, the modification of alkali/acid/salt complexes has also been investigated. 
Modifying zeolite compounds can shorten the adsorption time. Dionisiou et al. [31] 
reported that zeolite treated with HCl (1 M) for 24 h at 60 °C and then again mixing 
of HDTMA-Br (0.05 M) at 25 °C for 24 h can enhance boron adsorption. They 
concluded that boron efficiency reached up to 85% at pH 3. 

4 Zeolites Applications 

The diversity of the zeolite structure is caused by the change in pore size (between 
2 and 13 A°). The change in shape and the network connection with 4–12 rings 
make zeolite one of the useful substances in various applications [6, 110]. Zeolite 
has a wide range of technical, industrial, agricultural, commercial, and biomedical 
uses. Hence, zeolite is called “magic stone” [60]. Synthetic zeolite is mainly used
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Table 2 Removal of contaminants before and after zeolite modification 

Modification 
method 

Modifier (mol 
L−1) 

Adsorbate 
(mg/L) 

Zeolite References 

Dosage (g 
L−1) 

RBM 
(mg 
g−1) 

IRAM 
(times) 

Salt MgCl2 (8.85) Cu (II) 
(10.0) 

2.0 1.90 1.11 [22] 

Salt LaCl3 (0.163) 
NaCl (0.34) + 
AgNO3 (0.012) 

TP (5) 5.0 0.05 18.25 
1.50 

[69] 

Alkali + salt KOH (5.0) + 
FeCl3 (3.0) 

Zn (II) (3.0) 2.0 0.06 2.71 [79] 

Salt MgCl2 (8.85) Pb (II) 
(10.0) 

2.0 3.30 0.36 [22] 

Salt NaCl (0.1) + 
AlCl3 (0.1) 

TP (25) 4.0 0.60 10.67 [44] 

Alkali + salt KOH (5.0) + 
FeCl3 (3.0) 

Pb (II) (3.0) 2.0 0.16 1.32 [79] 

Salt LDHs (0.1) TP (32) 100 0.03 4.67 [46] 

Salt MgCl2 (8.85) Cd (II) 
(10.0) 

2.0 2.30 0.87 [22] 

Salt FeCl3 (3.5) TP (50) 100 0.04 3.80 [99] 

Alkali + salt KOH (5.0) + 
FeCl3 (3.0) 

Cd (II) 
(3.0) 

2.0 0.01 13.00 [79] 

Microwave 
(476 W) + 
salt 

NaCl (1.0) TP (57) 80 0.13 1.65 [17] 

Salt MgAl-LDHs 
(1.0) 
MgFe-LDHs 
(2.0) 

Cr (VI) (32) 50 0.03 1.03 
0.27 

[139] 

Microwave 
(476 W) + 
salt 

NaCl (1.0) NH+ 
4-N 

(389) 
80 1.34 2.23 [17] 

Salt NaCl (1.0) NH+ 
4-N 

(120) 
8.00 0.01 1.00 [67] 

Ultrasonic + 
salt 

NaCl (0.6) NH+ 
4-N 

(10) 
2.5 0.34 9.66 [131] 

Salt LaCl3 (0.163) 
NaCl (0.34) + 
AgNO3 (0.012) 

NH+ 
4-N 

(20) 
5.0 2.54 0.55 

0.51 
[69]
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in industry. On the other hand, the price of natural zeolite is lower compared to 
synthetic zeolite, which leads to the fact that synthetic zeolite is replaced by natural 
zeolite, thus paving the way for its development in the market [6]. So far, natural 
zeolite has been used as a filler in the cement industry [12]. Clinoptilolite is used 
in agriculture as a potassium releasing agent and has a longer soil water holding 
capacity due to its good absorption properties [94]. In addition, natural zeolite is 
used for wastewater treatment and removal of soluble heavy metals [45]. Now a 
days, the detergent industry has developed a large number of zeolites due to its 
application and efficiency [110]. 

Zeolite is one of the effective catalysts for many organic reactions, has a variety of 
structures to accelerate chemical reactions, and is used as an absorbent and desiccant. 
Many gasoline and petrochemical products around the world are made using zeolite 
catalysts. One of the great interests of zeolite applications is biosensors. In recent 
years, research has been focused on use of zeolite-based materials to protect the envi-
ronment [110]. This chapter introduces the different areas of zeolite in environmental 
remediation and its use to improve soil and water quality. 

4.1 Application Efficiency of Natural Zeolite 
for Environmental Remediation 

Natural zeolite use for the remediation of environment mainly depends on its ion 
exchange characteristics [11, 80]. Natural zeolite has only the ability to remove 
cation through ion exchange, but surface modification can enable to remediate anions 
too. Many factors can affect the metals cations adsorption rate like pH, competing 
cations, temperature, external surface activity, hydrated solutes concentration, and 
complexation with agents [26]. 

Thermodynamic and experimental studies have shown that zeolite is selective for 
monovalent ions, especially Cs+ and NH4 

+. Zeolite has a much lower selectivity for 
divalent cations (like Pb2+, Sr2+) [15]. In several cases, multi-component adsorp-
tion experiments and thermodynamic calculations were carried out [90]. Due to the 
complexity of the composition of natural zeolite materials (such as the presence 
of other phases of adsorption, changes in zeolite content, etc.), the thermodynamic 
calculation of natural zeolite materials is not always that simple. The absorption of 
transition elements by natural zeolite is highly dependent on their water chemistry 
and hydrolysis reaction, producing various insoluble and soluble products which 
have some interaction with zeolite. In these conditions, the absorption mechanism 
includes not only adsorption and ion exchange/absorption but also co-precipitation/ 
surface precipitation [80]. 

Materials with higher adsorption capacity were required for treating nuclear waste. 
Many patents relating to the application of zeolite derivatives (clinoptilolite) to immo-
bilized radioactive cesium (Cs) isotopes appeared around 1960 [80]. Natural zeolite 
is used to limit the consequences of the nuclear accidents on Three Mile Island and
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Chernobyl, to remove Cs and strontium (Sr) isotopes from wastewater produced from 
nuclear industry to purify the contaminated water [13, 123]. It’s worth noting that 
the zeolite (Clinoptilolite) used in the wastewater plant has reduced or removed the 
Sr and Cs produced in the Sea of Irish to a constant lower concentration since it was 
commissioned in 1985 radiation conditions in the heavily contaminated area in this 
state greatly improved. It is also suggested that areas rich in natural zeolite (such 
as the Yucca Mountains in Nevada, USA) could be used as potential nuclear waste 
disposal sites [123]. 

The removal of heavy metals (e.g., Fe, Pb, Cd, Zn) from the drainage of acid mines 
is another area of potential environmental applications of natural zeolite materials 
[82]. In some cases, the regeneration of zeolite by various solutions has also been 
studied. When used material was zinc, the following desorption efficiency levels 
were observed: EDTA > NaCl > NaOAc > NaHCO3 > NaOH > Ca(OH)2. 

Many studies recently published in the literature aim to remove or stabilize heavy 
metals, particularly Pb, in environmental matrices. Li et al. [66] reported to stabilize 
lead, cadmium, and nickel using zeolites successfully. Compared with the addition 
of single zeolite, the mixed treatment of artificially lead-contaminated garden soil 
(zeolite and humic acid) led to a higher removal of Pb levels in vegetative parts, while 
the water-soluble ratio of Pb compounds in the soil increased slightly [113]. Research 
and field tests on a laboratory scale have shown that natural zeolite and its modified 
forms lower the heavy metals concentration and contaminants in crops and are of 
environmentally importance on the barren land caused by vegetation restoration and 
metal pollution, which also limits soil erosion [61]. 

Clinoptilolite has been studied as an adsorbent for lithium (Li) to protect poplar 
vegetation growing in the soil that was contaminated. The Li was chosen as the main 
heavy metal because nuclear magnetic resonance can be used to trace Li directly 
[48]. Studies with Naples Yellow Tuff (NYT) to reduce the copper (Cu), lead (Pb), 
and zinc (Zn) toxicity of the soil to organisms that showed the presence of zeolite 
restores the friendliness of the soil environment of the biota by successfully restoring 
a large amount of fertilization. It is vitality, and at the same time, significantly reduces 
pathology and mortality [14]. 

The technical application of natural zeolite/organic mixtures and their synergistic 
effects on remediation are continuous and will become more important research in 
coming era [61]. Although there is only few information available in the literature 
reviews on the possible drawbacks of long-term use of zeolites which are naturally 
present in the world [80]. 

Water treatment and urban and industrial wastewater treatment are major areas 
of application with natural zeolite compounds [38, 100, 134].  The main investi-
gated zeolite is natural zeolite used as adsorbent for NH4 

+ from urban and other 
contaminants originating from industrial wastewaters. Sewage and wastewater treat-
ment plants using natural zeolite have been put into many processing globally. The 
reduction of many metals or nutrients (e.g. H2PO4 

2/HPO4
−, NH4 

+) recovery and 
quantitative precipitation in the slow-release fertilizer (SRF) were also recorded [80]. 

Some researchers have also considered using natural zeolite materials to reduce 
contaminants in highway rainwater [93]. In particular, the effectiveness of mixed
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materials (zeolite + vermiculite, zeolite + lava, and limestone) was examined [80]. 
Natural zeolite use in the treatment of brine/soda coal bed natural gas (CBNG) gener-
ated water has been investigated. For this reason, the calcium-rich natural zeolite was 
investigated as a potential Na adsorbent from CBNG water. Column tests have shown 
that one ton (1000 kg) of St. Cloud and Brazilian zeolite can be used to treat 16,000 
and 60,000 L of CBNG water, respectively, to reduce the rate of sodium adsorption 
[141]. There are also attempts to reduce Na in seawater by using naturally produced 
zeolite and to reduce Cl with calcined hydrotalcite for agricultural purpose [125]. 
Finally, ferrite and mechanically activated natural zeolite materials were investigated 
as potential materials for specific environmental applications [80, 121]. 

4.2 Application Efficiency of Surface-Modified Zeolite 
for Environmental Remediation 

A particularly main class of surface modification zeolite minerals for environmental 
remediation is zeolites used with surfactants. Combined with the improved cation 
adsorption characteristics of natural zeolite and the capacity to adsorb negative 
substances, pathogens, and non-polar organic substances from water currents, these 
materials are considered to be floor and water basin washers, backfill, and sealing 
materials when storing waste. It also acts as a barrier against the osmotic reac-
tion of clean water. The most common modifiers are quaternary amines such as 
N-cetylpyridinium, HDTMA, and ODTMA that form a double-layer structure on 
the zeolite surface and thereby change their charge from negative to positive [27]. 
The positive surface charge provides a site for the adsorption of anions, and the 
organic-rich surface layer provides a distribution medium for the adsorption of non-
polar organic compounds. The original cation exchange capacity of zeolite is also 
partially retained (Fig. 2).

Previous studies have explored the zeolite ability to bind metal anions like arse-
nate, chromate, and many others [42, 62]. Similar adsorption properties and capac-
ities have been reported for zeolites which are modified with polymer [81, 86]. 
The production of modified zero-valent Fe-mixed particles with surfactant offers 
the reason of removing contaminants through combined reduction/adsorption [68]. 
Adsorption capacities of modified zeolite for different contaminants are shown in 
Table 3.

It has been found that natural zeolite modified with surfactants can effectively treat 
oilfield wastewater and adsorb volatile petroleum hydrocarbons [109]. The column 
regeneration method by air injection has also been investigated [2]. Modified-zeolite 
particles are excellent carriers of bacteria and can enhance the sludge activity of 
sewage treatment plants. The modification of zeolite with cationically active poly-
electrolyte can promote interaction between bacteria and the surface of zeolite,
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Fig. 2 Partitioning of a mixture of toxic chromate anions and perchloroethylene during their 
combined sorption by a surfactant-modified zeolite (SMZ) (modified from Rhodes [105])

whereby the sludge activity is further improved [96]. Zeolites modified with surfac-
tants also showed the capacity to attach pathogens (such as E. coli) in wastewater 
[6, 108]. 

5 Sustainable Utilization of Natural and Surface-Modified 
Zeolite 

It is estimated that the world production of natural zeolite in 2018 was 1.1 million 
tons, of which 120 kt were in South Korea, 300 kt in China, 100 kt in New Zealand, 
20 kt in Jordan, and 95 kt and 70 kt in the United States and Turkey, respectively. 
Cuba is 57 kt and the total production of all other countries is 350 kt [120]. Zeolite 
costs about $ 100–150/ton in china and many researchers have been doing research 
on it due to its rich pore structure and they use it as filter media [129]. Organic 
and inorganic pollutant can be remediated with the help of zeolite application most 
importantly its role in remediating the fluoride ions from waste and drinking water 
is an new aspect of its application [142, 145]. Adsorption of heavy metal ions on 
various natural zeolites is shown in Table 4.

Zeolite as a substrate for constructed wetlands (CWs) has advantages of low cost 
and enhanced efficient wastewater treatment [1]. However, natural zeolite application 
is very extensive, but it has limited natural reserves, and its long-term application can 
exhaust the natural resources of zeolite. Limited use, modification, and regeneration 
of zeolite can enhance its efficiency, and it is also of great importance for sustainable
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Table 3 Adsorption capacity of modified zeolite for different contaminants 

Salt Contaminants Adsorbent capacity 
(mg/g) 

Temperature 
(°C) 

pH Adsorption 
isotherm 

References 

NaCl NH4-N 11.3 25 8.0 Langmuir [21] 

NaCl Manganese 10.0 25 Langmuir [5] 

NH4Cl Uranium 2.1 25 3.0 Langmuir [10] 

NH4Cl Manganese 24.3 25 Freundlich [5] 

Al2(SO4)3 Manganese 25.1 25 Freundlich [5] 

DAAO Anionic dye 
congo red 

69.9–58.8 20–40 6.0 Langmuir [71] 

SDS NOM 111.2 25 5.0 Langmuir [75] 

HDTMA As 
EDTA 
Cr 
Phosphorus 

1.6 
159.8 
5.2 
0.2 

23 
25 
25 
25 ± 1 

7.0 
7.5 
6.0 
6.9 

Freundlich 
Freundlich 
Langmuir 
Langmuir 

[23] 
[56] 
[63] 
[33] 

CPB Tannic acid 111.0 30 5.5 Langmuir [70] 

CTMAB Sodium 
dodecyl 
benzene 
sulfonate 
Pb 

18.5 
3.3 

25 
35 

6.0 Langmuir 
Langmuir 

[117] 
[103] 

Ultrasonic 
composite 

Ammonia 12.8 25 Langmuir [131] 

Heating 
composite 

Ammonia 6.6 30 Langmuir [68] 

Fluoride 2.6 25 8.0 Freundlich [124] 

Bisphenol 16.5 25 Freundlich [128] 

Alkali 
acid/salt 
composite 

Cr 6.3 25 Freundlich [114]

use and development of zeolite. Synthetic zeolite can also reduce the pressure on the 
natural reserves of zeolite [127]. 

Zeolite regeneration and reproducibility is an important phenomena for its vast 
application [77]. Zeolite can be regenerated by following biological, chemical, and 
physical regeneration methods, and among these, biological method is mostly used 
[111]. Relevant studies have shown that using natural zeolite as a matrix of chem-
ical waste through biological regeneration technology has low cost and good effect. 
In-situ bioremediation technology, which combines microbial metabolism and ion 
exchange, offers the advantages of ease of use and low processing costs [20, 47]. 
Zeolite application in different biological treatment process including CWs is bene-
ficial for attaining high efficiencies. The biological regeneration technology has the 
shortcomings of long cycle and low efficiency, so further research is required. 

Modified zeolite is a most important method that helps to enhance the cleaning 
effect of zeolite as a continuous water matrix and to extend the usage time of zeolite.
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Table 4 Adsorption of heavy metal ions on various natural zeolites 

Material Metal Adsorption (meq/g) References 

Turkish clinoptilolite Pb2+ 

Zn2+ 

Cu2+ 

Ni2+ 

0.299–0.730 
0.108–0.251 
0.022–0.227 
0.017–0.173 

[89] 

Clinoptilolite Cd2+ 0.12–0.18 [40] 

Mexican clinoptilolite Pb2+ 1.4 [72] 

Sardinian clinoptilolite Cu2+ 

Cd2+ 

Pb2+ 

Zn2+ 

0.34 
0.05–0.19 
0.27–1.2 
0.1 

[25] 

Ukraine clinoptilolite Pb2+ 

Cu2+ 

Ni2+ 

Cd2+ 

0.134 
0.405 
0.222 
0.0375 

[115] 

Natural modified zeolite Cd2+ 

Cr6+ 

Cu2+ 

Zn2+ 

Cd2+ > Cu2+ > Cr6+ > Zn2+ [92] 

Penggunaan zeolite Cd2+ 2.39 mg/g [95] 

Pemanfaatan zeolite Fe3+ 

Cr6+ 
36.9% for Fe3+ 

68.05 for Cr6+ 
[104] 

Natural zeolite Cr6+ 4.365 mg/g [84] 

Natural zeolite Hg2+ 2.5 mg/g [83] 

Natural zeolite Pb2+ 52 mg/g [97] 

Natural zeolite Pb2+ 72 mg/g [98]

The important surface modification methods are alkali treatment, acid treatment, ion 
exchange, microwave treatment, heat treatment, and surface modification [119]. The 
thermal modification consists of heating zeolite to remove water and organic waste by 
increasing surface area and improve its adsorption and ion exchange capabilities. The 
acid modification consists in dissolving impurities in zeolite structure with mineral 
acid, opening pores, and improving surface of zeolite lattice [145]. The modification 
with inorganic salt consists in replacing Mg2+ and Ca2+ plasma in zeolite structure 
and enhancing adsorption site to increase the surface area and the ion exchange 
capacity. The modified zeolite with LDH membrane increases the adsorption-active 
sites, enriches the pore structure, and strengthens adsorption [46]. After the zeolite 
is modified, the Si/Al ratio decreases, the porosity increases, the surface activity 
increases, and the adsorption and ion exchange performance improves [127]. From a 
mechanical point of view, the improved process also promotes the regeneration and 
use of zeolite and realizes the sustainable use of zeolite.
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It has been found that the cost of using magnesium salt modified natural zeolite 
for wastewater treatment has increased by more than 60%. The cost of zeolite modi-
fication is mainly attributed to the cost of most modifiers. The use of heating and 
ultrasound technology, as well as water usage and equipment depreciation, make up 
a percentage of the cost. Modification cost of zeolite by using NaCl is much lower 
than other salts [52]. Although the total phosphorus (TP) removal rate of alum sludge 
using the LDHs modifier has been greatly improved in the water supply system and 
waste is used, the complex manufacturing process increases the modification cost. 
The TP removal rate has been significantly improved. The use of waste in the water 
supply system and the complex manufacturing process have increased transforma-
tion costs [46]. Commercial acids and alkali application may also reduce the zeolite 
modification [37]. Heat generation by using waste also reduces the cost of zeolite 
modification. 

The manufacture of synthetic zeolite is very important to relieve the pressure on 
the use of natural zeolite. Using waste as a raw material can effectively reduce the cost 
of synthetic zeolites. Waste currently used includes fly ash, silica vapor waste, red 
mud, coal dam, blast furnace slag, and petroleum reserves [30, 65, 127]. Only China 
produced 540 million tons of fly ash in 2015 due to its abundant resources [140]. The 
content of Al2O3 and SiO2 in fly ash is up to 80%, which has strong adsorption and 
wide application prospects in the synthesis of zeolite. Although some solid wastes 
are used to make zeolite for resource use, it is difficult to make high purity zeolite 
because of the high levels of impurities in the raw materials. At present, the process 
of synthesizing zeolite is complicated, expensive, and difficult to mine [27]. It is also 
necessary to simplify the process flow, reduce production costs, improve the purity 
of zeolite products, and realize the sustainable use of zeolite. 

6 Cost Estimation of Zeolites 

Zeolite due to its low cost makes it more efficient to use for remediation process. 
Cost benefit and adsorption capacity are two most critical factors to be consider for 
a good adsorbent. But the adsorbent potential can vary with the several factors like 
competition between the pollutants, initial concentration, pH and most importantly, 
the analytical method which was adopted, i.e., incubation, sorption, column, and 
kinetic sorption isotherms [51]. 

As mentioned above, one of the most popular adsorbents used in wastewater 
treatment is zeolite. In Korea, the price of natural zeolite is usually 1.6 ± 0.5 USD/ 
kg [85]. In China, natural zeolite is very cheap at around US $ 140 per cubic meter 
(particle size: 1 mm). However, there are few reports of the cost of using modified 
zeolites to remove impurities. Most of the articles only describe batch trials as the 
cost depends largely on many factors, such as the availability of raw materials, the 
processing required, the modification methods, and the processing conditions [51]. 
In addition, inconsistent data presentation makes it difficult to compare different 
adsorbents/modification methods.
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7 Conclusion and Future Perspective 

This chapter briefly introduced the modification methods of zeolite with physical, 
chemical, and composite modification. Various methods for improving the adsorption 
potential of zeolite on various contaminants in wastewater have also been explored. 
Over the years, the industrialization and global growth of the world have gradually 
increased, moving towards the generation of large amounts of waste. Projections for 
the next 20 years suggest that industrial manufacturing will fail and then generate a 
large amount of waste. Today, the increasingly profound differences in field appli-
cations and the limited success of repairs have led people to recognize the use of 
natural zeolite or modified zeolite as a control environment. 
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Abstract Extensive utilization of plastic has resulted in elevated levels of microplas-
tics (MPs) in environment, which requires immediate attention. Mismanagement, 
degradation of plastic waste, MPs-laden dust particles, industrial and agricultural 
activities, as well as plastic bottles and utensils are responsible for MPs pollution in 
environment. Clay, which is characterized by smaller particle size, higher stability, 
lamellar structure, high surface area, and high ion exchange capacity, can be used for 
MPs removal from contaminated media via coagulation-flocculation, degradation, 
and adsorption. Therefore, the prevalence of MPs in environment, influences of MPs 
toxicity on human, as well as removal technique have been discussed in this chapter. 
Application of clay-based materials in removing MPs is a promising technique; 
however, natural clays are inefficient for anionic MPs removal due to electrostatic 
repulsion. Thus, modification of clays with foreign materials could be a cheaper, 
efficient, and environment-friendly technology for complete removal of MPs; never-
theless, very limited studies have been conducted on this subject so far. Therefore, 
cheaper and efficient clay-based composites should be fabricated to remove/degrade 
MPs from environment. Further, the existence of MPs in the environment, transport 
of MPs between various environmental compartments, and interactions of MPs with 
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1 Introduction 

Plastic, which is basically a combination of various synthetic polymer constituents, 
has gained immense importance as a so-called essential material due to its econom-
ical, stable, lightweight, and versatile properties. It has various applications in agri-
cultural, pharmaceuticals, industrial product packing and transport, and a number of 
household activities. Consequently, global demand and output of plastic-based prod-
ucts are increasing annually. Worldwide production of polyethylene and polypropy-
lene showed an annual increase of 7% [1]. Extensive utilization of plastic products has 
instigated microplastics (MPs) pollution worldwide in recent times. The global plas-
tics production crossed 4.90 billion tons in 2015, which could reach up to 12.0 billion 
tons by 2050 [2]. About 19–23 million tons of plastic waste was released into marine 
environments in 2016, which is expected to reach up to 53 million tons per annum 
by 2030 [3]. The accumulated plastics are degraded by various atmospheric agents 
including solar radiations, waves, abrasion, ultraviolet radiations, photo-oxidation, 
microbial activities, and mechanical forces, which consequently generates MPs (less 
than 5 mm size) and nano-plastics (1.0–100 nm size) fragments [4, 5]. These degraded 
plastic products are termed as secondary MPs. Moreover, micro- and nano-sized plas-
tics are also produced, which directly enter into the ecosystem, and are referred as 
primary MPs [6]. Constant dumping of plastic-based waste in environment including 
soil and water resources has resulted in the accumulation of polymer debris in soil 
and aquatic phase causing severe environmental pollution. This plastic debris gradu-
ally accumulates as MPs in diverse ecological components including drinking water 
and food, eventually in the human body [7, 4]. Once these MPs accumulate in the 
terrestrial and aquatic environments, they integrate with soil nutrients making them 
potentially unavailable for plants, incorporate in foodstuff including seafood, salts, 
and drinking water, and ultimately become a potential threat for terrestrial and marine 
life [8–10]. Therefore, ubiquitous release of MPs by mismanagement of plastic waste 
resulted in long-lasting toxicity and intensive environmental pollution. 

According to an estimate, the plastic waste release into the environment could 
reach up to 12 billion tons by the year 2050, which is 60% higher than the current 
plastic waste dumping value [2]. This amount of plastics in the environment may 
result in the accumulation of large volumes of MPs in human beings. This situation 
is even worst in the Kingdom of Saudi Arabia (KSA), as it consumes 20-folds more 
plastic products as compared to the global average, consequently releasing large 
volumes of MPs into the environment. Hence, the mishandling of plastic waste and 
accumulation of MPs in the environment pose a threat to environmental sustainability. 
Despite the great danger that MPs pollution poses, little research has been done on 
their potential health risks to humans. Thus, sources and prevalence of MPs in food 
and drink items must be explored to avoid hazardous effects on the ecosystem. In 
addition, new cost-effective and environmentally friendly technologies are needed to 
reduce the presence and release of MPs into the environment. Therefore, the presence 
of MPs in the environment and their effects on human health will be reviewed and 
discussed in this chapter. Moreover, the effectiveness of clay-based materials in
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removing, degrading, and stabilizing MPs in contaminated media will be discussed 
in details. 

2 Microplastics: A Potential Environmental Threat 

2.1 Occurrence of MPs in the Environment 

The MPs can be found in various environmental compartments such as air, bottled 
water, groundwater, freshwater, tap water, aquatic environments, and dietary prod-
ucts. Usually, indoor environments have higher amounts of MPs (1–60 fibers m−3) 
than outdoor environments (0.3–1.5 fibers m−3) [11]. Vianello et al. [12] reported 
that 59%–92% polyester, 5%–28% polyethylene, 0.4%–10% polypropylene, and 
0%–13% nylon were present in the air samples collected from an apartment. Like-
wise, Zhang et al. [13] found that 33%–47% of polyester-based MPs were present 
in samples collected from the indoor environment in China. These MPs in the air 
get deposited onto various household utensils, drinks, and food items, consequently 
ending up in humans. Cai et al. [14] reported that the deposition rate of MPs varies 
from 175 to 313 particles m−2 day−1. Brahney et al. [15] and Allen et al. [16] 
reported that the mean deposition rate of MPs was 132 and 365 particles m−2 day−1, 
respectively. 

The occurrence of MPs has been reported in water resources globally as well. Di 
and Wang [17] reported that 1597 to 12,611 particles m−3 were present in surface 
water samples collected from China. In another study, Jiang et al. [18] found 617 
and 2316 particles m−3 in surface water samples of China. Generally, the amount 
of MPs varies from 0 to 5.4 × 107 particles L−1 in drinking water [19]. However, 
Uhl et al.  [20] reported that MPs could be present up to 6.3 × 103 particles L−1 in 
glass water bottles. The amount of MPs in bottled water varies from 0 to 5.4 × 107 
particles L−1 [21]. Mason et al. [22] conducted a study and concluded that 93% of 
drinking bottled water contains MPs (10.4 particles of MPs L−1). Likewise, Oßmann 
et al. [10] conducted a study and reported the presence of MPs in 32 different bottled 
water in the range of 2649–6292 particles L−1. Average concentrations of MPs in 
water samples have also been presented in Table 1.

Several studies reported the frequent detection of MPs in foodstuff too. It has 
been estimated that human beings can ingest from 37 to a billion MPs particles 
via foodstuff per annum [24]. It has been reported that sea salt contained 550–681 
particles kg−1 of MPs, while honey and sugars, and beer contained 32 and 12–109 
particles kg−1, respectively [25] . In  a study, Du et al.  [26] found that 3–29 particles of 
MPs container−1 were detected in take-out meal plastic containers. The occurrence 
of MPs in fish was reported in the range of 0–48 particles individual−l [27]. The 
number of MPs in shellfish was detected to be 0–57.2 particles g−1, which is higher 
than the number of MPs in fish [28]. Besides, MPs have been found in more than 100 
brands of table salt globally. Table salt samples collected from Croatia contained up
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Table 1 Average concentration of microplastics in water samples. Source [23] 

Water type Sample processing Identification Average concentration (MPs 
m−3) 

Bottled water Vacuum filtration Micro-Raman 
spectroscopy 

1.40 × 104 

Bottled water Nile red solution Optical microscope 
and FTIR 

3.25 × 105 

Bottled water EDTA solution Micro-Raman 
spectroscopy 

2.65 × 106 

Tap water Rose bengal Optical microscope 4.00 × 10–1 
DWTPs Digestion with wet 

peroxide 
FTIR and Raman 
spectroscopy 

4.69 × 105 

Note FTIR: Fourier transform infrared spectroscopy, EDTA: ethylene diamine tetraacetic acid tetra 
sodium, and DWTPs: drinking water treatment plants

to 1.98 × 104 particles per kg [29]. Another study demonstrated the occurrence of 7 
particles oyster−1, 15 particles fish−1, and 3.7 particles mussel−1 [30]. Additionally, 
it has been seen that the number of MPs are more in fruits as compared to vegetables 
[31]. Golwala et al. [30] stated that around 300,000 particles kg−1 of MPs were 
detected in food waste collected from a grocery store. Therefore, it is an urgent need 
of time to limit the use of plastics in drink and food items, during the preparation 
and packaging process, so that the hazardous impacts of MPs could be avoided. 
Moreover, the occurrence of MPs has been reported in commercial dietary and drink 
products worldwide including canned fish, mineral water, salt, sugar, honey, and 
beverages. For instance, 0.36–0.47 particles g−1 of MPs were found in two species 
of commercially grown bivalves [32]. Likewise, 0.15 particle g−1 of MP was reported 
in four commercial bivalves in South Korea [33]. Hernandez et al. [34] reported that 
around 11.6 billion MPs can be released into a single cup of tea from teabag brewed 
at 95°C. Similarly, 118–6292 MPs L−1 of bottled water is reported [35]. Fadare et al. 
[24] reported the presence of 3.0–38 mg of MPs per pack of plastic-based disposable 
utensils. They concluded that new plastic containers can potently release more MPs 
into food and beverages subsequently deteriorating the human health. Alike, Du et al. 
[26] suggested that people consuming take-out food 4–7 times in a week are at risk 
to ingest 12–203 particles of MPs into their body. Mason et al. [22] found that 93% 
of drinking bottled water contained traces of MPs, with an average of 10.4 particles 
of MPs L−1. Similarly, Oßmann et al. [10] analyzed MPs in 32 different mineral 
water bottles and detected MPs in all of them. They stated that the number of MPs 
in those bottled water was in the range of 2649–6292 particles L−1. 

Elevated concentrations of MPs have been frequently detected in aquatic environ-
ments, drinking water, lakes, soil, food items, and even in the body of human beings. 
Landfilling, pharmaceutical vectors, makeups, nail polish, shower gels, toothpaste, 
personal care products, glitter, 3D printers, face cleanser, hair coloring, drilling fluids, 
sunscreen, synthetic textiles, and industrial abrasives are among the major sources 
of MPs [36, 37]. The involvement of various industries in the generation of MPs is
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shown in Fig. 1. MPs could be made of poly (N-methyl acrylamide), polyvinyl chlo-
ride rayon, polyethylene, alkyd resin, polyester, polyethylene terephthalate, epoxy 
resin, polyacrylonitrile, ethylene–vinyl acetate, nylon, acrylic, polyamide, and many 
more and may occur in the environment as foams, fragments, shafts, films, gran-
ules, and fibers [30, 36]. Thus, consumption of seafood, food items packed in plastic 
containers, plastic teabags, take-out food containers, disposable plastic utensils, and 
bottled water could result in the accumulation of MPs in the body of human beings. 

The quantity of MPs in various materials vary extensively based on the size of 
MPs and the surrounding environment. For example, Mintenig et al. [38] reported 
the presence of only 7 MP m−3 (lower detection limit 20 µm), while in contrast, 
Schymanski et al. [39] and Oßmann et al. [10] reported that an enormous amount of 
MPs is present in bottled water of different bottled mineral waters. The number of 
MPs also varied with packaging materials such as Schymanski et al. [39] observed 
88–118 MP L−1 in reused polyethylene terephthalate bottles and 50 MP L−1 in reused 
glass bottles; however, in one time used polyethylene terephthalate bottles, 14 MP 
L−1 were recorded by Oßmann et al. [10]. Furthermore, in addition to cleaning of 
bottles for reuse, carbonization and bottle age also play a significant role in the 
accumulation of MPs in water bottles [10]. On the other hand, there are enough 
chances of MPs accumulation in bottled water during cleaning of returnable bottles by 
certain chemicals to remove germs, odor and dirt particles, pumping of groundwater 
in bottles, and lastly application of synthetic-semisynthetic glue to paste paper or
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plastic labels on bottles [40]. Weisser et al. [41] stated a drastic increase in MPs in 
plastic capped bottles, which suggested plastic capping as one of the entry routes of 
MPs. 

2.2 Impacts of MPs on Human Health 

Various research studies have reported the occurrence of MPs in a variety of food-
stuffs such as processed food, seafood, and drinking water including both bottled 
as well as tap water [41–43]. Until now aquatic environment-based food (seafood) 
was considered as the main pathway of MPs entry in the food chain; however, recent 
research studies found that consumption of processed food, canned food, ready to 
eat meals, and even tea bags are responsible for MP contamination [44–46]. For 
example, recently, Li et al. [47] found that feeding formula milk in plastic bottles 
might end up in ingestion of one million MPs in infants on daily basis. Similarly, 
studies have found that children and adults are exposed from dozens to 100,000 
MPs per day from various sources, including air, drinking water, and consumption 
of seafood and processed foods [48]. 

Human beings are exposed to MPs toxicity via inhalation of MP-laden dust, inges-
tion of MPs containing food, and touching the MP debris [49]. Ingestion of MPs into 
the human body through food is considered as the major source of its accumulation 
in humans. According to an estimate, 39,000 to 52,000 MPs particles per person 
are consumed by human beings every year via food [50]. It has been reported that 
different food items including fish, mussels, salt, sugar, fruits, vegetables, shrimps, 
oysters, bottled beverages, canned food, honey, beer, and bivalves contain MPs [51]. 
For instance, 11,000 MP particles per person annually are being ingested into the 
human body in Europe via bivalves, and 37–100 MPs via salt in Europe and China 
[51]. The presence of about 550–681 and 32 MPs particles kg−1 in sea salt and 
honey/sugar, respectively, is reported, whereas, 12–109 and 28–241 MP particles 
L−1 in beer and returnable plastic bottles, respectively, are detected [25]. Further-
more, MPs may also entrap into the food items from external sources during food 
processing, storing, and transportation. For instance, settling of dust in plates and 
utensils and as well as utilization of disposable cups and plates may also contribute 
to MPs introduction to human body. Besides, nano- and micro-sized plastic parti-
cles leach from packaging material used for ready to eat food and accumulate in it 
[52]. According to an estimate, around 4000 particles of MPs are being ingested by 
humans via drinking water, 11,000 via shellfish, and 1000 via sea salt annually [53, 
54]. Additionally, around 272 particles of MPs can be inhaled by human beings in 
a single day due to the occurrence of MPs in the air [12]. The MPs accumulation 
in the human body may result in respiratory dysfunction, neurotoxicity, reduction in 
lipid digestion, inhibition of digestive activities, consequently affecting the immune 
system and cell health. Therefore, contamination of food and drink items could be 
either through the accumulation of MPs inside the items or via external sources.
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Exposure to MPs can potentially pose health risks to human beings. Recent reports 
demonstrated the presence of MPs in the human intestine, tissues, and placenta 
[55]. Generally, MPs are a mixture of various contaminates as they can effectively 
absorb heavy metals, pesticides, pharmaceuticals, pathogens, and persistent organic 
compounds [56]. Therefore, MPs are not only an ecological threat themselves, but 
also act as a vector for other environmentally hazardous pollutants, which eventually 
leads to various abnormalities in human beings such as diabetes, cancer, obesity, 
endocrine disturbance, reproductive impairments, and cardiovascular issues [56]. 
Accumulation of MPs may lead to the damage of DNA, disruption of the digestive 
system, respiratory diseases [57]. Additionally, exposure to MPs may lead to asthma, 
bone impaction, respiratory bronchiolitis, and gastrointestinal dysfunction in human 
beings [58]. Fewer studies have reported the mutagenic, carcinogenic, and hazardous 
environmental impacts on MPs [59–61]. Therefore, the magnitude of the problem 
due to MPs pollution is getting bigger with each passing day, which needs immediate 
attention to be resolved for sustainable human health and ecosystem (Fig. 2). 
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3 MPs Removal Technologies 

Numerous miscellaneous approaches including activated sludge, membrane biore-
actor, magnetic carbon nanotube, ultrafiltration, adsorption, electrodialysis, coagu-
lation, and membrane separation have been used by various researcher to remove 
hazardous pollutants from the environment [64]. However, majority of these tech-
niques are either expensive or inefficient in completely removing the pollutants from 
the contaminated media. Therefore, adsorption is the most commonly accepted tech-
nique due to lower cost, simplicity, easy operation, and high efficiency [65, 66]. 
Nevertheless, the selection of an appropriate and efficient adsorbent is of signifi-
cant importance. A range of natural and synthetic adsorbents such as biochar, clay, 
metal hydroxides, activated carbon, and carbon nanotubes have been developed and 
employed by various researchers to treat contaminated media, but a very little is 
known about their performance for MPs removal. Therefore, researchers around the 
world are in continuous search of developing low-cost, environment-friendly, and 
highly efficient adsorbents to remove various environmental pollutants such as MPs. 

4 MPs Removal Through Clay-Based Materials 

Natural clays are abundantly found around the globe and are thus cheaper and acces-
sible. Therefore, clays have been widely employed in various fields from ceramics to 
industries and environment. Due to layered structure, higher cation exchange capacity 
and surface area, clays can potentially remove environmental pollutants. Moreover, 
various researchers have modified the natural clays with different physical, chem-
ical, mechanical, and biological approaches to further improve their properties for 
targeted applications [67]. 

Due to the presence of exchangeable cations and anions on the surface of clays, 
these can effectively be used for water purification [68]. Therefore, owing to unique 
characteristics such as cheaper, abundance, and high surface area, natural and modi-
fied clays can solve the environmental pollution problem. Beside other potent envi-
ronmental pollutants, clays can also be used for the removal of MPs from various 
environmental matrices. Natural clays and colloids are found globally and can poten-
tially interact with plastic particles, subsequently hindering their transport/mobility 
in the environment [53, 54]. For instance, Li et al. [69] conducted a study to under-
stand the interaction of both negatively and positively charged MPs with kaolinite 
clay, and found that kaolinite clay particles could effectively adsorb MPs parti-
cles on their surfaces by generating plastic-kaolinite heteroaggregates, consequently 
affecting the transport of MPs in porous media. It was concluded that the surface 
charge is one of the critical factors in predicting the movement and retention of MPs 
in the environment [69]. In another study, Shen et al. [70] reported that porous and 
rough surface of clay-based materials can effectively remove plastic microspheres. 
Some of the reports suggested that MPs particles can aggregate with suspended clay
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Fig. 3 Schematic representation of the coagulation-flocculation and sedimentation process to 
separate microplastics particles from contaminated water using clay-based materials 

particles, subsequently resulting in the sedimentation, which is one of the impor-
tant mechanisms to decontaminated MPs-laden water [71]. Likewise, Wagner and 
Lambert [72] suggested that the generation of heteroaggregates of MPs with natural 
clay particles in water is an important factor for rapid sedimentation resulting in 
reduced transport/mobility of MPs. Pivokonský et al. [73] reported that coagulation-
flocculation coupled with sedimentation using clay resulted in efficient removal of 
MPs from water. Furthermore, it was stated that the removal efficiency was inde-
pendent of the shape and size of MPs [73]. While, some reports suggest that size 
along with other characteristics including shape, surface charge, chemical composi-
tion, and reactivities of MPs affect the removal process [74–76]. Moreover, pH and 
ionic strength, as well as presence of proteins, other ions, natural organic matter, 
and colloids affect the removal and transformation of MPs from water [75]. Figure 3 
shows a schematic representation of the coagulation-flocculation and sedimentation 
process to separate MPs from contaminated water using clay-based materials. In 
addition to the coagulation-flocculation and sorption processes, the porous structure 
of clay minerals may result in multilayer sorption of MPs onto their surfaces [75]. 

Clay minerals may degrade and transform the MPs, subsequently reducing their 
contents in the environment [77]. Recently, Ding et al. [78] explored the degra-
dation of polyvinyl chloride and poly(ethylene terephthalate) by using kaolinite 
and montmorillonite clay minerals. It was revealed that the clay minerals enhanced 
the degradation and aging process of aforementioned MPs through generating •OH 
species. 

It has been reported that MPs could be degraded via microbial, thermal, and 
photodegradation processes; while, photolysis has been considered to play the major 
role in non-biological aging of MPs in the environment [53, 54]. Reactive oxygen 
species such as •OH, singlet oxygen, and superoxide anion radical are formed with 
UV radiations subsequently generating O-containing functional groups on MPs, 
which further results in the degradation of the polymers [79]. Furthermore, the addi-
tion of clay minerals may further increase the photodegradation/phototransformation
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of the MPs in the environment due to the occurrence of Lewis base-catalyzed alka-
lization on the surface of clay minerals [80]. Despite of few studies about MPs 
degradation through clay minerals, the complete mechanisms of degradation and 
overall fate are not completely understood and need further in-depth explorations. 

5 Removal of MPs by Using Clay-Based Composites 

Despite of the widespread application of clay-based adsorbents to remove various 
pollutants from the environment, natural clays are inefficient in removing anionic 
pollutants from the environment completely. The net negative surface charge of 
natural clay minerals may develop electrostatic repulsive forces with the anionic 
contaminants, subsequently resulting in poor performance for the removal of such 
contaminants from the polluted media. In this scenario, some researchers have modi-
fied the natural clays with foreign materials to fabricate clay-based composites and 
observed improved anionic retention capacity of such composite materials [81]. MPs 
are considered to have either positive or negative surface charges and thus can effec-
tively be removed through charged adsorbents. However, the interactions of MPs with 
charged species have not yet been explored completely [82]. Therefore, the modifica-
tion of natural clays by adding foreign materials could alter the surface charge of the 
resultant composite and may improve its adsorption efficiency for particular MPs. 
For instance, Zhang et al. [83] stated that bonding of polystyrene nano-plastic parti-
cles with clay minerals such as kaolinite and montmorillonite was very weak due to 
net negatively charged surfaces, which might have developed electrostatic repulsive 
forces. Similarly, another study concluded that bentonite clay has lower adsorption 
of polystyrene-based MPs due to the development of repulsive forces [84]. 

Modification of natural clays with foreign materials could be an effective method 
to enhance sorption capacity of clay-based materials for MPs removal. Recently, 
Huang et al. [85] investigated the efficiency of clay-based composite materials for 
MPs removal from water. It was revealed that the modification of kaolin with Fe 
exhibited a removal capacity of 13.68 mg g−1 towards MPs, whereas modification 
with Co/Mn increased the adsorption capacity of kaolin up to 22 mg g−1. Simi-
larly, Shen et al. [70] modified the aluminosilicate clay minerals by using cationic 
surfactants to remove MPs from the environment. It was observed that such modifi-
cation could remove more than 96% of polyethylene and polyamide MPs. In another 
study, Singh et al. [86] reported that the addition of NaCl could decrease the electro-
static repulsion between clay and MPs, hence, improving its removal. Additionally, 
the presence of Na+ ions may improve the aggregation process through bridging the 
negatively charged species, i.e., clay and MPs. Therefore, modifying the clay minerals 
with foreign materials and compositing them with other carrier materials could result 
in enhanced removal/degradation of MPs from the environment; however, limited 
studies have been conducted so far to understand the efficiency of various clay-based 
composites for MPs removal.
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6 Conclusion 

Despite the increasing concerns about the occurrence of MPs in the environment, 
the studies about MPs fate, removal, degradation, and sorption process are limited. 
Owing to unique properties, low-cost, abundance, and high surface area, use of clay-
based materials could be an efficient and environment-friendly technique to remove 
MPs from the environment. Coagulation-flocculation followed by sedimentation 
are the most common mechanisms for immobilization/removal of MPs from water 
sources using clay-based materials. Moreover, the presence of clay minerals has been 
seen to boost degradation and photolysis process; nevertheless, very little have been 
explored in this context. Natural inorganic clay minerals are inefficient in removing 
anionic pollutants from the environment completely due to the generation of elec-
trostatic repulsive forces between anionic contaminants and clay. Thus, researchers 
have modified/activated the natural clays with foreign materials to fabricate clay-
based composites to improve MPs retention capacity of such composite materials. 
However, limited studies have been conducted so for to understand the effectiveness 
of different clay-based composite materials for MPs removal/degradation. There-
fore, developing low-cost, environment-friendly, and highly efficient adsorbents to 
remove various environmental MPs still remains a challenge for the researchers. 
There is dire need of time to develop efficient and cheaper composites with clay 
minerals for complete removal of MPs from environment. Further, the transport of 
MPs between various environmental compartments should be explored. Thus, future 
research should focus on exploring the occurrence of MPs in environment, their fate, 
transport, and interactions with co-occurring substances, and subsequent develop-
ment of cheaper and efficient clay composites for complete removal of MPs from 
environment. 
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Abstract In recent years, there has been growing concern about the effect of carbon 
nanotubes on human health and the environment because of their toxic potential 
nature. These carbon nanotubes are synthetic in origin, non-biodegradable, and 
non-biocompatible, hence harmful effects and environmental hazards. To overcome 
these drawbacks, green nanotechnology is one of the promising technologies that 
aims and advancing environmentally safe and less harmful nanoproducts. Thus, clay 
nanotubes, nanocomposites, and nanopowders are emerging trendsetters in green 
nanotechnology. The clays are natural materials that possess great antimicrobial 
activity and proven biocompatibility and are easily available at very low prices. The 
important clays are halloysite (HNT) which are naturally occurring clays of alumi-
nosilicate and have been investigated as having excellent antimicrobial applications 
in medicine and clinical studies. Antimicrobial activity is a collective process of all 
such active principles which inhibit, prevent, and destroy bacteria, microorganisms, 
microbial colonies, etc., and industries need materials for doing such antimicro-
bial activity, preventing infections, and for the safety of their products. Keeping in 
view recent trends, in this chapter, various clay nanotube-based composites will be 
discussed with special emphasis on their antimicrobial applications. 
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1 Introduction 

Clay nanotubes or HNTs (Halloysite nanotubes) could be mined from different 
mineral deposits because these exist naturally all over the world. That is why these are 
easily accessible and very cost-effective nanomaterials [30]. These possess chemical 
similarities with kaolin clay with a two-layered aluminosilicate structure and tubular 
features [11]. Their inner diameter is about 15–50 nm, and their length is around 
100–2000 nm. They possess huge surface areas which are why, they could be easily 
coated and loaded with various materials like biomacromolecules, drugs, and organic 
compounds. It is only due to their larger surface areas that a wide range of active 
agents like drugs, antibiotics, biological molecules, cancer drugs, marine biocides, 
and antimicrobial agents could be easily entrapped in not only their mineral inner 
lumen but also in void spaces of aluminosilicate and shells [24]. is also their excellent 
property that these clay nanotubes are non-cytotoxic over various cell types which 
include dermal fibroblasts, chondrocytes, stem cells, osteoblasts, etc. [36]. 

It has been studied through a complete biocompatibility study in the model of rat 
dermal that clay nanotubes do not incite host immune response or cytotoxic response. 
Therefore, due to their high level of cytocompatibility, clay nanotubes represent 
themselves as the ideal candidate to be utilized for polymer additives, templates, and 
drug delivery systems in nanotechnology [9]. Due to their great biocompatibility, clay 
nanotubes have been widely used as antimicrobials by incorporating antimicrobial 
properties to them. 

Antimicrobial properties have been imparted to clay nanotube composites by 
various methods which include loading antimicrobial organic compounds like povi-
done, green iodine, amoxicillin, chlorhexidine, etc., inside clay lumen. Other methods 
include a coating of clay nanotubes with metal nanoparticles like silver and copper 
to make them antimicrobial nanocomposites [2]. These clay nanotube composites 
possess antimicrobial agents that provide a variety of antimicrobial applications in



Antimicrobial Applications of Clay Nanotube-Based Composites 415

various fields like health and medicine, the food industry, clinics and hospitals, bone 
and tissue engineering, wound dressing, food packaging and food contact materials, 
dentistry, filtration membranes, and surface disinfectants, etc. 

The objectives of this chapter include signifying how advancement has come in 
clay nanotube composites use and how various methods have been adopted with time 
to impart excellent antimicrobial properties to clay nanotube composites [28]. It has 
been highlighted that those organic compounds loading methods that have been used 
in HNTs to impart antimicrobial properties to them were slow in drug release. But 
with advancement, various methods have been developed which include the coating 
of HNTs with metal nanoparticles which are more efficient than old methods, and 
these also stand against the limitations of old methods [32]. This chapter aims to find 
out and highlight not only the antimicrobial applications of clay nanotube composites 
but also to demonstrate the ways through which these antimicrobial properties have 
been imparted to clay nanotube composites. 

2 Structure and Chemical Composition of Clay Nanotubes 

Clay nanotube is composed of aluminosilicate double layer which occurs in hollow 
spherical or tubular in structure a large amount clay silicate which contains thin 
plates. HNTs typically originate in soils formed from glass and volcanic ash such as 
volcanic deposits [17]. It is present in the order of Andisol soil and is also called a 
clay mineral. The empirical formula of aluminosilicate mineral is Al2Si2O5 (OH)4 
nH2O. Halloysite clay nanotubes (HNTs) are occurring naturally in the tubular nanos-
tructure, formed by rolling sheets of aluminosilicate kaolin several times. On the 
surface of the clay nanotube, the siloxane and alumina groups help in the hydrogen 
bonding formation on its surface with the materials of biomolecules [14]. It consists 
of aluminium (20.90%), silicon (21.76%), hydrogen (1.56%), and oxygen (55.78%). 
Nano-clays are layered silicate nanomaterials. 

In the chemical composition and morphology of nanoparticles, HNTs polymer 
composites originate in various divisions including halloysite, hectorite, bentonite, 
and montmorillonite [8]. HNTs clay nanotubes are usually formed by hydrothermal 
alteration of aluminosilicate natural resources. It has 1 1 m in length, 50–80 nm of its 
outer diameter, and the lumen diameter is almost 10–15 nm. In clay, nanotube (HNT) 
hydrogen bonding formed in the aluminium and siloxane groups on the HNT surface 
of biomaterials. Omaliusd Halloy is the first person who discovered clay nanotube 
and named it halloysite after its discovery, the mineral in Belgium. In1826, Berthier 
describes the clay nanotube first. 

Clay nanotube, also called halloysite, is abundant and economical. These are 
found in natural deposits in tonnes of almost tens of thousands. Chemically HNTs are 
comparably similar to another type of clay mineral which is kaoline. In HNT, in tubes, 
the aluminosilicate sheets are rolled while a platy particle leads to kaolin. Halloysite 
reveals its dimensions on the nanoscale which shows nanotubular geometry [12]. 
Clay nanotubes have nanotubular arrays having different regions in their structure.
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Fig. 1 Structure and chemical composition of clay nanotube-based composites (reproduced with 
permission under license no. 5443490776479 from the source [9]) 

Clay nanotube has two important functional groups which have different pH ranges 
and surface charges, one is eternal (Al-OH) surface, and the other one is external 
(Si-O-Si) surfaces. 

Halloysite clay is a tubular structure nanotube which contains inner lumen with 
a positive charge and 8.5 pH. While, it has an outer lumen surface with a nega-
tive charge and 1.5 pH. Nifedipine, Furosemide, and Dexamethasone are negatively 
charged molecules [6]. These molecules have charge differences in their surfaces, 
and due to this reason, they can be loaded inside the clay lumen. The negatively 
charged outer surfaces of tubules are adhering to charge differences. Clay nanotubes 
are also known as nanocontainers due to their functional groups which are used in 
their inner and outer surfaces [1]. Nanocontainers are used for controlled release by 
loading molecules like enzymes and drugs into polymers that are bioactive apart from 
their solubility [25]. These bioactive molecules are loaded into clay nanotube-based 
composites through a variety of mechanisms like tubular entrapment, adsorption, 
and intercalation. The structure and chemical composition of HNT are shown Fig. 1. 

2.1 Composition of Antimicrobial Clay Nanotube-Based 
Composites 

In HNTs nanotubes, there are two different accepted techniques are generally used 
to teach antimicrobial properties. First is HNTs lumen loading of organic materials 
occurs and adsorption takes place on the exterior surface, and the second one is 
external grafting [40]. There are various methods of loading molecules into halloysite 
nanotubes, and these are given below.
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2.1.1 Adsorption 

In the thermodynamic equilibrium, the process of adsorption involves stirring of 
drugs and for one-day loading of halloysite nanotube. Oven drying and centrifuga-
tion processes are used to form loaded drug composites of polymer halloysite. The 
rate of equilibrium absorption is generally described and identified by an isotherm. 
Langmuir isotherm is obeyed according to the cationic drug (loading drugs) over 
halloysite nanotube through adsorption phenomena [22]. Diclofenac sodium exhib-
ited significant adsorption and is also a loading drug over the surface of poly-ionic 
minerals [39]. 

On the contrary, in fewer concentrations of drug solution, the Langmuir adsorp-
tion theory of isotherm is not constantly correct. In HNTs, the binding camber of 
diclofenac sodium is shaped abnormally showing that multilayers are occurring in 
its adsorption. In HNTs surface, adsorption phenomena have been exhibited by 
approving various types of experiments [27]. In this mechanism, clay nanotube 
composites act as a nano-adsorbent in which the absorptions of cationic molecules 
through pollutants treat water waste material. 

2.1.2 Intercalation 

HNT clay nanocomposites can be used to intercalate some bioactive materials of 
organic as well as inorganic molecules because they are the materials of the interlayer 
[29]. In the process of d001 spacing 0.3–0.5 nm expands between the layers when the 
bioactive molecules are entering the interlayer space. The materials of intercalating 
clay nanotube form significant interactions of dipole and hydrogen bonding when 
interacting with tetrahedral silicone and silica sheets. Furthermore, HNTs are interca-
lated by the functional group of anionic interrelate with layers of alumina for example 
dimethyl sulfoxide, potassium acetate, amides, aniline, hydrazine, formamide, etc. 

By increasing temperature, the halloysite nanotubes are dehydrated due to the 
absence of strong hydrogen bonding that causes low intercalation potential. The 
intercalation fact is associated with the interlayer water; the exchange of water 
molecules between wall layers of halloysite clay nanotube is the demand of interca-
lation. The drawback of this technique is the partial space between the wall layers of 
halloysite composite from loaded to prevent increasing molecular weight. Subse-
quently, in these applications, it might be accommodated by the use of smaller 
materials including drugs and corrosion inhibitors. 

2.1.3 Tubular Entrapment 

Tubular entrapment is mainly the well-known loading of HNT composites also called 
as vacuum method. This technique opposite to intercalation allows for storing the 
different substances in the halloysite composite (HNT) lumen. Tubular entrapment 
has two different techniques; the general process of this technique is as follows.
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The gerneral process of tubular entrapment technique is stirring the dried 
halloysite clay nanotube (HNT) with a highly concentrated solution of selected 
molecules. The walls of HNT have excellent solubility with less viscous solvents. 
This solubility is particularly excellent for bioactive molecules because organic 
substance contains desirable ethanol and acetone. It has also identified that negatively 
charged bioactive solvents have greater dielectric constant which results consider-
able quantity of drug loading. A homogenous mixture is formed from the suspension 
which is shifted through evacuating various times to a vacuum jar via a vacuum 
pump. In this process of vacuum, from the balanced nanotube composites, HNTs 
air is removed showing the sign of fizzing of minor solution of the lumen. Within 
10–30 min of the process of vacuum, the suspended medium should remove air by 
atmospheric pressure by replacing air with a desirable substance. 

This technique is repeated several times to ensure that bioactive molecular solu-
tions are present in HNTs lumen. HNTs composites lumens have almost 15 nm 
diameter and 10–15 wt.% molecules of biomaterials and are very close to theoret-
ical estimates. In the cycle of the vacuum process, attached bioactive molecules are 
removed by centrifugation of halloysite composite suspension weakly. By repeating 
the washing process, it is clear that nanotube composites are fully loaded with the 
most wanted substance which has active sites of biomolecules. 

In the second procedure, targeted bioactive molecules of bioactive materials are 
mixed with HNT composites in equal amounts. As an alternative to diffusion, in 
this method, the final mixture is a thick paste that is cycled between atmospheric 
pressure and vacuum two to three times. The resultant product of the mixture has 
active biomolecules in a dried vacuum. In HNTs, the maximum amount of targeted 
active biomolecules latter method is used to avoid solution wastage and bioactive 
molecules. 

2.1.4 Halloysite Nanotubes or Polymer Composites 

Halloysite nanotube composites are more hydrophobic than layered silicates and 
other nano-silica because of their lesser density at the outer surface area of hydroxyl 
groups so the interaction of tube–tube halloysite is comparatively weak. There are 
many methods applied for the formation of polymer composites commonly including 
functional methods like melt blending, solvent casting, electrospinning, etc. Addi-
tionally, clay nanotube (HNT) or polymer composites can be formed by compres-
sion moulding, in-situ polymerization, coagulation, hydrogel preparation, injection 
moulding, and deposition of polycations and HNT. 

Clay nanotube-based composites are synthesized by several economical methods. 
The way of method was used to enhance HNT distribution into a polymeric matrix 
with enhanced interfacial interaction. Due to polymer distribution, some basic prop-
erties of clay nanotubes are affected which include HNT in the polymer matrix, 
thermomechanical, and microstructure. The homogeneous dispersion of polymer 
composites into its matrix than aggregates promotes some microstructural features. 
The formation of improved compression moulding and water-assisted injection
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mouldings technology has some morphological properties of HNT clay nanotube 
or polypropylene (HNT/PP) nanocomposites. With the improvement of the mechan-
ical behaviour of clay nanotube (HNT)-based composites, the number of polymer 
composites is increased in a polymeric matrix [15]. The increasing amount of polymer 
composites shows more mechanical characteristics due to intrinsic stiffness, its 
increasing ratio, and uniformed distribution of halloysite nanotube into the matrix of 
polymeric. 

The enhanced tensile modulus and flexural are considered when a consistently 
HNTs distribution is included in polylactide (PLA) matrices. The enhancement may 
be ascribed to the rigidity improvement of the nanotube-based composites by HNTs, 
allowing at the interface of clay nanotube advanced stress transfer. Therefore, the 
polymeric nanocomposites have no remarkable improvement in their tensile strength 
observed due to weak interference between HNTs surface and PLA matrix. On the 
other hand, by applying the quaternary ammonium salt to treat with HNT nanotube 
(modified-HNT) the advantageous interface of PLA matrix and polymer compos-
ites is observed. Young’s modulus and mechanical strength of clay nanotube-based 
composites improved much more advanced than an unmodified nanotube-based 
composite of HNT or PLA. 

The mechanical behaviour of polyvinyl alcohol-HNT was observed with 
nanotube-based composites with increased tensile strength and its elongation up 
to 7.5 wt.% loading HNT. Furthermore, by strengthening effects of clay nanotube 
with better mechanical behaviour thermal stability and flame retardancy have been 
reported. 

For unique polymeric nanotube-based composites to expand some new horizons 
in biomedical applications the major characteristics of HNTs act as a carrier for 
conductive filler and controlled delivery release. Designing and engineering biomed-
ical yields clay nanocomposites allow its flexibility. Polyacrylic acid (PAA) or clay 
hydrogel composites are used as an absorbent in water waste for the removal of 
ammonia. HNT clay hybrid beads are used as alginates and are very efficient to 
eliminate methylene blue. In these practical applications, nano-, polymer-based 
composites are used for the removal of dye. 

3 Methods for Preparing Clay Nanotube-Based Composites 

Clay nanotubes possess unique properties which make them disperse more eagerly 
in polymeric matric structures as compared to platy clay-like montmorillonite and 
Kaolin. HNTs possess hydrophilic properties which make them easily disperse in 
systems of polar polymetric which include polyvinyl alcohol, polyamides, biopoly-
mers, and polymethylmethacrylate. However, clay nanotubes also possess compati-
bility with systems of non-polymers like polylactic acid and polypropylene utilizing 
surface-compatible agents with it. There are various methods available for preparing 
HNT or polymer composites [10].
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3.1 Melt Blending 

It is generally utilized functional method for preparing clay nanotube composites. In 
this technique, the polymer is first melted and allowed to combine with intercalated 
clay’s required quantity via an extruder [18]. This process is done utilizing inert gases 
like neon, argon, or nitrogen. The dried polymer is mixed with some intercalant and 
heated in a mixer where it is subjected to some shear sufficient to make the desired 
polymer of clay nanocomposite. It is an environmentally benign and friendly process 
which is why found various applications in industries. 

3.2 Solvent Casting 

Solvent casting is another standard technique for preparing HNT nanocomposites 
in a well-dispersed polymer mixture. In this, HNTs are cast and then allowed to be 
dried for creating the polymer nanocomposite films. It is a process in which HNT 
nanocomposite has been prepared by dissolving the polymer into volatile solvents for 
getting a homogenous solution possessing low viscosity. The solution could be either 
spread over the substrate or cast into the mould. Then, polymer film is allowed to 
adhere to the mould by drawing off the solvent from it. This technique is advantageous 
because films of solvent cast dried by themselves without using any external factor 
like mechanical or thermal stress. Many additives could also be introduced into the 
polymer-solvent solution. The polymer films produced through this method possess 
great optical clarity and thickness which has homogenous distribution [38]. 

3.3 Electrospinning 

It is also another famous method for producing HNT nanocomposites. The electro-
spinning process includes an electrodynamic process in which a liquid droplet is 
allowed to be electrified for generating a jet which is followed by elongation and 
stretching to produce fibres [42]. In this process, the polymer melt is charged and 
ejected into the spinneret utilizing the high voltage of an electric field for solidifying 
the coagulate to create a filament. This process is suited particularly for producing 
complex and large molecules, and it ensures that no solvent is left over in the final 
product [4].
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4 Imparting of Antimicrobial Properties to Clay 
Nanotube-Based Composites 

For imparting antimicrobial properties to clay nanotubes, various approaches have 
been used. These include organic molecules loading inside the lumen of clay-like 
halloysite and then adsorption of it over the external surface. The other approach 
which is generally accepted is outside grafting. Nowadays, grafting of clay nanotubes 
with metal nanoparticles like Ag and Cu nanoparticles which act as antimicrobial 
agents is proved as a very effective method to give antimicrobial applications to 
HNTs. The clay nanotube composites which have been incorporated with antimi-
crobial properties by loading antimicrobial agents in it have been used for various 
purposes like in wound dressings, bone regeneration, nanofibres, and the electrospun 
membrane. 

4.1 Organic Compounds Loading Inside Clay Nanotubes 

For the loading of antimicrobial agents like organic compounds inside the clay 
nanotubes composites and their adsorption on clay/halloysite, the two techniques 
assist it. These techniques are vacuuming and sonication which assists while stir-
ring this drug solution of antimicrobial agents. The efficiency with which antimi-
crobial agents have been loaded inside clay nanotube depends on the size, charge, 
and procedure of the overall process. Some of the antimicrobial agents which have 
been widely used for loading inside clay nanotubes are green iodine, gentamicin 
sulphate, vancomycin, povidone-iodine, tetracycline, doxycycline, potassium clavu-
lanate, amoxicillin, brilliant green, and chlorhexidine [23]. These all-antimicrobial 
agents have been loaded inside clay nanotube composites using vacuum and sonica-
tion. For having excellent antimicrobial properties in clay nanotube-based compos-
ites, the kinetics parameter of drug release is the most crucial one. The commonly 
used and practical antibacterial medicines are amoxicillin, anionic povidone-iodine, 
and cationic chlorhexidine [39]. 

4.1.1 Loading of Chlorhexidine Gluconate Inside HNT Composite 

The organic compound, chlorhexidine gluconate although possesses a positive charge 
but still could be easily loaded within clay nanotube composites. The loading of this 
organic compound within HNT shows only 25% of its sustained release within the 
first hour. However, this drug shows 75% of its release when it is present in its original 
untreated micro powder as an unloaded drug. That is why chlorhexidine gluconate 
has been introduced into the coating of cotton fabric for its loading within clay 
nanotubes because it helps to improve the antimicrobial activities of chlorhexidine 
gluconate without the need of using the silver particles in it.
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It has been observed that the loading of chlorhexidine gluconate with the help 
of cotton fabric coating increases its antimicrobial property and shows a reduction 
of bacteria, Staphylococcus aureus, Pseudomonas, and Escherichia Coli by 98%. It 
has shown its antimicrobial activity by 90% even if it gets washed 20 times because 
of chlorhexidine gluconate’s slow release from clay nanotubes. 

4.1.2 Loading of Amoxicillin and Povidone-Iodine Inside HNT 
Composite 

Antimicrobial compounds amoxicillin and povidone-iodine have also been 
commonly loaded within HNT composites and possess a slow rate of drug release. 
These drugs have been first prepared in the form of their mixture for loading within 
HNT. The saturated solution of amoxicillin (50 mg/ml) and povidone-iodine (80 mg/ 
ml) has been added into HNT as drug solutions and then allowed to be stirred for 
obtaining their homogenous suspensions. These solution suspensions are then placed 
within a vacuum for one hour in three cycles for ensuring their maximum loading 
inside HNT. This loaded clay nanotube is allowed to be washed twice for removing 
external/excess drugs if present inside the vacuum desiccator. It is placed overnight 
to make it in powder form so that these powder formulations could be stockpiled for 
their long-time usage and in the future, easily dispersed by mechanical stirring in 
water before usage [39]. 

The efficiency of loading of these drugs is then determined by using TGA (Ther-
mogravimetric Analysis), and their release efficiency has been analysed with the help 
of a UV-VIS spectrophotometer on 227 nm for amoxicillin and 224 nm for povidone-
iodine. The curves of TGA show 8.3 and 7.6 wt.% of amoxicillin and povidone-iodine 
loading inside HNT. It has been identified that the loading of these drugs could be 
enhanced by clay nanotube lumen enlarging using sulfuric acid for etching inner 
alumina. These formulations are found efficient for Escherichia Coli and Staphylo-
coccus aureus inhibition for a whole one week and their extended-release was found 
as 6–20 h. These types of formulations are found very effective for sprays in which 
clay nanotubes have been loaded with 3–5 wt.% antiseptics, and these form a thin 
coating after spraying with extended antimicrobial activity [39]. 

4.2 Utilization of Metals as Antimicrobials 

It has been identified that organic antiseptics loading inside HNTs has its limitations 
because of its slow drug release. The pathogen’s exposure to low concentrations of 
drugs progressively could become a risk factor in selecting drug resilient strains, 
and this factor could not be ignored in any case. That is why, new strategies need to 
get adapted, and this problem’s possible solution is hidden in the utilization of metal 
nanoparticles as antimicrobial agents for producing the antimicrobial composites [3].
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It has been studied previously that clay nanotubes (HNTs) possess huge surface 
area, which is why could be loaded with various materials like polymers, biomacro-
molecules, and drugs for extended and sustained releases. For fabricating uniform 
nanomaterials with a high yield in nanotechnology, it is important to know the 
antibacterial response of that nanotube and whether its nanofabrication procedures 
are cost-effective or not. It has been observed throughout history that metals are 
utilized as antimicrobials, and these are proven effective today against bacteria. 
However, advancements have been continuing to come with time in the synthesis 
of metallic nanoparticles and give rise to new antimicrobial fabrication technologies 
with age [5]. 

4.2.1 Advancement in Metal Nanoparticles Depositions Over HNTs 

There are various methods developed with time to deposit the metal nanoparticles 
over the inner lumen and outer surfaces of clay nanotubes by the use of partic-
ular metallic salt or compound with it in a multistep chemical reaction and at 
high calcination temperature. The utilization of metal as a support system with 
HNTs includes many advantages like large surface area, low cost, scale nanometre 
tubular morphology, and availability. These have been utilized as antimicrobials from 
Hippocrates’ time till today and are very effective. In past, Ag electric colloids and 
synthetic antibiotics were common methods in antimicrobial therapies. 

Currently, the processes of electrochemical nano-assembly perform a new role in 
depositing the metal nanoparticles over clay nanotubes for giving them antimicrobial 
features. However, in past, fabricating methods of clay nanotubes, metallization 
involve multistep processes which comprise organic compounds, high temperatures, 
metal salts, and reducing agents to gain surface modifications in HNTs. 

There are Cu and Ag particle technologies in wound dressings, disinfecting sprays, 
and hospitals. It is because metal nanoparticles like Ag and Cu have displayed extreme 
toxic behaviour towards bacteria even though at many low concentrations. It was 
studied that these transition metals possess the ability to disrupt bacterial electron 
transport and respiration systems upon their absorption within bacterial cells. These 
transition metals are being incorporated into the inert materials of polymers for 
preventing infections. Recently, Ag use has been increased as an antimicrobial agent 
within textile industries for antimicrobial washes and polymers [3]. 

4.2.2 Copper (Cu) Nanoparticles as Antimicrobial Agents 

The Cu nanoparticles act as redox-active metals which oxidize themselves during 
their interaction with bacterial cell membranes. The toxicity which has been induced 
by Cu involves multiple mechanisms such as ROS formation through free ions of 
Cu where cuprous and cupric ions participate in redox reactions. It has been studied 
that Cu2+ ions possess the ability to reduce into Cu+ in reducing agents’ presence
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to catalyse the hydroxyl radicals’ formation by hydrogen peroxide. These produced 
hydroxyl radicals are extremely reactive and detrimental to processes like protein 
oxidation and cellular molecules of bacterial cells [5]. 

4.2.3 Silver (Ag) Nanoparticles as Antimicrobial Agents 

In the case of Ag nanoparticles, these anchor within bacterial cells penetrates them 
and does structural damage to bacterial cells which eventually causes their cell death. 
It happens due to Ag ions released from Ag nanoparticles, and it has also been 
observed under electron spin resonance spectroscopy that these metals also produce 
free radicals in bacterial cells present. These produced free radicals possess the ability 
to make bacterial cell membranes porous and lead to cell death [3]. 

4.2.4 Clay Nanotubes Nanostructured Coating with Antimicrobial 
Metals 

Clay or halloysite nanotubes could be utilized as a substrate material in doing nanos-
tructured coating over it by metals as antimicrobial agents. For this purpose, elec-
trolysis techniques have been identified as novel procedures for depositing metal 
nanoparticles over clay nanotube surfaces. Moreover, metal clay nanotubes showing 
antimicrobial activity have also been monitored against gram-positive and gram-
negative bacteria with the help of a spectrophotometer. Antimicrobial applications 
have been given by such clay nanotubes which possess modified surfaces with pure 
Cu and Ag nanoparticles using electrolysis. Generally, the process of coating clay 
nanotubes with metals has been done in distilled water containing mixed HNTs in it. 
The constant direct current has been applied to electrodes of metals for synthesizing 
the metal nanoparticles and facilitating these metal nanoparticles’ deposition over 
clay nanotube surfaces. The detailed fabrication processes of these clay nanotube 
coatings with various transition metals for giving antimicrobial properties to them 
are given below. 

4.2.5 Silver-Clay Nanotube (Ag-HNT) Synthesis 

For preparing Ag nanoparticle coated clay nanotube composites, these Ag metal 
electrodes have been placed within 500 millilitres of distilled water by keeping a 
distance of 0.5 inches between these metal electrodes. This mixture was then heated 
over 95 °C, and this whole setup has been connected to an outside power supply 
of direct current. Further, 300 mg HNTs were also added to the heated mixture by 
constantly stirring this mixture with the help of a magnetic stirrer. After this, a direct 
constant current has been applied to this mixture for 40 min by keeping the current 
at 30 V. Then, power supply was disconnected when 40 min were passed, and this 
mixture is allowed to be centrifuged. The supernatant obtained was decanted and an
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Ag-clay nanotube which has been achieved as the final product then dried for 24 h at 
60 °C. The variations in the use of HNTs mixture, distilled water, and applied direct 
current period could be used to check the rate of antimicrobial activity of the same 
metal nanoparticle coated clay nanotube. 

4.2.6 Copper-Clay Nanotube (Cu-HNT) Synthesis 

The same method has been used for preparing the Cu nanoparticle coated clay 
nanotube composites. Like Ag metal electrodes, Cu electrodes were also placed 
within 500 mL of distilled water by keeping the distance of 0.5 inches between these 
metal electrodes. This solution was then heated over 95 °C, and this whole setup 
has been connected to the outside power supply of direct current. Further, 300 mg 
HNTs were also added to the heated solution by constantly stirring this mixture with 
the help of a magnetic stirrer. After this, direct constant voltage has been applied to 
this solution for 40 min by keeping the current at 240 V. Then, power supply was 
disconnected when 40 min were passed, and this mixture is allowed to centrifuge. 
The supernatant obtained was centrifuged and then decanted. The Cu-clay nanotube 
which has been achieved as the final product is then dried for 24 h at 60 °C. The 
variations in the use of HNTs mixture, distilled water, and applied direct current time 
could also be used to check the rate of antimicrobial activity of Cu metal nanoparticle 
coated clay nanotube. 

4.2.7 Surface Modification of HNT 

The samples of Cu-HNT and Ag-HNT have proved that the method of electrochem-
ical deposition is a very effective way to make HNT-meta composites. It has been 
observed that the deposition of metal is based on the time taken for the electrol-
ysis process and HNTs concentration utilized. For instance, Ag-HNT which has 
been fabricated by using 300 mg HNT possesses a much higher weight% of Ag as 
compared to Ag-HNT which has been fabricated using 5 g HNT. Similarly, the fabri-
cated Cu-HNT composite at 300 mg possesses a higher Cu % weight compared with 
fabricated Cu-HNT at 5 g. In the same way, the electrolysis which has been done 
under increased time amount would produce a meta-HNT composite with higher 
metal % weight deposition on their surfaces. 

It has also been observed that Cu nanoparticles show clusters having irregular 
geometries and Ag nanoparticles are spherical mostly. It is because the voltage 
amount applied has affected the particle size of these metals. The results of TEM 
have shown that there are small particle metal sizes observed by applying a lower 
amount of voltage and with increasing voltage levels, the nanoparticle sizes, and 
their deposition on HNT also increase. The results of materials characterization 
have shown that process of electrolysis proved successful in creating the metal-HNT 
nanocomposites [16].
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4.2.8 Advantages of Using Electrolysis Technique for HNT Coating 

It has many advantages of using the electrolysis technique for surface modification 
of HNT, and these include scalability potential, simple setup, and fabricating ability 
using nominal starting materials. Theoretically, it has been concluded that utilization 
of larger norm electrodes which are designed with a greater surface area can be 
utilized to synthesize the industrial level metal-HNTs scale amounts. This method of 
electrolysis for metal nanoparticle coating over HNTs is not limited to only Cu and Ag 
nanoparticles. This technique could be used to deposit other metals like palladium, 
gold, and platinum, and these metals show similar electrochemical behaviour during 
their deposition over HNTs during electrolysis. 

5 Clay Nanotube Composite Antimicrobial Applications 

5.1 Biomedical Applications of Halloysite Nanotubes 

Biocompatibility is the most valuable attribute of halloysite clay nanotube-based 
composites which have some huge potential applications including wound healing 
medical implants, biosensors, nanomedicine, tissue engineering, and some drug 
delivery, etc. In further research, HNTs have lacking toxicity levels from low quan-
tity. The comparative analysis of the recent research showed that (MWCNs) multi-
walled carbon nanotubes, cytotoxicity of halloysite against blood vessels of mice 
assays (in vivo), and vein of human umbilical (in vitro) endothelial cells were. As 
the result, halloysite is more biocompatible to blood vessels than carbon nanotubes 
or multi-walled. HNTs have applications in anticancer therapy in the field of biomed-
ical studies. Coating of halloysite nanotube enhanced the micro-scale flow device. 
The flow device of micro-scale can capture the (CTCs) circulating tumour cells from 
the blood of the patient [31]. 

The consumption or efficiency of the halloysite nanotube enhanced its (micro-
tube) performance in killing and capturing cancer cells. Therefore, in this study, 
HNT loaded doxorubicin with magnetic particles and folic acid into (HeLa) cervical 
adenocarcinoma cells. Doxorubicin which is used is very toxic. The halloysite clay 
nanotube treats cancer cells by release of targeted anticancer agents. Anticancer 
agents are potential bioactive material that was used. In HNT, intercalation of anti-
metabolite 5-fluorouracil developed the system of drug control release. For the treat-
ment of cancer, it helps to remove drawbacks like quick metabolism, low absorption, 
and shortened half-life of 5-FU. Contrast ultrasound agents are used for exceptional 
delivery systems and echo graphic clinical imaging which includes wound care and 
patches of transdermal. 

In biomedical applications, HNTs are used in the nonstop release of drugs, anti-
septics, enzymes, and proteins. Nano-carriers in HNTs are called nano-bazookas. 
Continuously, nano-bazookas have therapeutic agents in which nano-bullets target
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Fig. 2 Biomedical applications of clay nanotube-based composites (reproduced with permission 
under license no. 5443500511022 from the source [2, 34]) 

cancer cells. HNTs are readily available and used for systemic administration 
(intravenously). They have enhanced thermal and mechanical properties, and good 
biocompatible, as well as non-biodegradable. Potential material is formed by HNTs’ 
non-biodegradability for the formation of nano-medicines, formulation of nanocom-
posites, implant developments, treatments of animals, etc. The HNTs can interre-
late with polymers by the formation of polymeric composites through (H-bonding) 
hydrogen bonding, van der Waal, and electrostatic interactions. These relations of 
composite interactions are useful for their enhanced properties and the development 
of dispersed uniform composites [9] (Fig. 2). 

5.2 Liquids and Surfaces Protection and Disinfection by Clay 
Nanotubes-Based Composites 

There are an increasing number of infections that are acquired from the hospital. In 
health facilities, this type of infection is a very big issue. According to World Health 
Organization (WHO), the common way of transmission is by the indirect interaction 
in infectious diseases is transmitted with surface contaminants. These diseases are 
transmitted by sneezing, coughing, and talking of patients which produce infectious 
droplets. On surface contaminants, many different viruses and microbes can survive
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many days. The subsequent microbes are transferred to mucosal membranes of the 
nose, eyes, and mouth. Some reported infections and gastroenteritis outbreaks are 
spread by infected surfaces by hand contact. With the addition of microbial resistance, 
the effectiveness of antimicrobial agents is threatened seriously. World health orga-
nization WHO led a call for worldwide action in the 2016 General Assembly of the 
United Nations giving a political statement for antimicrobial resistance. Antibiotic 
resistance rate increases in highly developed nations among bacteria [39]. 

In Europe and the US, especially standard methods are used to stop long-time 
disinfection which includes disinfection solutions and wiping surfaces. Development 
with supportive antiseptic delivery could be economical and effective like aqueous 
chlorine dioxide spray. It has been reported that a definite quantity of durable antimi-
crobial schemes includes biocidal nanomaterials like light-activated photocatalysts 
and silver nanoparticles. These light-activated particles depend on phosphonium 
salts, TiO2, and bactericide’s surface-tethered quaternary ammonium compound. 
These nanomaterials are very effective against a broad array of microorganisms. 
HNTs halloysite clay nanotube formed with nanoparticles, loaded with medicine 
or drugs, and combined with paints to form the compound, or integrated into the 
hydrophobic surface. Zeta potential halloysites do not accept long stable aqueous 
dispersions when it is ca. −30 mV while the increases of HNTs zeta potential to 
−50–60 mV are by loading forcefully with anionic drugs in internal nanotube. 
Stable dispersions (water-based) are formed which are easily applied on surfaces 
relevant for favourable antibacterial sprays. For the purification of water, it has been 
seen that photocatalysts are used for the degradation of bacteria in a state photo-
induced. Halloysite clay nanotubes HNTs act as a stabilizer which was used to 
support photo-catalytic nanoparticles to prevent the accumulation of nanoparticles. 
TiO2 is a commonly used photocatalysts and has some of its nanocomposites [7]. 

For photo-catalytic disinfection, TiO2 absorbs only wavelengths near to λ < 
400 nm UV region; it is almost 3% solar spectrum while it cannot utilize visual 
light with efficiency, and it has almost 43% of the solar spectrum. The modification 
in the bandgap is much expeditious visible light. A photo-catalytic method based on 
HNTs and TiO2 were mainly tested for the degradation of waste product. It can also 
be used for antimicrobial applications. In UV-light antibacterial ZnO nanoparticles 
act as the photocatalyst. Absorbed ZnO nanoparticles in HNTs are formulated as a 
UV barrier for the formation of bacteria on membranes. 

The bioactive properties of decorated halloysite nanotubes is by the function of 
silver nanoparticles for plasmonic inflammation. The measurement of optical absorp-
tion discovered wide plasmonic resonance for HNTs with silver nanoparticles in the 
part of 400–600 nm. The advanced samples were more noticeable under illumination 
which displays a bactericidal effect. Functionalized Ag-clay seems for antibacterial 
treatments of surfaces and liquids. These are stimulated by exposure to visible light. 
Due to plasmonic effects, gold nanoparticles could be applied in the same way. Gold 
coating halloysite-based HNTs core-shell construction showed the interconnectivity, 
thickness, and morphology of the Au. It may specify the photo-thermal capacity and 
optical response of plasmonic materials [9].
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5.3 Tissue and Bone Engineering 

In the recently developed research, halloysite clay which contains antibacterial parti-
cles has various functional groups used in many types of medical applications, poly-
meric films, and coatings. An electrospinning technique used to make nanofibres 
has been widely considered for different applications and tissue engineering. Due 
to the polymers used, drug-loaded fibres are biocompatible while due to polymer 
degradation they have antibacterial properties by the release of the drug slowly. Poly 
(lactic-co-glycolic acid), polylactic acid, poly (caprolactone) or gelatin, and poly-
caprolactone are used for making various fibres composites of halloysite polymer 
in the studied for antimicrobial protection. Lacticoglycolic acid (electrospun poly) 
nanofibres were changed with HNTs to form a system of drug delivery with a slow 
release of tetracycline hydrochloride. The drug loading efficiency was 42.65%. The 
inclusion of positively charged tetracycline hydrochloride into the electrospinning 
solution by halloysite loading shows a lower fibre diameter [41]. 

The halloysite nanofibrous mats exhibit useful antibacterial activity, revealed 
good cytocompatibility, and in both solid and liquid mediums, it can show bacterial 
growth. Drug-loaded halloysite with free percentages nanofibrous mats in 42 days 
in low quantity than the first day which contains tetracycline hydrochloride and 
pure drug with nanofibres. In electrospinning drug-loaded halloysite clay nanotubes, 
due to constant drug delivery bone regeneration membranes were developed. Clay 
nanotubes doped into polycaprolactone or gelatin microfibres. Halloysite nanocon-
tainers are used for advanced research in a clinical study by attaining new dental 
types of equipment with some properties of antimicrobial and bioactive in our daily 
life. As a delivery system of the drug, HNTs nanotubes play an important role in the 
establishment of dental coatings [26]. 

By using different types of alcoholic suspensions, the coatings of chitosan 
composite were deposited electrophoretically (EPD). Composites of chitosan coat-
ings are also known as vancomycin-loaded halloysite nanocomposites. Suspensions 
of ethanol were selected by increasing the electrophoretically (EPD) rate as the best 
possible method, and the coatings are formed with comparatively high violence and 
with high absorbent content or non-absorbed chitosan. Drug-loaded coating against 
S.aureus showed almost 27% (higher) antibacterial activity as compared to without 
loaded drugs with a similar coating [39]. 

5.4 Antimicrobial Applications of Zinc Oxide Nanoparticle 

The excellent properties of zinc oxide (ZnO) have attracted by its great interest world-
wide. The understanding of the development of nanoparticles has shown particular 
results. An appreciable survey of ZnO-NPs has been activated by using various types 
of synthesis methods for the production of nanomaterials and its upcoming appli-
cations, high luminescent ratio allowed with the increasing number of excitation
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Table 1 Applications of Zn nanoparticles [2] 

Applications of Zn or ZnO particles 

Sr. no. Application’s 
fields 

Examples 

1 Electronics and 
energy 

Nanogenerator power sensors based on ZnO nanowires, low-cost 
solar cells 

2 Cosmetic’s 
industry 

Minerals cosmetics, UV filters in sunscreen, antimicrobial food 
packaging 

3 Medicine and 
biology 

Drug and gene delivery, bioimaging 

4 Materials and 
manufacturing 

Chemical sensors based on ZnO, antimicrobial textiles, protections 
from exposure to UV rays 

binding energy like 60 meV while the wide bandgap is almost 3.36 eV. In the pack-
aging of food area (UV), ultra-violet protective agents are used while ZnO-NPs are 
commonly used as an antimicrobial. ZnO-NPs drive the synthesis methods of nano-
materials by increasing the focus on advanced improvement for its applications and 
functions (Table 1). 

5.5 Wound Dressing 

Halloysite nanotubes is used for the manufacture of multi-layer flexible wound dress-
ings which contains many different functions like tissue regeneration, fluid absorp-
tion, fungal protection, and antibacterial protection. The dressing might be used as 
a pad or topical gauze, or as packing of wound material for both therapeutic and 
prophylactic interventions. Clay-nanotube HNTs are used for advanced properties 
of dressing, to load numerous drug sets possibilities, or increased dominance over 
the release kinetics drugs. All these are encouraging properties to deal with multiple 
infections of microorganisms, to heal chronic wounds, and also used for behaviour 
of multi-vector [34]. 

The antiseptic elastic nanocomposite combined with dual drug co deliveries 
was formed by sulphate-loaded HNTs clay nanotube composites polymyxin B and 
ciprofloxacin into the gelatin elastomer. Polymyxin B sulphate was dispersed in the 
matrix by loading halloysite nanotube while the ciprofloxacin nanoparticles were 
distributed directly into the matrix. Ciprofloxacin nanocomposites are those particles 
that proceed against both gram-negative and gram-positive bacteria. Both polymyxin 
loaded HNTs halloysite and ciprofloxacin were affected by the formulation of some 
basic physical characteristics like fibroblast adhesion, in vitro drug release, prolif-
eration, and cytotoxicity [13]. The properties of antibacterial were also investigated 
by the effect of these loaded halloysites. Drug-loaded halloysite showed the rate of 
dissoluble high polymyxin B sulphate which were liberated, and it also improved 
the strength of matrix tensile [35] (Fig. 3).
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Fig. 3 HNTs nanocomposites schematic illustration of wound dressing (reproduced with permis-
sion under license no. 5446481059102 from the source [2, 34]) 

5.6 Filtration Membranes with Enhanced Antibacterial 
Activity 

In this report, halloysite clay nanoparticles doped ultrafiltration membranes. These 
filtration membranes work with organic content in water. The high content of 
organic compounds increases consumption energy and decreases the lifetime of 
membranes by inhabiting biofouling. The composition of antibacterial agents with 
functionalized nanotube composites helps to control the evolution of biofilms. The 
membrane is formed by the use of a halloysite nanotube which allows for preventing 
bio-contaminants and for the antimicrobial properties [39]. 

(a) The synthesized halloysite clay nanocomposites (calamine) were added almost 
1–3 wt% to the filter membrane (polyethersulfone). 

(b) The hybrid membranes have a lower rough surface than the membrane of pure 
polyethersulfone by thermos-mechanically stable membrane. It also had been 
increased the water flux. With the addition of HNTs halloysite, the membrane 
has enhanced hydrophilicity. 

(c) Clay nanotubes have preservative enzymes that act as antibacterial agents 
naturally. This creates another biofilms problem.
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(d) Hallosyites brought to functionalization by lysozymes which has been cova-
lently grafted with carboxylic groups. It was used to prepare ultra-filtration 
membranes of hybrid antibacterial by adding lysozyme into polyethersulfone. 

(e) The antibacterial test shows that hybrid HNTs membranes indicated the good 
performance of antibacterial. It was also used to treat wastewater. 

(f) Ultrafiltration polyethersulfone membranes produce qualified loaded halloysite 
which contains A nanoparticles. By phase invention, copper ions were 
processed. 

(g) In an early study, Ag nanoparticles were grafted. Chemical modification of silane 
with halloysite is used for the formation of Cu2+ halloysite and the complexing 
of Cu-ions by mixing copper dichloride. 

(h) Tests of hybrid membranes showed good antibacterial properties. Good antibac-
terial properties have more than 99% protective rates against S. aureus and E. 
coli nanomaterials. 

5.7 Food Contact Materials 

Materials of food packages that have polymeric films are susceptible to biofilm 
formation and bacteria colonization. Fruits, fish, bread, meat, cheese, and vegetables 
are particularly highly sensitive to fungi and bacteria. Polymer composites are devel-
oped with fillers of antibacterial which prevent food from decomposition and another 
important fact is the growth of microorganisms. In the food packaging industry due 
to biodegradability and minimal environmental effect, different variety of antimi-
crobial agents have been tested which contains plant extracts, natural polymers, and 
essential oils. Essential oils are very important and have well-known activity levels 
which are traced from plants. Due to essential oil volatility, it is difficult to integrate 
polymers [37]. 

Halloysite nanotubes HNTs in the recent research were used as active sites of 
carriers. During the high-temperature essential oil contains protective high antimi-
crobial properties and combinations of polymers in a specific time [19]. Halloysite 
or carvacrol has a continuous antimicrobial activity and has less density than used 
polyethylene films. These antimicrobial properties showed against L. innocua and 
E. coli, and they also showed fungicidal action. Halloysite nanotubes HNTs showed 
synergistic antibacterial properties when mixed with thymol and carvacrol. Rose-
mary oil with a hybrid of pectin-halloysite-based nanocomposites has great potential 
for packaging. Thyme oil-loaded HNTs halloysite used in paper packaging process 
showing the powerful antibacterial property for 10 days processing against E. coli. 
By using many different processes halloysite nanotubes are loaded with organic 
antibacterial molecules. The natural process of kinetics from inorganic and organic 
hybrids of respective agents and clay nanotube-based composites are presented [21] 
(Fig. 4).
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Fig. 4 Antimicrobial HNTs nanocomposites for food contact materials (reproduced with permis-
sion under license no. 5446490446773 from the source, [2, 33]) 

5.8 Dentistry 

Dentistry is the science of studying which has two main terms oral medicine and 
dental medicine which are used to explain the conditions of the oral cavity, diag-
nosing, prevention of oral diseases, supporting structures and treatment, disorders, 
and particularly dentition. On the other hand, dentistry has (jaw and facial) maxilla 
facial region which contains oral mucosa, related and adjacent tissues, and structures. 
Dentistry study is not only related to teeth and gum diseases, and it also has some other 
diagnoses in the temporomandibular joint and supporting like nervous, anatomical 
structures, vascular, muscular, and lymphatic structures. HNTs nanocomposites are 
generally used in implants, resins, composites, and cement. Halloysite clay nanotubes 
HNTs make a potential target in dentistry material which includes antibacterial 
activities, non-toxicity, high mechanical strength, and biocompatibility [3]. 

In the root canal treatment dead pulp and infected tissues were removed. This 
treatment is also known as endodontic therapy. Primary infections resist the process 
of antimicrobial which is associated with intercanal and its pathogens. Therefore, 
in the process of filling, the root canal microbes targeted secondary infections 
[20]. In various researches, the modification of polymeric resins has been studied 
which contains halloysite nanotube HNTs. By improving antibacterial activities, 
it is observed that the mechanical behaviour is enhanced which contains breaking 
energy, modulus, and flexural strength. In another related study, the Farnesol-loaded 
halloysite HNTs are used as fillers to analyse their mechanical and physicochemical 
properties. The addition of Farnesol-HNTs mass fraction increases the conversion 
degree, compression strength, and flexural strength. According to this study, Strep-
tococcus mutants have increased the zone of inhibitions and also have increased 
biocompatibility against the fibroblast cells of mouse embryonic which are called 
NIH-3T3 cell lines [31].
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Scientists also configured silver mobilized halloysite which has better mechanical 
behaviour, and biological and physicochemical activities to examine dental problems, 
in which composite materials do not show fundamental cytotoxicity against the cell 
lines of NIH-3T3. In dentistry, dental resins are prepared with or without conventional 
glass fillers which are named TEGDMA or Bis-GMA. There is no significant increase 
in mechanical activity which was observed by increasing properties after having 
an increased (5%) amount of fraction. Dental resin TEGDMA or Bis-GMA have 
composites of substantial mechanical. HNTs clay nanotubes are used to deliver drug 
material to diseases affected in the field of dentistry. This technique reduces the side 
effects of related dosage by depositing a selected controlled quantity of drugs. It is 
beneficial to release the controlled decay of drugs at right time [39]. 

Minocycline microspheres (MM) are also known as Arestin. It delivers continu-
ously releasing of minocycline MM to the periodontium. Ceramic bridges and crowns 
meet functional and aesthetic demands like alumina or zirconia. They have low elas-
ticity with a brittle structure. Halloysite nanotubes gelatin-modified (HNTs-g) are 
used as an advanced nano-fillers system (ATH-sil) which has aluminium trihydrate 
with silane-coupling. Synergistically observed the methyl methacrylate monomer 
and methyl methacrylate (mMM/ MM) which affect acrylic materials. They analyse 
different studies like abrasion resistance, hardness, and solution of buffer absorption. 
In any case of examining dental applications, they performed fall tests [34]. 

6 Conclusions 

To conclude, clay nanotube is included in one of the emerging trends in nanotech-
nology because of its unique biocompatibility and excellent antimicrobial properties. 
These are double-layered spherical or tubular in a structure containing clay silicate 
with thin plates. Originally, HNT formed from volcanic deposits containing glass 
and volcanic ash. The structural composition of HNTs is in such a way that on the 
surface of clay nanotube, hydrogen bonding formation in the aluminium and siloxane 
groups with biomolecules. Clay nanotubes are natural sources that provide biomed-
ical applications because they are very cheap, biocompatible, cytocompatibility, and 
nontoxic materials. 

The HNTs polymer composite contains halloysite, hectorite, bentonite, and mont-
morillonite. Functional groups of clay nanotubes also called nanocontainers to have 
different pH ranges such as 8.5pH with positively charged in tubule inner lumen 
and 1.5 pH with a negative charge. The surface charges of HNT include internal 
(Al-OH) and external (Si-O-Si) surfaces. Clay nanotubes used polymeric films and 
fibres for filling composite materials which allow bacterial protection in the study 
of SiO2-surface chemistry. HNTs are used for the formulation of fabric coatings, 
wound dressings, dental materials, and fibres for tissue engineering. 

Formulation of antibacterial HNTs is being tested in research lab, and they are 
medically utilized but still need more qualified clinical studies. These halloysite clay 
nanotubes are also good for drug delivery systems when a topical effect is needed. In
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different biomedical applications, clay minerals have well-defined properties which 
include surface area, porosity, pore size, biomechanical properties, and physicochem-
ical. The continuous release of therapeutic agents can be remarkably increased in an 
aqueous environment. With specific chemistry of halloysite, superior loading rates, 
and high surface area, the hybrid materials could provide for biomedical applications 
in tissue engineering, and dentistry to facilitate someone in enlarging the potential 
use of polymeric nanotube-based composites. 
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Clay-Based Nanocomposites and Hybrid 
Membrane for the Treatment 
of Wastewater 

C. Arun, A. Sethupathy, and Rangabhashiyam Selvasembian 

Abstract Rapid increase in industrial and different forms of commercial activity all 
over the globe generates large volume of wastewater. The major source of wastewater 
is from the industrial sectors such as petrochemical, food processing, refineries and 
metallurgical, mining, tanning, and electroplating, which are associated with unpro-
cessed oil and heavy metals in larger proportions. The discharge of these types of 
wastewaters into the nearby water bodies causes harmful impacts on living organism. 
Recent year’s sustainable uses of membrane in combination with different materials 
are getting attractions among researchers in the field of water treatment. Present 
chapter focuses on the clay-based hybrid membrane potentials in the removal of 
different types of wastewater pollutants and discusses the approaches involved in 
the clay-based hybrid membrane synthesis, characterization, and their application 
in the wastewater treatment. The nanocomposite precursors sourced from different 
clay minerals in membrane preparation are taken in account. Further, the future 
perspectives of the clay-based hybrid membrane to overcome the drawback in the 
field of membrane-based technology and toward the sustainable applications are also 
presented. 
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1 Introduction 

In recent decades, decline of water resources increases the demand of water all over 
the globe. Siddeeg et al. [49] pointed out that the natural water resources are major 
polluted by the wastewater discharges from several industrial processes. Naidu et al. 
[46] reported that most of the natural water resources contain more than 700 carcino-
genic and other organic and inorganic microcontaminants. Inorganic compounds like 
chromium, lead, arsenic, mercury, etc., and organic compounds like dye, pigments, 
and others phenolic compounds are difficult to degrade and to remove from wastew-
ater. Due to increase of urban community and industrialization, the requirement of 
water increases, and it can be fulfilled by sustainable water treatment process, recycle 
and reuse of wastewater. Pre-treatment and treatment of wastewater are required to 
remove various organic, inorganic, and pathogens which are important for the supply 
of hygienic water for human activities, agricultural, and industrial activities [45]. 
Different types of wastewater treatment like membrane separation [21] and filtration 
(reverse osmosis, ultrafiltration, microfiltration) [19], precipitation [15], Electroco-
agulation [50], Adsorption [13], Electrolysis [16], Electrocatalysis [4], most of them 
are associated with the negative factors of high cost, complex design, pollution gener-
ations, etc. The efficient treatment of wastewater becomes one of the essential factors 
for the economic growth in most of the developing nations. It is challenging to formu-
late and implement unconventional wastewater treatment methodology with greater 
efficiency lower capital cost and sustainable technology. In recent days, the use of 
nanomaterials, ceramic membranes formulation, and modified adsorption materials 
has increased among researchers over other conventional waste treatment process. 
Judd and Jefferson [28] stated that membranes are thin layer of selective barrier used 
in separation and purification process. A membrane technology like ultrafiltration, 
nanofiltration, microfiltration, and reverse osmosis commonly works according to the 
principle based on pressure difference or size difference between the feed materials 
and permeate comes out of the selective membrane. The membrane techniques are 
also working according to different driving forces like concentration gradients, chem-
ical, electrochemical and thermal gradients [62]. Ang et al. [5] stated the membrane 
process can be done in two different ways: standalone (membrane process without 
additional treatment process) and hybrid systems (membrane process with addi-
tional treatment process). Drioli et al. [23] reported that in hybrid systems along 
with membrane process, other treatment technologies are involved to obtain a higher 
performance than standalone system through higher removal efficiency of waste and 
toxic materials from feed wastewater, lowering the fouling issue during the opera-
tions and also helps to obtain higher amount of treated water. On other hand, [51] and 
Chen and Caruso [17] reported that nanoparticles can be prepared by breaking down 
of larger particles to smaller particles, and the same can be used in different envi-
ronmental remediation process effectively. Meyer and Upadhyayula [43] stated that 
number of nanomaterials with higher surface area helps to remove microbial species, 
organic and inorganic compounds from wastewater. But the production costs of the 
nanomaterials and ceramic membranes made it uneconomical to use in water and
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wastewater treatment process. To formulate effective and implement large unit of 
water and wastewater treatment using ceramic membrane technology, low cost, and 
eco-friendly raw materials like clay, ash, sands, etc., can be used. The present chapters 
discuss about the development in substantial material and eco-friendly process for the 
formulation of low-cost clay-based nanocomposites and hybrid ceramic membrane. 
This chapter discusses about various applications in water and wastewater treatment 
process and the challenges in forthcoming improvement of clay-based wastewater 
treatment process. 

2 Clay Minerals 

Clay minerals are widely called as hydrous aluminum phyllosilicate (Fig. 1), which 
have capacity to retain water and dissolved plant nutrients as they have unbalanced 
net negative electrical charge on their surface area. Because of that properties, clay 
minerals have excessive adsorption capability of contaminants in wastewater [8]. 
Natural clay minerals can be used to remove organic and inorganic contaminants in 
wastewater, but effectiveness of treatment is not effective when compared to chemical 
processing of wastewater treatment because of their less surface area and lack of 
knowledge on reuse and recovery of natural clay material from aqueous system [57]. 
Some of the researcher working to increase the surface area, by preparing nanoclay 
materials from different class of clay minerals like kaolin, kaolinite, montmorillonite, 
bentonite, illite, and micas [8]. Unuabonah and Taubert [55] state polymer resin has 
the properties to overcome the downsides of natural clay minerals, but the resin is 
depended on pH for its effective removal of contaminants. Polymer resin is also too 
expensive and has poor water holding, etc. Recent days in order to overcome the 
disadvantages of clay and polymer resin in removal of pollutants from water, some 
of the researchers develops a nanocomposite made up of clay and polymer to attain 
a sustainable material.

2.1 Clay Polymer Nanocomposites (CPN) 

LeBaron et al. [34] stated that clay polymer nanocomposites have beneficial char-
acteristics of natural clay like eco-friendly, available enormously, cheaper in cost 
large, and also has the properties of poly-resins like higher adsorption efficiency, 
higher surface area, and proper regeneration. It can be formulated in micro or nano-
size in a sustainable way, and it can be also being employed in removal of various 
contaminants from wastewater effectively [53, 12]. Different types of clay polymer 
composites are formulated using polymers like chitosan, polystyrene, poly vinyl 
chloride epoxies, polyurethanes, polypropylene, and polyesters. Some of the clay
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Fig. 1 Solution-blending technique—clay polymer nanocomposite formulation

polymer composites commonly used in wastewater treatments are polyurethane– 
clay nanocomposites, epoxy–clay nanocomposites, clay–biopolymer nanocompos-
ites [33], polyimide–clay hybrid [59], organoclay–polymer blend, polystyrene– 
clay nanocomposite, polysiloxane–clay nanocomposite, magnetic clay–polymer 
nanocomposites [39]. 

2.1.1 Preparation of Clay–Polymer Nanocomposites 

Clay–polymer nanocomposites are prepared using following three common methods. 

Solution-Blending Technique 

In this method, solvent was mixed with polymer and clay separated in two different 
containers then solution made of clay and solvent pour on to polymer solvent mixture 
and kept for a period of time to become homogenized (Fig. 1). Then, the whole 
homogenized clay–polymer–solvent mixture added to level support (film or glass 
plate used for membrane formulation) and then using evaporation process solvent 
will be removed from the mixture to form a clay polymer composites [2, 3]. Gurses
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Fig. 2 Melt bending method—clay polymer nanocomposite formulation 

[25] stated that solution blending process contains three major steps namely the 
clay dispersion in polymer solution, removal of solvent, and composite film forma-
tion. Arya et al. [7] synthesized magnetic polymer/nanoclay composites by solution 
blending method using chitosan, powdered activated carbon, and magnetic nanopar-
ticles in optimal ratio of 1:0.5:0.3:0.3, respectively. To increase the stability and 
polymer clay nanocomposite yield, reduce clay dispersion time, and reaction time 
between polymer and clay, ultrasonication process can be used in place of mechanical 
agitator for blending [47]. 

1. Melt Bending Method 

In this methodology, the clay minerals are reinforced onto the polymer matrix using 
melt integration methodology. Guo et al. [24] stated that melting temperature used 
in this method will be greater than melting temperature of polymer as result stable 
strength clay polymer nanocomposites can be formulated (Fig. 2). 

Melt bending method can be processed either in static mode or dynamic mode. 
When it operates in static mode, then it should carry out under vacuum with 
temperature above 50 °C [42]. Moustafa et al. [44] synthesized a biodegradable 
polymer/nanoclay composite using a natureplast PBE 003/poly (butylene adipate-
co-terephthalate) by melt blending method, and the resulted clay nanocomposite has 
optimal tensile strength at 5% organoclay, and it has the property of water vapor 
permeability barrier. 

2. In Situ Polymerization Technique 

In this methodology, the clay monomer was polymerized on to the polymer matrix 
(Fig. 3). The results from compression casting made the clay polymer nanocompos-
ites become more strengthen and have a uniform dispersion of clay on to polymer 
matrix [1].
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Fig. 3 In situ polymerization method—clay polymer nanocomposite formulation 

3 Formulation of Iron Oxide–Clay Nanocomposites 

Tokarcíková et al. [52] reported that the co-precipitation of clay minerals with 
magnetic iron oxide in the alkaline environment using NaOH results in iron 
oxide–clay nanocomposites (Fig. 4). To improve the strength of iron oxide– 
clay nanocomposites, heating using microwave and reflux system [31] can be 
incorporated. Belachew and Bekele [11] stated that the combination of oxida-
tion and co-precipitation methods helps to produce homogenized iron oxide–clay 
nanocomposites. 

In situ polymerization method for formulation poly(glycidyl methacrylate)/MMT 
composites along with ultrasonication process gives improved reaction and product 
nanocomposite yield when compared to solution blending with ultrasonication 
process [18]. Zang et al. [61] prepared a composite using silver and attapulgite 
clay using in situ polymerization method shows higher ant bacterial activity due to 
proper formation of clay fillers in polymer matrix.

Fig. 4 Formulation of iron oxide–clay nanocomposites 
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4 Formulation of Clay Nanocomposites Membrane 

The membrane-based clay nanocomposites formulation was done in four major steps 
batching, milling (crushing), sieving and mixing (Fig. 5). The selection of inorganic 
powder is significant to produce a membrane with desired particle shape, particle 
size, and particle distribution which in turn affect the pore size, pore size distribution, 
and porosity of final membrane produced. Hubadillah et al. [27] reported kaolin 
and expanded polystyrene for the production of hybrid membrane. Different hybrid 
membranes were produced using different ratio of polystyrene 0–20% and found 
maximum dye removal found using hybrid membrane made of 20% polystyrene and 
80% kaolin adsorbed optimal methylene blue from water. 

Jung-Hye et al. [29] formulated clay-based membrane to remove oil from oily 
wastewater from the mixture of kaolin, bentonite, talc, sodium borate, and carbon 
black and consequent heated at 1000 °C. The result shows increase in oil rejection 
according to pressure applied and amount of carbon black. 

Hubadillah et al. [27] reported studies on kaolin-based low-cost membranes are 
used mainly to remove pathogen and oil from wastewater. Kaolin-based low-cost 
membranes have many advantages over ceramic oxides as it can be fabricated at lower 
temperature and also it works with and without additives processing. The mechanical 
strength of kaolin-based membranes is mainly depended on pore size, porosity and 
mineralogy, which can be identified using additives and sintering temperature used 
for the formulation. Membrane formulation using attapulgite or palygorskite clay 
also plays vital role in wastewater treatment process. Zhu and Chen [62] stated that 
attapulgite-based membrane not requires higher temperature for formulation, and it 
has pore size around 12 nm, and porosity is more than 60% which is higher when 
compare to conventional ultra-filtration membrane.

Fig. 5 Steps involved in membrane-based clay nanocomposites formulation 
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4.1 Application of Clay Membrane Nanocomposites 
in Wastewater Treatment 

Removal of Dye 

Mukhopadhyay et al. [45] stated that polymer membrane clay nanocomposites are 
commonly used in purification of water and removal of contaminants form wastew-
ater because of it properties low formulation cost, flexibility in treatment process, and 
stability of nanocomposites. Ahmed and Sayed [32] used the kaolin and polystyrene 
for the formulation of polymer membrane clay nanocomposites (Hybrid membranes) 
to remove methylene blue dye from water. The study relieved that hybrid membranes 
formulated with 20% of polystyrene by weight shows higher removal of methy-
lene blue as it helps to increasing pore volume and also helps to decreasing the 
bulk density. Ahmad et al. [3] stated that bentonite PVC hybrid membrane shows 
higher % of oil removal with 18 g of PVC loading for membrane preparation. Daraei 
et al. [20] formulated microfiltration membranes using poly (vinylidene fluoride) 
helps to remove dyes from wastewater. Table 1 shows some of the studies used 
nanocomposites for dye removal and their adsorption capacity. 

The clay nanocomposites membranes needed more improvements in sustainable 
formulation using cost-effective raw materials that help to remove dye components 
from wastewater in developing countries also.

Table 1 Nanocomposites for dye removal 

Dye Nanocomposite Adsorption 
capacity (mg/ 
g) 

References 

Malachite 
green 

Amine-modified polyacrylamide–bentonite 
nanocomposite 

656.5 [6] 

Methylene 
blue 

CTS-g-poly(acrylic acid)/Montmorillonite clay 
(MMT) nanocomposite 

1859/322 [58]/[41] 

Crystal violet sepiolite nanocomposite hydrogels 47 [57] 

Azo dye CTS/bentonite 323 [37] 

Safranine-T 
and brilliant 
cresyl blue 

Acrylamide 
(AAm)-2-acrylamide-2-methylpropanesulfonic 
acid/clay hydrogel nanocomposite 

495 

Brilliant 
green and 
acid red 1 

adsorbent-based composite coating (mixture of 
bentonite, acrylic polymer, and 
polyethylene-diamine) 

255 [9] 
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4.2 Removal of Microbial Contaminants 

Pathogenic microbes (Salmonella typhi, Shigella, sp., and Entamoeba histolytica) 
cause water-borne diseases like diarrhea, typhoid, and dysentery. The disinfection 
process is essential to use the pathogen contaminated water. Chemical processing 
(adding chlorine) of disinfection plays a vital role, but it forms a toxic chem-
ical compound like haloacetic acids, chlorophenols etc. [54]. Alternatively, novel 
clay–polymer composites can be used as a disinfectant as it has the property of 
antimicrobial activity [40]. Copper-doped MMT low-density polyethylene nanocom-
posite prepared by Bruna et al. [14] shows 94% of antimicrobial activity and also 
kills 99% of E. coli in the contaminated water. This happens because the copper 
compounds degrade proteins and nucleic acids of microbial cell wall, which result in 
cell death [35]. Nanocomposite made up of clay–polymer–silver has higher antimi-
crobial activity over pathogens like Staphylococcus aureus, Pseudomonas aerug-
inosa, Candida albicans, and E. coli. So, it has been utilized in water treatment 
plant in commercial and residential complex [55]. Unuabonah et al. (2017) reported 
that steam regeneration technique for regenerating hybrid clay polymer membrane 
nanocomposites. The following is the major factors need to be maintained in an 
optimal level to obtain optimal activity of hybrid clay polymer membrane nanocom-
posites for the removal of pathogenic microbial community from wastewater are a. 
Adhesion property, b. Microbial characteristics, c. Flow conditions, d. Surface area 
and its charge, and e. Adsorbent hydrophobicity [57]. 

4.3 Removal of Pesticides and Heavy Metals Removal 

Zadaka et al. [60] study the removal of pesticide atrazine and 2,4-dichlorophenol 
using clay polymer nanocomposites (MMT with poly-4-vinylpyridine-co-styrene), 
and the result shows that 99% of pesticide was removed from the water within 
40 min. Gamiz et al. (2015) reported the removal of clopyralid and mecoprop 
using hexadimethrine–MMT nanocomposites through electrostatic attraction and 
found the removal efficiency is around 70%. Azzam et al. [10] formulated clay 
chitosan silver nanocomposites for the removal of Cu(II) ions from water, and result 
shows that maximum adsorption around 182 mg/g at pH 7.0 because the interac-
tion of Cu(II) ions to chitosan is optimal at this pH. Khalek et al. prepared of poly/ 
methacrylic acid attached with chitosan/bentonite nanocomposite for the removal 
of Hg(II), Cd(II), and Pb(II), and the removal efficiency in percentage is 94,78 and 
89%, respectively. Khalek et al. also reported that for the removal of heavy metals 
happens at higher pH due to basic covalent bonding formation between heavy metal 
and surface of nanocomposites. On another study, 96% of Cu(II) ions and 99.5% 
of Pb(II) are removed from water stream by chemisorption process between clay/ 
chitosan nanoparticles and heavy metals [33]. Table 2 shows some of the studies used 
nanocomposites for heavy metal removal and their adsorption capacity. Subsequently
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Table 2 Nanocomposites for heavy metal removal 

Clay-Nanocomposite Water contaminants Adsorption capacity (mg/g) References 

Chitosan/bentonite Tartrazine 294.1 [57] 

Chitosan/attapulgite Cr (III) 65.37 [63] 

Polyaniline modified 
bentonite 

U(VI) 14.1 [36] 

Chitosan/clinoptilolite Ni (II) 247.5 [22] 

Chitosan grafted poly acrylic 
acid bentonite composites 

Cu (II) 88.6 [33] 

Attapulgite/poly(acrylic acid) Pb (II) 38 [38] 

different modified clay-based nanocomposites membrane are used to remove metal 
and metalloids from wastewater. Montmorillonite (MMT) modified with N-methyl-
D-glucamine-based monomer polymerized with ion-exchange resin the removal of 
arsenic. 

Ravikumar et al. 2020 formulated bentonite clay and M. oleivera biopolymer 
to produce eco-friendly nanocomposites by the solution processing technique, and 
the same was utilized to removal of Cr (II), Pb (II), and Cd (II), from synthetic 
water contains 5 g/L of heavy metals, through coagulo-adsorption methodology, and 
maximum of 99.9% removal was achieved at pH range 5–7, 6–8, 2–4 Pb, Cd, Cr, 
respectively. 

5 Conclusion 

Clay hybrid membrane nanocomposites are utilized for the formulation of novel 
nanoparticles, and it shows a cost-effective sustainable removal of various contami-
nants industrial effluent by which helps to improve the environmental health. These 
clay membrane nanocomposites can be utilized in place of conventional treatment 
process for removal of heavy metals, pesticides, pathogens, organic and inorganic 
persisting chemical from various industrial effluent streams. Different researchers 
reported that removal of various contaminants industrial effluent stream using clay 
nanohybrid materials in laboratory scale using synthetic prepared effluent with 
different concentration of contaminants. But it is necessary for number of inves-
tigations to confirm the performance of clay hybrid membrane nanocomposites with 
real-time industrial wastewater stream which gives a route to formulate a pilot and 
large-scale treatment equipment for larger quantity of wastewater. On other hand, 
the innovative nanocomposites should be valued in account with various parameters 
associated to the nanoparticles properties (nanomaterial disposal and degradation, 
modification of surface chemical reaction, reuse or regeneration of nanocomposites 
and life cycle assessment). So, it helps to design a proper disposal mechanism for
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nanocomposites, when it enters into large-scale treatment process. Economic anal-
ysis needs to be studied to find benefit to cost ratio for feasible and sustainability use 
of clay hybrid membrane nanocomposites. Other challenges for the production and 
utilization of clay hybrid membrane nanocomposites needed a proper government 
policy at international and national levels to make best possible and proper use of clay 
hybrid membrane nanocomposites in association with knowledge of marketability. 
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Abstract Anthropogenic water pollution has resulted in increased concentrations 
of aquatic contaminants that can be toxic to human health and the environment. In 
recent years, the development and application of nanoscale zero-valent iron (nZVI) 
for water purification have gained interest due to its non-toxic nature and inexpen-
siveness. Contaminant remediation properties of nZVI are mostly due to its strong 
reducing power which allows the sequestration and degradation of pollutants through 
advanced oxidative processes (AOP) and reductive mechanisms. Attention has been 
paid to clay-supported nZVI materials (C-nZVI) as efficient remediation agents in 
wastewater and groundwater treatment. Composites of C-nZVI possess superior 
benefits over individual pristine components, such as rapid sorption, reduced iron 
leaching and recyclability. Nanocomposites can be engineered using various mate-
rials such as polymers, carbonaceous material and metals in synergy with clays and 
nZVI to produce novel composites with unique properties. In general, remediation by 
C-nZVI is at its highest in mild acidic conditions due to increased catalytic activity. 
The surface charge of the clay mineral also plays an important role in contaminant 
remediation. C-nZVI associated free radical mediated AOPs facilitate remediation 
without any additional heat or light energy. This chapter reviews the recent advances 
in contaminant remediation by C-nZVI including material synthesis, mechanisms, 
properties and advantages. 
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1 Introduction 

Severe global water scarcity due to exponential increase in the world population has 
caused grave challenges [1]. Contamination of natural water sources by organic and 
inorganic pollutants has drastic impacts in the ecological, economic and environ-
mental context [1, 2]. Water contamination can occur naturally and through anthro-
pogenic activities. Natural sources can potentially contaminate water. For instance, 
arsenic contamination can occur due to weathering of arsenic-containing rocks [3]. 
Anthropogenic pollution of water is predominantly caused by industrial, agricultural, 
commercial and domestic means [3, 4]. 

To alleviate this issue, there is a constant focus on treating and recycling polluted 
water before its subsequent release to the environment. A broad range of physical, 
chemical and biological processes have been used for wastewater treatment [1, 4–6]. 
Out of these, the application of nanomaterials in water purification has been explored 
to a great extent throughout the past decade [1]. Nanomaterials encompass a range 
of special features such as high reactivity, high porosity, catalytic potential, compact 
size and large surface area to volume ratio which allow them to work rapidly with 
increased adsorption than conventional materials [5, 6]. They also have the advantage 
of reusability after chemical regeneration of the material [5]. The salient properties 
essential for any engineered nanoparticle used for in-situ remediation are adequate 
reactivity, mobility, reactive longevity and low toxicity [6]. 

A lot of attention has been paid to the development and application of nanoscale 
zero-valent iron (nZVI) in water purification in recent years. Iron is a relatively non-
toxic and inexpensive metal. It is the most abundant transition metal on earth. The 
versatility of remediation properties of zero-valent iron are mainly due to its low 
standard redox potential of −0.44 V which gives it a fairly strong reducing power 
[7–9]. It also allows it to sequester and degrade contaminants through reductive 
mechanisms and advanced oxidative processes (AOP) such as Fenton-type reactions 
[10]. A typical Fenton reaction is a process where hydroxyl radicals are generated 
through the catalytic reaction of oxidizing Fe(II) to Fe(III) with hydrogen peroxide. 
In this reaction, Fe(II) acts as the reaction catalyst [11]. Sludge formation is reduced 
in Fenton-type reactions of nZVI as the Fe(III) produced reacts continuously with 
Fe(0) to generate a steady supply of Fe(II) for the function of the Fenton process 
[12]. Superior characteristics of nanoparticles listed before are possessed by nZVI, 
in contrast to its micro- and macroscale counterparts [3]. 

The synthesis of nZVI can be carried out using three main paths, namely physical, 
chemical and green synthesis [4]. Gas condensation processing and ball milling are 
considered as physical methods while liquid phase reduction, ultrasound-assisted 
synthesis, carbothermal synthesis, thermal decomposition, chemical vapor conden-
sation, hydrothermal method, polyol process and electrochemical methods can be 
categorized as chemical methods [4]. Green synthesis is carried out using polyphenol-
rich natural product extracts from various plant materials to be used as both reducing 
and capping agents for nZVI [13].
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Despite the unique properties of nZVI, the pristine material has several drawbacks 
that can limit its potential. Bare nZVI is prone to rapid agglomeration, sedimentation 
and passivation which can result in the reduction of effective surface area, mobility 
and Fenton reactivity [3, 4]. Long term storage of bare nZVI is also not sustainable 
due to rapid oxidation which requires them to be used right after production for 
best efficiency. Intense agglomeration is brought about by strong magnetic attrac-
tive properties, reactivity and high surface energy of nZVI. Formation of oxide and 
hydroxide layers as corrosion products of oxidation hinder the zero-valent core of 
nZVI and are responsible for rapid passivation [10]. 

The aforementioned limitations can be overcome by supporting nZVI on solid 
carriers. Literature reports the use of polymers, carbonaceous materials, clay 
minerals, zeolites, humic substances and other materials such as dietary fibers, cation 
exchange membranes, calcium-alginate beads and silica fume as supports for nZVI 
[14, 15]. 

Clay minerals have been well documented in their function as solid support 
materials for pristine nZVI owing to their enhanced adsorption properties, stability, 
biocompatibility, non-toxic and green nature, natural abundance and low cost [1, 16]. 
Clays can disperse nZVI on their surface, inhibiting aggregation, providing a longer 
shelf life and reduced leaching [17–19]. 

To date, several high-quality reviews have been published on the remedial action 
of clay-based adsorbents as well as nZVI-based composites, in which clay-supported 
nZVI materials (C-nZVI) have been discussed [5, 12, 15, 20]. In addition, the 
synthesis and removal mechanisms of C-nZVI have been comprehensively reviewed 
[1, 9]. However, to the best of our knowledge, recent studies on C-nZVI-based reme-
diation, novel engineered C-nZVI composites (eC-nZVI) and remedial mechanisms 
in free radical mediated AOPs have not been thoroughly reviewed as of yet. 

This chapter attempts to bridge this gap by providing a thorough insight into the 
recent advances of eC-nZVI from 2017 to present (2022). Properties of clays in C-
nZVI composites, material preparation methods, remedial mechanisms and specific 
advantages of C-nZVI published during the past five years have been comprehen-
sively reviewed. Specific attention has been given to eC-nZVI materials and the reme-
dial action of free radical mediated AOPs. The contents and conclusions presented 
in this work will aid and facilitate a sagacious planning process for future studies on 
C-nZVI. 

2 Clay Minerals Used in C-nZVI Materials 

Clay minerals are mainly classified based on their contrasting layered structures, 
exchangeable ions, particle sizes and the type of substituted metals [1]. Silicate 
minerals which make up most of the earth’s crust, are the largest and most important 
class of minerals. They can be mainly classified into phyllosilicates and tectosilicates 
[21].



454 Y. A. Alahakoon et al.

Clay minerals are mainly phyllosilicates [22]. They have a basic structure 
consisting of polymerized tetrahedral sheets (T) of silica made of Si2O6(OH)4 units 
and octahedral sheets (O) of alumina composed of Al2(OH)6 units. Isomorphic 
substitution in the tetrahedral sheets and/or in the octahedral sheets of clay minerals 
results in negative surface charges of clay minerals [23]. These charges are balanced 
by naturally occurring cations which exist in the inter-layers or on the clay surface. 
This paves the way to saturate smectites with iron cations which can be reduced to 
nZVI [24]. 

Phyllosilicates can be further classified into layer silicates and chain silicates. 
Based on the manner of arrangement of these layer silicates, they can be categorized 
as 1:1 (T-O) and 2:1 (T-O-T) phyllosilicates. In 1:1 phyllosilicates, there is one 
tetrahedral sheet for every octahedral sheet whereas 2:1 phyllosilicates are composed 
of one octahedral sheet sandwiched between two tetrahedral sheets. Kaolinite and 
halloysite clays have 1:1 composition, while smectite, mica, illite and vermiculite 
clays have 2:1 composition. The smectite group of clay minerals are further grouped 
into trioctahedral saponites and dioctahedral montmorillonite [23]. It also consists 
of secondary minerals like quartz and calcite [25]. 

The structures of sepiolite and palygorskite are similar, consisting of narrow 
ribbons of 2:1 layers that are attached to each other at the corners. The ribbon width 
defines the number of octahedral cation positions per formula unit. These clays are 
classified under chain silicates [20, 23]. 

Zeolites are a type of tectosilicates used to form nanocomposites with nZVI. 
Tectosilicates are a class of silicates with a continuous three-dimensional framework 
of tetrahedral silicates. With the objective of giving the reader, a wider scope into other 
silicates popularly used in forming nZVI composites, zeolite-based nZVI composites 
(Zeol-nZVI) have also been included in this chapter. 

2.1 Layer Silicates 

2.1.1 1:1 Type Layer Silicates 

Several C-nZVI studies have been carried out using 1:1 layered kaolinite. However, 
less attention has been paid to the utilization of halloysite as a clay support for nZVI 
in recent studies which may be due to its low cation exchange capacity that results 
in less uptake of contaminants [20]. 

Kaolinite: Kaolinite can form as a result of chemical weathering of aluminum silicate 
minerals such as feldspar. It is a layered silicate mineral with one tetrahedral silica 
sheet linked through an apical oxygen to one octahedral alumina sheet. These layers 
can be joined as sheets to other layers, forming a large set of clay layers. Since 
kaolinite layers have no net electrical charge on them, no large cations can be found 
between the layers, which accounts for the relatively low ion exchange capacity 
of kaolinite compared to other clay minerals. Infiltration of water molecules into
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the layers are also hindered in kaolinite due to the close hydrogen bonding between 
layers, which is indicated by the non-swelling character of the mineral [26]. However, 
kaolinite could potentially be used as a porous-based material to support nZVI for 
the removal of metal ion contaminants in aqueous media [27]. 

2.1.2 2:1 Type Layer Silicates 

Recent studies on C-nZVI have focused predominantly on bentonite and montmo-
rillonite which belong to the dioctahedral smectite family [24, 28, 29]. Smectites are 
very effective at attenuating many organic and inorganic pollutants because of their 
high surface area and adsorptive properties. Smectites have a shrink-swell behavior, 
where they shrink when dry and swell when wet. This mineral is naturally available, 
cost effective and biocompatible in natural systems [1]. 

Montmorillonite: Montmorillonite minerals are products of volcanism and 
hydrothermal activity and usually occur in regions with poor drainage. Based on 
the inter-layer ion species, naturally occurring montmorillonite is classified as Na-
montmorillonite or Ca-montmorillonite. Out of the two, Na-montmorillonite has 
better performance as a result of the lower hydration energy of cation. The adequate 
inter-layer spaces of the layered structure of montmorillonite provide good support 
for nZVI particles [30]. Due to its permanent negative surface charge, it has a high 
cation exchange capacity and good adsorption properties, allowing it to be used in the 
treatment of metal ions and cationic organic contaminants in wastewater [31–33]. 

Bentonite: Another important member of the smectite group is bentonite which is an 
aluminum phyllosilicate clay consisting of Na-montmorillonite as its main compo-
nent along with other impurities such as kaolinite, quartz, feldspar and calcite [34– 
37]. Bentonite is commonly found in the bottom and sides of ponds, waste lagoons 
and landfills. It is a swelling clay and a traditional economic adsorbent with high 
specific surface area formed by modifications of minuscule glass particles derived 
from volcanic ash. Bentonite is a good carrier due to its ability to swell and maintain 
a uniform dispersion in water [36]. Fine dispersion of nZVI reactive nanodomains on 
bentonite surface leads to low aggregation which results in increased sorption rates 
[18, 30]. Reduced iron oxide shell formation due to continuous uptake of dissolved 
iron species by the clay substrate leads to lower nZVI burnout and inactivation [18]. 
Furthermore, bentonite supported nZVI (Bent-nZVI) has reduced hydrophobicity 
which facilitates remediation in aqueous media [18]. Bent-nZVI is widely used in 
the remediation of a variety of organic contaminants, oxyanions and heavy metals 
[18, 36, 38, 39]. 

Vermiculite: A mica-like trioctahedral silicate clay mineral with a 2:1 layered struc-
ture. It is mostly produced by the removal of potassium from biotite, phlogopite, or 
muscovite [40]. Vermiculite supported nZVI (Verm-nZVI) has been reported in the 
remediation of Cr(VI) [41].
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2.1.3 Mixed Layer Clay Minerals 

Clay minerals such as illite and rectorite are composed of two or more different kinds 
of institutional unit sheets and are referred to as mixed-layer clay minerals [42]. 

Rectorite: Rectorite clay is made up of a 1:1 mixture of non-expandable dioctahe-
dral mica and expandable dioctahedral smectite layers. It is a well-stratified silicate 
material with a more stable structure than that of montmorillonite [43]. It is also a 
cost effective and an easily obtainable material. Rectorite possesses multiple advan-
tages such as high mechanical and thermal resistance, good water colloidal properties 
and the presence of exchangeable ion species [44]. Compared to montmorillonite, 
rectorite might be an even better candidate for pillared structures [45]. 

2.2 Chain Silicates 

Chain silicates have a 2:1 layer basic structure unit composed of continuous tetra-
hedral sheets and discontinuous octahedral sheets as well as a fiber-shaped crystal 
morphology. Palygorskite and sepiolite are chain silicates that have been widely used 
in the synthesis of C-nZVI. Palygorskite has a rod shaped 2:1 layer-chain structure, 
while sepiolite possesses a 2:1 layer fiber-shaped chain structure [46, 47]. These chain 
structures have crystallographic defects resulting from the replacement of Mg(II) ions 
in octahedral sites by trivalent cations like Al(III) and Fe(III). The defects lead to the 
formation of surface negative charge and structural negative charge [46]. 

Palygorskite: Palygorskite or attapulgite is a magnesium aluminosilicate mineral 
with a higher water absorption capacity. This mineral occurs in calcareous mate-
rial, desert soils and sediments from playa lakes and saline deposits. Presence of 
numerous deposits, lower price and relatively high surface area makes attapulgite a 
noteworthy clay mineral. It is a 2:1 type natural clay mineral which has a large number 
of silanol groups at the edge sites, facilitating the heavy metal adsorption. According 
to literature, palygorskite is a potential adsorbent for various heavy metals and some 
researchers have developed palygorskite supported nZVI composites (Pal-nZVI) 
with better contaminant removal efficiencies [48]. 

Sepiolite: Sepiolite is a naturally abundant low-cost clay mineral with a stable struc-
ture and is very abundant in the black sea region. It consists of hydrated magnesium 
silicate, and it is structurally similar to the layered clay mineral montmorillonite [49]. 
It possesses a micro-fibrous morphology with a high specific surface area, which 
gives the mineral a remarkable effectiveness in removing contaminants. Sepiolite 
is employed as a supporting substance to improve the dispersion of nZVI nanopar-
ticles as homogenous dispersion of nZVI in aqueous solutions can enhance their 
effectiveness [50].
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2.3 Zeolite 

Zeolite is a hydrated aluminosilicate mineral with a linked tetrahedral framework, 
each containing a silicon or aluminum cation with four surrounding oxygen atoms. 
Extensive deposits of zeolites occur in oceans, mafic volcanic rock and sedimentary 
rocks of marine origin. The three-dimensional structure of zeolite has open cavities, 
which are large enough to pass through guest ionic and molecular species. Therefore, 
certain zeolites are capable of exchanging cations and acting as molecular sieves. 
Zeolites are commonly used as adsorbents for various contaminants as they are known 
to have a high sorption capacity for inorganic pollutants [51]. Researchers have found 
zeolite to be an effective dispersant and a stabilizer of nZVI in composite support 
systems, resulting in reduced aggregation and increased specific surface area. 

3 Clay Incorporated nZVI Materials 

3.1 Synthesis of Clay-Supported nZVI Composites 

Standard methods of nZVI synthesis have been well documented [52]. Majority of 
the reported studies on C-nZVI have employed liquid phase reduction via NaBH4 

for the synthesis of nZVI. Both ferrous and ferric salts with different counter ions 
such as SO2− 

4 , NO
− 
3 , Cl

− have been used as the iron source [30, 48, 53]. In addition, 
a few studies out of those selected have used the green synthesis method where 
polyphenol-rich extracts from natural plant sources such as green tea, eucalyptus 
leaves and pomegranate rinds are used as the reducing and stabilizing agent of nZVI 
in simple clay nZVI composite synthesis [54–56]. 

According to the articles considered, the two approaches to C-nZVI composite 
synthesis are (1) mixing clay with an iron salt with subsequent reduction to Fe(0) 
and (2) reducing the iron salt to Fe(0) with subsequent deposition on the clay surface 
[29, 31, 55, 57]. Apart from a very few reported studies, the rest have utilized the 
first approach for the synthesis. 

Yin et al. have fabricated Montmorillonite supported nZVI (Mont-nZVI) using 
liquid phase reduction and depositing them on the clay surface. Reducing the iron 
salt before adhering on to the carrier makes the nZVI particles deposit on the surface 
as a monolayer. The synthesized material demonstrated much higher remediation 
efficiency for Cr(VI) than agglomerated pristine nZVI. However, when pristine nZVI 
particles were monodispersed under sonication, remediation capacity was observed 
to be similar to the synthesized C-nZVI. It has been observed that depending on 
different experimental conditions, the size and the concentration of the attached nZVI 
particles on the carrier surface could be controlled [31]. Baldermann et al. have used 
a suspension of nZVI to prepare Bent-nZVI for the remediation of trichloroethane. 
The suspension has been subjected to ultrasonic treatment to prevent the particle 
agglomeration before depositing on the clay surface [18].
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In the synthesis process, the clay: Fe(0) ratio could be a crucial factor for the 
attributed properties of the final material. In a study, Wu et al. have compared the 
sulfamethazine degradation efficiencies using organo-Mont-nZVI. Different mass 
ratios of nZVI to clay were incorporated where the remediation efficacy increased 
up to a certain level with the increasing mass of the carrier due to better dispersion 
of nZVI particles. Beyond this optimum level, a decreased efficiency was observed 
which could be due to blockage of the reactive nZVI sites with any excess carrier 
added [33]. Similar observations were reported for Pal-nZVI and amino functional-
ized Verm-nZVI [41, 58]. Furthermore, the aggregation of clay sheets when excess 
clay is added has been documented as a cause for the diminished surface area and 
catalytic activity of the composite [58]. 

Ding et al. have also synthesized Pal-nZVI composites varying the nZVI to clay 
ratio to remediate quinclorac in a peroxymonosulfate system. It has been seen that if 
nZVI is increased beyond a certain amount, the remediation efficiency will slightly 
decrease owing to the radical scavenging activity of Fe(II) (explained in Sect. 4.4.1) 
which will limit the formed hydroxyl and sulfate radical concentration in the medium. 
Precipitation of iron species and accumulation of by-products from the degradation 
process on the Pal-nZVI surface will also result in lesser performance of the material 
[58]. 

Clay varieties, bearing different intrinsic properties can have a substantial impact 
on the removal efficiency of a particular composite. A study by Kornilovych et al. 
targeting the remediation of Uranium species utilizing three different clays, have 
proven that Mont-nZVI has the highest removal efficiency, while Pal-nZVI and Kaol-
nZVI have moderate and lowest efficiencies, respectively. The stated sequence can 
be attributed to the decrease in surface area of pristine clay minerals [53]. 

3.2 Advantages of Clay-Supported nZVI Composites 

C-nZVI possesses exceptional benefits over both pristine nZVI and pure clays when 
compared individually. Different types of clays can be synergistically combined 
with nZVI to produce C-nZVI composites that have enhanced properties of both 
components. 

When compared with pristine nZVI, the following specific advantages have been 
observed when nZVI is loaded onto clays. Numerous studies have reported fine 
dispersion and speckled morphology of nZVI when supported on clay substrates in 
contrast to the aggregation of bare material [18, 30]. Phyllosilicates lead to rapid 
sorption of adsorbates owing to their reactive sites. High degradation rate of contam-
inants by C-nZVI increases the accessibility of new reaction sites [30]. In addition, 
leaching of metallic contaminants which are reduced to their zero-valent state by 
nZVI can be prevented by subsequent co-precipitation on the clay surface [17]. As 
observed by Bao et al. for Bent-nZVI, sludge formation due to iron leaching associ-
ated with traditional Fenton-type reactions can be minimized by C-nZVI materials 
[30].
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The buffer action of aluminol or silanol groups on clays can minimize fluctua-
tion in pH of C-nZVI reaction systems when compared to bare nZVI [59, 60]. Li 
et al. reported the buffered pH of Al-Bent-nZVI and Na-Bent-nZVI to be 6.7 and 
7.3 in comparison to 7.7 in bare nZVI when the initial pH was 6.0. Composites 
operating under a nearly neutral buffered pH show decreased production of insol-
uble iron oxides on the surface of nZVI and facilitates electron transfer from nZVI 
core to the surface [59]. Soliemanzadeh et al. observed that inner-sphere binding 
and covalent bonds of phosphorus anions led to less irreversibility of sorption by 
Bent-nZVI [54]. Desorption of adsorbed contaminants on natural clays is mitigated 
by contaminant degradation facilitated by the loaded nZVI [54]. Sorption of contam-
inants was seen to be less reversible on C-nZVI than on natural clays as a result of 
strong interactions. The inherent magnetic properties of nZVI allow magnetic separa-
tion and recovery of the nanocomposite post-remediation, in a less time consuming 
and hassle-free manner in contrast to inefficient recovery of pure clays [41, 61]. 
Formation of nanocomposites also helps reduce particle toxicity that arises from the 
difficulty in recycling pristine nZVI due to their small size [60]. 

In this chapter, nanocomposites which have been synthesized using only clay and 
nZVI are referred to as ‘simple clay nZVI composites’ (sC-nZVI), whereas materials 
which have been synthesized using other novel components synergistically with clay 
and nZVI have been designated as ‘engineered clay nZVI materials’ (eC-nZVI). 
These composites which have engineered materials in conjunction with clays have 
added benefits in addition to the common advantages of all C-nZVI. 

3.3 Engineered C-nZVI Materials 

Engineering nanocomposites using materials such as polymers, carbonaceous mate-
rials and other metals in combination with nZVI and clays produces novel composites 
with unique, superior properties. Accelerated and long-lasting Fenton activity, higher 
reusability, enhanced hydrophobicity, longer shelf life, broad effective pH range, 
better adsorption, redox mediation and introduction of positive charges on material 
surface are special characteristics observed in these engineered materials [17, 62– 
64]. Furthermore, materials have been engineered by incorporating the combined 
effects of membrane filtration and remediation through Fenton activity. A summary 
of contaminant remediation by eC-nZVI has been provided in Table 1.

3.3.1 Bimetallic C-nZVI Materials 

Bimetallic C-nZVI composites are unique in their utilization of nZVI in concomi-
tance with another zero-valent metal such as Cu, Ni and Pd. These materials have 
enhanced catalytic activity due to radical H-formation and better stability when 
compared with C-nZVI. The concerted action of the metal added with nZVI has been
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reported to aid the continued redox activity of oxidized iron by reducing generated 
Fe(III) to Fe(II) which can then be reused as a reducing agent [55, 60, 65]. 

Copper could be used as a catalytic additive to C-nZVI composites on account 
of its signature properties. Gopal et al. synthesized Cu(0) incorporated green Bent-
nZVI which portrays enhanced stability of nZVI, regeneration after remediation via 
convenient separation and substantial prevention of iron oxidation [55]. Accelerated 
degradation of trichloroethene based on the thermodynamic feasibility of regen-
erating Fe(II) from Fe(III) via formed Ni(I) in the Ni(0) incorporated Zeol-nZVI 
composite has been reported by Danish et al. [65]. 

Ezzatahmadi et al. produced a Pal-nZVI composite with added Ni(0) as a catalyst 
to remediate 2,4-dichlorophenol. Molecular hydrogen produced by the corrosion of 
nZVI was rapidly converted to hydrogen radicals by the catalytic activity of Ni(0), 
which caused enhanced dechlorination of the molecule [60]. Similar catalytic mech-
anism was observed for Pd(0) incorporated organo-Pal-nZVI in the debromination 
of decabromodiphenyl ether [66]. 

Application of bimetallic C-nZVI materials for heavy metal removal is also docu-
mented. Incorporation of Ni(0) in Zeol-nZVI was studied by Angaru et al. Here, Ni(0) 
acts as an electron carrier as well as a catalyst to generate atomic hydrogen which 
facilitates the improvement of electron donor ability of nZVI causing the improved 
reductive immobilization of heavy metals [67]. 

3.3.2 Carbonaceous Materials Incorporated C-nZVI Materials 

Literature reports the utilization of several carbonaceous materials such as activated 
charcoal, biochar (BC), graphene oxide (GO), reduced GO (rGO) and graphitic 
carbon nitride (GCN) in the preparation of clay incorporated engineered nZVI 
materials [17, 19, 36, 62]. 

Khandelwal et al. showed that activated charcoal incorporated Bent-nZVI 
provided a layered-porous surface which preserved nZVI reactivity even after a 300-
day exposure to open air [62]. In a different study, Khandelwal et al. presented a clay 
BC composite supported nZVI material which gave enhanced adsorption properties 
due to the porous structure and functionality of BC. Economical and abundant raw 
materials were used in the simple and easier synthesis [17]. 

The removal of copper has been improved by the use of GO as an additive in 
Bent-nZVI. Efficient remediation was due to the strong adsorption properties of 
hydrophilic GO which was uniformly dispersed under ultrasonication. Furthermore, 
the authors have credited the large specific surface area and flaky structure of GO for 
its function as a good support material [36]. Another additive, utilized for Acid Red 
18 dye removal using Pal-nZVI is rGO due to its strong adsorbing properties. The 
long shelf life and the activity of the material over a wide range of pH is reported 
[19]. Zhang et al. reported sustained Fenton activity of GCN incorporated Pal-nZVI 
through regeneration of consumed Fe(0) from photo-generated electrons produced 
by GCN. In this study, palygorskite clay supported the process by enhancing the 
dispersion of nZVI [68].
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3.3.3 Polymer Incorporated C-nZVI Materials 

Polymers are special materials which can act as stabilizing agents for nZVI, Fenton 
reaction accelerators and adsorption enhancers. Studies have been conducted to inte-
grate polymers such as polydopamine (PDA), polyethylene glycol (PEG), polyether-
sulfone (PES), carboxymethyl cellulose (CMC), carboxymethyl chitosan (CMCS) 
and polypyrrole (PPy) with clay materials to form polymer supported C-nZVI 
[61, 63, 64, 69]. 

Incorporation of PDA into C-nZVI has been reported to assist the remediation 
of Cr(IV) by Pal-nZVI owing to its role as an organic ligand which prevents the 
leaching of iron and its action as a redox mediator to facilitate the reduction of 
the contaminant. Moreover, PDA facilitates the reduction of Fe(III) to Fe(II) which 
further promotes the removal of oxyanions [64]. Chen et al. reported long-lasting 
Fenton activity of PPy incorporated Pal-nZVI due to the protection effect of PPy-
Pal layers. The authors also observed short equilibrium times and high adsorption 
capacities for the removal of naphthol green B [63]. 

Eltaweil et al. observed excellent chelating and adsorption properties of CMCS 
incorporated Bent-nZVI. Depending on the operating pH, effective remediation of 
both cationic and anionic dyes was reported due to protonation of the amine group and 
deprotonation of carboxyl groups of CMCS. Furthermore, authors have mentioned 
the reusability of the material up to five cycles without significant loss of performance 
[69]. 

Another polymeric stabilizing agent used to enhance nZVI composites is PEG. 
According to the study carried out by Zhao et al. PEG incorporated Zeol-nZVI 
demonstrated restrained magnetic activity, higher reactivity, improved adsorption 
efficiency and a broad effective pH range [61]. Utilization of membranes for environ-
mental remediation provides various advantages such as energy efficiency, chemical-
free operation, perpetual separation, convenience of usage in hybrid processes and 
prominent expansion of capacity. Selvan et al. produced a Kaol-nZVI incorporated 
PES membrane for the efficient remediation of arsenite [70]. 

3.3.4 Mesoporous Material Incorporated C-nZVI Materials 

Fusion of mesoporous materials and C-nZVI has also been studied. Improved 
adsorption capacity and hydrothermal stability have been observed in Zeol-nZVI 
by Guo et al. owing to the flexible pore structure and large specific surface area of 
incorporated MCM-41 [71]. 

3.4 C-nZVI Materials with Modified Clays 

Li et al. have studied the degradation of 2,4-DCP using organo-Bent-nZVI. Three 
different organic compounds namely hexadecyl trimethyl ammonium chloride
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(HTAC), octadecyl dimethyl benzyl ammonium chloride and aminocaproic acid have 
been used for the modification, out of which HTAC incorporated material possessed 
high inter-layer space and organophilic character. Due to this, increased adsorp-
tion of 2,4-DCP with subsequent Fenton oxidation was displayed which improved 
the contaminant degradation efficiency [35]. Usage of hexadecyl trimethyl ammo-
nium chloride to enhance adsorption properties and performance of palygorskite was 
reported by Liu et al. [66]. 

Cetyltrimethylammonium bromide, a cationic surfactant, has been used to modify 
montmorillonite owing to its increased hydrophobicity and larger lamellar space. 
Compared with the pristine clay, organo modified materials portray superior adsorp-
tion capacities for organic contaminants. Organo-montmorillonite can also provide 
good mechanical support to nZVI [33]. 

An amino functionalized Verm-nZVI has been reported by Zhao et al. which could 
be easily protonated, promoting the remediation of anionic contaminants through 
feasible adsorption by electrostatic interactions and ion exchange mechanisms. 
Enhanced stability, considerate regeneration and reusability were also demonstrated 
by the material owing to the special properties of functionalized carrier [41]. 

4 Contaminant Remediation by C-nZVI Composites 

Remediation activity of C-nZVI occurs due to the synergistic activity of both nanopar-
ticle and clay [30]. This process can take place due to three possible mechanisms, (1) 
adsorption onto generated iron oxyhydroxides, (2) adsorption onto the binding sites 
of the carrier and (3) oxidative/ reductive degradation by nZVI [17]. Adsorption of 
an adsorbate onto clay surface can take place by electrostatic attraction owing to its 
surface negative charge. Furthermore, metallic contaminants can be coprecipitated 
on the clay surface after their reduction to the zero-valent state by nZVI [17]. 

4.1 Electron Transfer Mechanisms of nZVI 

Oxidative and reductive electron transfer mechanisms of nZVI have been well docu-
mented [1, 11, 13]. As this chapter focuses extensively on the processes of C-nZVI 
remediation, the fundamentals of nZVI remedial mechanisms are provided in brief. 

The oxidative transformation of organic contaminants by nZVI takes place 
through several approaches such as nZVI-induced Fenton reaction, free radical medi-
ated AOPs and nZVI under aeration. Fenton reactions of nZVI are the most studied 
out of the three approaches. This mechanism is based on the extremely reactive 
hydroxyl and hydroperoxyl radicals generated from the reaction between hydrogen 
peroxide and Fe(0) [11]. The nZVI Fenton process is self-catalytic and depends on 
the oxidative dissolution of nZVI in the presence of hydrogen peroxide which acts
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as a scavenger of hydroxyl radicals. The pH for the reaction is provided by interfa-
cial hydronium ions produced in-situ at the nZVI surface which enables continuous 
release of Fe(II) [1, 11]. 

Reductive transformation by nZVI is where Fe(0) is oxidized by contaminants 
which have a standard electrode potential greater than −0.44 V. In most cases, 
contaminants are transformed into more benign by-products as a result of the elec-
tron transfer. Electrons generated from the oxidation of nZVI can be used either to 
reduce contaminants or produce H2 [11]. 

4.2 Effect of pH 

The effect of pH on the remediation of contaminants has been discussed under organic 
molecules, heavy metals and oxyanions separately to provide clarity and ease of 
interpretation. 

4.2.1 Effect of pH on Organic Molecule Remediation by C-nZVI 
Materials 

The pH of the solution plays a pivotal role in the adsorption and Fenton activity of C-
nZVI materials. In general, the degradation of organic contaminants is well favored 
and facilitated under acidic conditions and the rate of elimination decreases as pH 
increases [19, 30, 57, 60]. This can be attributed to several causes. Corrosion of iron in 
aqueous solution at low pH to form atomic and molecular hydrogen, hydronium ions 
and hydroxyl radicals is important for organic contaminant degradation [34, 60]. In 
addition, acidic conditions can dissolve the oxides and oxide coatings on the surface 
to Fe(II) in order to expose the iron core to accelerate redox reactions and Fenton 
activity [19, 30, 60]. At lower pH, the presence of oxonium ions in the organic 
contaminant will prevent the dissociation of surface acidic groups which enables 
the formation of H-bonds and π-π interactions with C-nZVI leading to maximum 
adsorption capacity [72]. 

However, strong acidic conditions can potentially decrease the rate and efficiency 
of organic contaminant degradation due to several special circumstances. (1) Rapid 
dissolution of nZVI in acidic medium at a rate faster than its self-catalysis leads to 
reduced Fenton activity, (2) formation of molecular hydrogen produces air bubbles 
on the catalyst which limits surface contact [73]. 

The decreased remediation of organic contaminants in alkaline medium has been 
attributed to a variety of reasons. Fe(II) has low solubility when alkalinity of the 
solution increases which leads to reduced Fenton activity [33]. In addition, rapid 
decomposition of hydrogen peroxide to oxygen and water, inhibition of hydroxyl 
radical generation and rapid scavenging of hydroxyl radicals by alkaline species 
would cause Fe(0) to react with hydroxyl ions to produce iron hydroxide at high 
pH causing a substantial decrease in contaminant degradation rates [30, 57]. Due
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to the deprotonation of surface silanol and aluminol groups on the clay substrate in 
aqueous alkaline media, a high negative charge is imparted onto the surface of the 
clay substrate which can repel several organic contaminants with electron donating 
moieties due to electrostatic repulsions [18]. 

4.2.2 Effect of pH on Heavy Metal Remediation by C-nZVI Materials 

In general, heavy metals show maximum adsorption at mild acidic conditions [67, 
74]. In contrast, strong acidic and alkaline conditions have been reported to be less 
favorable for sorption. 

Heavy metals such as Cu(II) and Pb(II) can have alkaline precipitates preventing 
reductive remediation due to their low solubility products. But Ni(II) showed higher 
remediation as it has a solubility product higher by several magnitudes than that 
of Cu(II) which allows it to be more accessible in its soluble cationic form and 
have strong electrostatic interactions with the negatively charged surface of clay at 
neutral pH [59]. Another issue observed at alkaline pH is the formation of iron oxide 
layers which can block reactive sites diminishing adsorption [59, 74]. Furthermore, 
as mentioned in Sect. 4.2.1, decreased Fenton activity at high pH is another factor 
that contributes to diminished remediation. 

In a strong acidic medium, the adsorption of heavy metals faces several chal-
lenges. An oxyhydroxide layer covering can form on the surface of cations decreasing 
adsorption [74]. In addition, sorption efficiency can get reduced due to competition 
posed by hydronium ions and excessive nZVI corrosion by the same [36, 67]. 

The point of zero charge (pHPZC) plays an important role in the adsorption process. 
If the pH of the medium is higher than the pHPZC, the surface becomes negatively 
charged due to deprotonation. This leads to higher electrostatic interactions with 
cationic species in their aqueous forms, leading to enhanced remediation [75]. Owing 
to the ion exchange process at the C-nZVI surface, there is high possibility of a 
significant reduction in pH during contaminant remediation. 

A deviation from the general scheme is observed for Hg(II) which showed 
increased remediation at higher pH. The predominant species at alkaline condi-
tions are observed to be mercury hydroxides which have higher mobility due to 
their smaller effective size when compared with the metal cation [75]. According to 
Kornilovych et al., charges of uranium species fluctuate based on different pH and 
maximum sorption are exhibited in a neutral pH range due to opposite charges of 
uranium ions and clay surface [53]. 

4.2.3 Effect of pH on Oxyanion Remediation by C-nZVI Materials 

In contrast to metal cations, oxyanions require a positively charged surface for effec-
tive electrostatic interactions and adsorption that would lead to subsequent remedia-
tion. Therefore, oxyanion remediation is best observed when the pH of the medium 
is below the pHPZC of C-nZVI [64]. As a result of the sensitivity of oxyanions to
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solution pH, adsorption under acidic conditions provided the best efficiency while 
the adsorption capacity reduced with increasing pH. Furthermore, higher protonation 
of nZVI and reduced surface passivation also occurs under acidic conditions leading 
to more remedial efficiency [31, 76]. 

At alkaline pH, a decrease in the removal capacity of C-nZVI can be seen as a result 
of hydroxyl ions competing for the same adsorption sites [77]. A strategy utilized 
to provide a wider pH range for the remediation of oxyanions is the introduction of 
protonated functional groups such as amino groups onto the C-nZVI material [41]. 

4.3 Kinetics of C-nZVI Associated Remediation 

Some studies have reported adsorption kinetics for just the supporting substrate 
and then for the combined effect of both adsorption and redox degradation of the 
C-nZVI material. This enables the computation of redox-degradation kinetics of 
nZVI using the data obtained [18]. In these studies, it is understood that adsorption 
kinetics followed the pseudo-second order (PSO) model while degradation kinetics 
followed the pseudo first order (PFO) model. In contrast, a majority of reported 
studies have only focused on the kinetics of remediation by entire composite. All of 
these studies except for a few, report that the overall kinetics of remediation of the 
C-nZVI material is PSO. If the overall kinetics fit into a PSO model, the remediation 
might be adsorption dominated and if they fit a PFO model, the remediation might be 
redox degradation dominated. In addition, J. Suazo-Hernández et al. have reported 
that competition by other species in multi-component systems can adversely affect 
remediation kinetics [77]. The rate of contaminant remediation has been documented 
to be vastly increased in C-nZVI when compared to pristine nZVI. 

4.4 C-nZVI Associated Free Radical Mediated AOPs 

Remediation of organic contaminants and heavy metals via free radical mediated 
AOPs in persulfate (PS), peroxymonosulfate (PMS) and percarbonate (PC) media 
has been documented. Additional energy for heat or light and special equipment are 
not required when these systems are activated using Fe(II) [33]. 

4.4.1 Free Radical Mediated AOPs in Peroxymonosulfate 
and Persulfate Media 

Ding et al. have synthesized Pal-nZVI for the immobilization of quinclorac in a PMS 
medium which supplied sulfate and hydroxyl radicals by the reduction of HSO− 

5 with 
the use of Fe(0) present in the synthesized material. It also facilitated the reduction
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of Fe(III) to regenerate Fe(II) which in turn joined in the catalyzation of PMS to 
continuously produce hydroxyl radicals [58]. 

Under both aerobic and anaerobic conditions Fe(II) is generated by nZVI as shown 
in Eqs. (1) and (2). According to Eq. (3), PMS systems are activated by the generated 
Fe(II) to form hydroxy and sulfate radicals which readily react with the contaminants 
resulting in degradation and complete mineralization of the molecules. 

Efficiency of activating the PS system is improved by nZVI, as it reduces the 
formed Fe(III) to Fe(II), which re-enters the activation process as per Eq. (4). Under 
anaerobic conditions Fe(III) forms from Fe(II) and that cation is subjected to hydrol-
ysis to produce FeOOH which could react with the SO2− 

4 ions (Eqs. 5, 6 and 7). This 
results in accumulation of intermediates such as oxides and sulfates on the reac-
tive surface of the material. The activation of PMS system with nZVI to generate 
hydroxyl and sulfate radicals is shown in Eqs. (8), (9) and (10). Higher concentra-
tions of nZVI leads to excessive production of Fe(II) which negatively affects the 
remediation process by scavenging the active radicals as per the Eqs. (11) and (12). 
With very high concentrations of PMS, undesirable reactions as in Eq. (13) will occur 
as a limitation to radical activity toward contaminant removal [58]. 

Aerobic condition: 2Fe0 + 2H2O + O2 → 2Fe2+ + 4OH− (1) 

Anaerobic condition: Fe0 + 2H2O → Fe2+ + H2 + 2OH− (2) 

Fe2+ + 2HSO− 
5 → Fe3+ + 2 ȮH + SO·− 

4 + SO2− 
4 (3) 

Fe0 + 2Fe3+ → 3Fe2+ (4) 

2Fe2+ + 2H2O → 2Fe3+ + 2OH− + H2 (5) 

Fe3+ + 2H2O → FeOOH + 3H+ (6) 

FeOOH + SO2− 
4 + H2O → FeSO4 + 2OH− + 

1 

2 
H2 + 

1 

2 
O2 (7) 

Fe0 + HSO− 
5 + 2H+ → Fe2+ + HSO− 

4 + H2O (8)  

HSO− 
5 + Fe2+ → Fe3+ + OH− + SO·− 

4 (9) 

SO·− 
4 + H2O → ȮH + H+ + SO2− 

4 (10) 

SO·− 
4 + Fe2+ → SO2− 

4 + Fe3+ (11)
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ȮH + Fe2+ → OH− + Fe3+ (12) 

SO·− 
4 + SO·− 

4 → S2O2− 
8 (13) 

In a different study, Zhang et al. have observed a similar mechanism in the PS 
medium for the remediation of trichloroethylene (TCE) and Cr(IV) using Pal-nZVI 
[78]. Further, Wu et al. have utilized organo-Mont-nZVI in a PS medium to degrade 
sulfamethazine via sulfate and hydroxyl radicals formed by the reaction of S2O

2− 
8 

with Fe(II) [33]. 
Under aerobic and anaerobic conditions Fe(II) is generated from nZVI as per 

Eqs. (14) and (15), respectively. In PS media, Fe(II) is produced by the reaction with 
persulfate ions as indicated in Eq. (16). Fe(0) also reacts with the formed Fe(III) to 
regenerate Fe(II) (Eq. 17). Initiation of sulfate radical generation through persulfate 
system activation is carried out by Fe(III) ions in accordance with Eq. (18). Alkaline 
conditions are not favorable for stable activation of PS medium, as there is a tendency 
of the formed free radicals to be quenched (Eq. 19). The same effect is seen at 
higher concentrations of PS, as it reduces the reactivity of available free radicals 
in the medium (Eqs. 20 and 21). In acidic media, Fe(II) is produced as per Eqs. 
(16) and (22) leading to sulfate radical generation demonstrated in Eq. (18). Even 
under acidic conditions, higher production of Fe(II) might lead to sulfate free radical 
scavenging. On the other hand, persulfate can also be decomposed as shown in Eqs. 
(23) and (24) to water and molecular oxygen in the presence of low pH conditions. 
Alkalinity favors the generation of hydroxyl radicals via the reaction with sulfate free 
radicals and water or hydroxyl ions according to Eqs. (25) and (26). This reduces 
the availability of sulfate free radicals for the contaminant remediation [33, 78]. 

Fe0 + H2O + 
1 

2 
O2 → Fe2+ + 2OH− (14) 

Fe0 + 2H2O → Fe2+ + 2OH− + H2 (15) 

Fe0 + S2O2− 
8 → Fe2+ + 2SO2− 

4 (16) 

Fe0 + 2Fe3+ → 3Fe2+ (17) 

Fe2+ + S2O2− 
8 → Fe3+ + SO·− 

4 + SO2− 
4 (18) 

Fe2+ + SO·− 
4 → Fe3+ + SO2− 

4 (19) 

SO·− 
4 + SO·− 

4 → S2O2− 
8 (20)
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SO·− 
4 + S2O2− 

8 → SO2− 
4 + S2O·− 

8 (21) 

Fe0 + 2H+ → Fe2+ + H2 (22) 

S2O
2− 
8 + H+ → HS2O− 

8 (23) 

2H2O2 → 2H2O + O2 (24) 

SO·− 
4 + H2O → SO2− 

4 + ȮH + H+ (25) 

SO·− 
4 + OH− → SO2− 

4 + ȮH (26) 

4.4.2 Free Radical Mediated AOPs in Percarbonate Medium 

In the presence of a PC medium which is a source of hydrogen peroxide, Danish et al. 
have studied the remediation of TCE using Ni(0) incorporated Zeol-nZVI composite. 
Fe(0) presents in the composite acted as the 2Na2CO3 · 3H2O2 activator to generate 
hydroxyl radicals which caused the degradation of TCE molecules [65]. 

In the aqueous medium, PC liberates hydrogen peroxide as seen in Eq. (27). At 
a low pH, Fe(0) is oxidized to Fe(II) (Eq. 28). Besides, Fe(II) is also generated via 
the electron transfer process from Fe(0) to peroxide in the acidic medium according 
to Eq. (29). Activation of PS system results in the formation of hydroxyl radicals by 
the generated Fe(II) and Fe(III) ions in consonance with Haber Weiss mechanism 
(Eq. 30). Simultaneous reduction of Fe(III) to Fe(II) takes place as seen in Eqs. (31) 
and (32). As suggested in Eqs. (33) and (34), higher concentrations of PC will reduce 
the reactivity of available free radicals in the medium via quenching. An additional 
catalytic metal can also take part in the activation of PC systems by accelerating the 
generation of hydroxy radicals according to the given reaction scheme (Eqs. 35 and 
36). It will also participate in the regeneration of the consumed Fe(II) (Eq. 37). 

2Na2CO3 · 3H2O2 → 2Na2CO3 + 3H2O2 (27) 

Fe0 + 2H+ → Fe2+ + H2 (28) 

H2O2 + Fe0 + 2H+ → 2H2O + Fe2+ (29) 

H2O2 + Fe2+ → ȮH + OH− + Fe3+ (30)
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Fe3+ + H2O2 → Fe2+ + ȮOH + H+ (31) 

2Fe3+ + Fe0 → 3Fe2+ (32) 

H2O2 + ȮH → H2O + ȮOH (33) 

ȮOH + ȮH → H2O + O2 (34) 

Ni+ + H2O2 → Ni2+ + ȮH + OH− (35) 

Ni2+ + H2O2 → Ni+ + ȮOH + H+ (36) 

Fe3+ + Ni+ → Fe2+ + Ni2+ (37) 

5 Limitations and Future Directions 

As discussed in detail in this chapter, C-nZVI materials have been documented 
to be efficient and promising purifying methods for contaminated water. However, 
several challenges still exist for which solutions can be posed in the future studies. 
Suggestions are as follows. 

Most reported work on C-nZVI target specific contaminants to evaluate their reme-
diation efficiencies individually. Nevertheless, the performance of these nanocom-
posites can vary in competitive systems with other chemicals present. More studies 
should be conducted to understand the performance of C-nZVI in such environ-
ments. In addition, many studies have not been carried out in actual wastewater or 
natural water, spiked with known amounts of contaminants. This data is essential to 
survey the activity of other parties such as hydroxyl radical scavengers present in 
contaminated water which can cause drastic deviations from observed results. 

Furthermore, almost all studies have been carried out on a laboratory scale. Large 
scale experiments need to be conducted as certain levels of activity which are feasible 
in laboratory conditions can fail at large scale. More research should be focused on 
studying the C-nZVI-based remediation of a wider range of organic contaminants 
including new persistent organic pollutants [79]. 

Current methods of C-nZVI preparation have been limited mostly to liquid phase 
reduction. Other methods of synthesis such as carbothermal reduction, ball milling 
processes and chemical vapor deposition can be explored [80]. There are only limited 
studies carried out to explain the sequence of C-nZVI composite formation and
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the C:nZVI ratios used. Therefore, more investigation is needed to get a thorough 
understanding of these aspects. 

Further studies are needed to improve material shelf life and reusability. There 
are only a limited number of C-nZVI prepared using modified clays. Hence, research 
can be done to incorporate more novel modified clay into nZVI. In the recent past, 
novel eC-nZVI materials have been documented. However, there is potential for 
more composites of such nature with even better functionality. C-nZVI has better 
operating capabilities and working range than pristine nZVI but its remediation 
efficiency in neutral or alkaline conditions needs to be improved. Furthermore, to 
have a better understanding of the contribution made by the incorporated substance to 
the engineered material, performance of eC-nZVI should be compared with C-nZVI 
and each pristine component. 

Most of the reported literature discuss kinetics of remediation for the entire 
C-nZVI material. However, some studies have discussed adsorption kinetics for 
the supporting material(s) without nZVI and then investigated the collective effect 
of adsorption and redox degradation by evaluating kinetics of the entire material. 
Thereafter, redox-degradation kinetics of nZVI have been computed. This approach 
is recommended for future studies as it provides a thorough understanding of the 
performance of pristine nZVI and support material. 

Only a limited number of comparative studies have been carried out to evaluate 
the performance of C-nZVI with different clay minerals for a specific contaminant. 
Conducting more studies of this nature is important to get a thorough understanding 
of the performance of various types of C-nZVI. 

6 Conclusions 

There has been an increased focus on the use of C-nZVI for the treatment of many 
aquatic contaminants such as heavy metals, organic contaminants and oxyanions in 
the recent past. Inhibition of nanoparticle agglomeration and enhanced exposure of 
nZVI reactive sites in C-nZVI composites to contaminants directly result in better 
performance over pristine individual components. In alkaline conditions, the remedi-
ation of contaminants by C-nZVI is inefficient but attempts have been made to widen 
the operating pH range. In addition to sC-nZVI, the research focus for C-nZVI has 
been directed to produce eC-nZVI which have prolonged shelf life, sustained Fenton 
activity and improved adsorption characteristics. Free radical mediated AOPs have 
also attracted interest due to their enhanced electron transfer mechanisms. Many 
studies have demonstrated that C-nZVI composite materials hold significant promise 
for the purification of contaminated aqueous solutions. However, more comprehen-
sive, systematic studies are required in the future research to understand the perfor-
mance of C-nZVI in competitive systems, in wastewater and in the treatment of new 
persistent organic pollutants.
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Silver Applied Ceramic Filters 
as Point-of-Use Water Treatment Device 

Joshua Nosa Edokpayi, Mukhethwa P. Mannzhi, Musiwa P. Sadiki, 
and Nduvho M. Tshidumo 

Abstract The sustainable access to clean and safe water has resulted to improved 
health outcomes. Millions of deaths of underage children have been linked to the 
consumption of microbial contaminated water from various sources. The cost of the 
provision of centralized water infrastructure for potable water supply is high and 
becoming unbearable for many developing countries across the globe. The invention 
of several point-of-use water treatment devices has aided the provision of safe water 
for human consumption at the household level. One of such water treatment devices 
is the use of silver-impregnated ceramic water filters. The material used are often of 
local origin which makes it cheap and affordable for many. This chapter report on the 
use of various forms of silver-applied ceramic filters, the mode of silver application 
as well as the socioeconomic factors that favors its use under different settings. 

Keywords Ceramic water filter · Silver nanoparticles ·Water quality · Human 
health · Point-of-use water treatment technology 

1 Introduction 

The availability and accessibility of clean and safe water for human consumption 
is a critical issue around the world, hence the need for cheap and effective ways of 
treating water. Low-income communities mostly face the burden caused by water-
related illnesses and the high demise rate of young children [82]. According to 
the World Health Organization (WHO), the highest number of deaths related to 
waterborne diseases have been estimated to be due to the consumption of microbial 
contaminated water [86, 85]. Furthermore, water-related diseases can lead to chronic 
diarrhea caused by a bacterial infection linked to the consumption of food and water 
that have been defiled by feces [44, 82]. The consumption of such water hampers a 
child’s development at the time of infection and could affect them cognitively in the
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future. Despite the progress that has been made on sustainable access to safe drinking 
water as at 2022, about 2 billion people still consume microbial contaminated water 
[87]. 

In many low-income countries, access to safe water and sanitation has been 
reported to be low, and rural communities rely on flowing streams which are 
profoundly turbid [23, 26]. Although water from water supply infrastructure is 
monitored for quality, many households still face water shortages and poor water 
quality, and this is partly because the municipal water distribution systems are not 
always maintained properly leading to a great amount of water loss and ingress 
of water contaminants. Residents of most of the affected areas are compelled to 
rely on polluted water for drinking, and this results in waterborne diseases [28, 
4]. The erratic supply of potable water has encouraged the use of alternative 
sources of drinking water such as rivers, lakes, streams, non-protected springs, 
wetlands, ponds, harvested rainwater, and groundwater [2, 20, 44]. However, most 
of these water sources are majorly polluted by communities living near them (with 
several domestic activities such as laundry, agriculture including animal watering, 
deposition of solid waste amongst others), and from non-point sources of pollution 
[20]. Therefore, it is highly crucial to have access to clean and safe water to support 
public social welfare and development [5]. 

Furthermore, many regions of low-income countries do not have a centralized 
water purification system for the supply of clean and safe water; this is either due to 
the terrain of such places or the lack of adequate funds to run an effective water treat-
ment and supply system. The use of other alternatives for water treatment becomes the 
most viable option [35]. The World Health Organization (WHO) has proposed the use 
of a decentralized approach of water treatment at the point of use in households, and 
this is commonly known as point-of-use water treatment technologies (POUWTTs) 
[75]. The POUWTTs have been widely used as a more practical treatment option 
due to their potential in improving the quality of water at the point of consumption. 
POUWTT provides an inexpensive and effective solution to decrease waterborne 
diseases by aiding families to treat water in their households before drinking, thus 
minimizing the gamble of recontamination, which can occur during transport and 
storage [32]. The major problem associated with the use and consumption of the 
various drinking water alternatives has to do with turbidity and microbial contam-
ination. Although chemical contamination has been reported, the influence of poor 
microbial quality remains the major focus of most POUWTTs [52]. 

Currently, there are different promising point-of-use water treatment (POUWT) 
methods widely used such as biosand filters [89], chlorine tablet [45], ceramic water 
filters (CWF) [48], sunlight disinfection [15], the use of activated carbon [8], ceramic 
tablet [57], Madidrop [33], and aqua salveo [7]. Most of these methods have been 
applied successfully in laboratories, their performance in the community setting 
can vary depending on various factors, such as the ease of use, acceptability, and 
user compliance can affect their effectiveness when used in households [5, 21]. 
This study reports on CWF which uses silver in various forms as a disinfectant to
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improve microbial inactivation. Ceramic water filter is among the most practical and 
sustainable technology for water treatment at the household level which have low 
maintenance cost, highly affordable, easy to use, effective in bacterial inactivation, 
and reduces turbidity in water [88]. 

2 Ceramic Water Filters (CWFs) Production 

CWFs are a type of POUWTTs (Fig. 1) used in rural communities that do not 
have access to centralized drinking water treatment systems [13]. CWFs have been 
widely regarded as one of the best water treatment innovation for household drinking 
water and have been produced by various organizations such as Potters for Peace 
(United states of America), PureMadi company (South Africa), Ceramic Water Puri-
fier (Cambodia), Chijuo water filters (Kenya), NGO Thirst-Aid (Thailand), Colloidal 
silver filter (Nepal) to help with decreasing the problem of drinking contaminated 
water in developing countries and during emergency caused by natural disaster such 
as earthquakes, hurricanes and during wars to provide displaced people with clean 
and safe water [46, 54]. According to to Lemons et al. [41], ceramic filters are a 
socially acceptable alternative for drinking water treatment as they are easy to use, 
cheap, locally available, and do not introduce any smell or taste to the water. The 
filters are known to be easy to produce in most developing countries for intended 
use, as it is known to be comprised of a mixture of clay and burnout materials 
like sawdust, which is then followed by molding into shape, drying, and firing at a 
controlled temperature [82]. There are several stages involved in the production of 
CWF shown in Fig. 2. Although some of the stages can be modified by each of the 
CWF manufacturers to suit their needs.

 a   b  c  

Fig. 1 Various CWF used a The Potters for Peace filter [40]; b PureMadi water filter [65] and  
c Kohler clarity filter
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Fig. 2 Filter production chart (Source https://wiki.lowtechlab.org/wiki/Filtre_à_eau_céramique/ 
en) 

Table 1 shows some of the major factors to be considered during CWF production. 
One of the major ingredients used in ceramic water filter production is the clay 
material; however, the clay materials are different in mineralogical constituents. The 
three major clay groups which are Montmorillonite, Illite, and Kaolinite have been 
reportedly used in the manufacture of CWFs but the most widely reported is that of 
Kaolinite clays. Most of the clay materials used for CWF production were selected 
because of their availability, low cost, and less energy required during the production 
of the filters. Materials such as sawdust, grog, and rice husks are usually used to aid the 
porosity of the filter, but sawdust has been widely reported than others [55, 30]. Some 
CWF producers also add activated carbon and charcoal as additional components to 
aid the efficiencies of the filters.

The firing temperature used for CWF production varies depending on the kind of 
clay material used and the type of the furnace used [25]. Several kinds of kiln have 
also been reported ranging from the traditional and homemade kilns to the clamp 
kilns. Different fuel types have been reported for heating the kilns such as fuelwood, 
dried twigs, and cow dungs [14, 30]. Some CWF factory like the Pure Madi uses an 
electric furnace. 

After firing, some common test are routinely performed on the filters and this 
include: pressure test, flow rate test, microbial removal efficiency test, and turbidity 
reduction test. This is done to verify its suitability before distribution [4]. During the 
filter production after firing some CWF producers do not add silver before distribu-
tion, while others add silver via painting in form of silver nanoparticles and silver 
nitrate solution although some uses silver nitrate salt prior to firing.

https://wiki.lowtechlab.org/wiki/Filtre_%E0_eau_c%E9ramique/en
https://wiki.lowtechlab.org/wiki/Filtre_%E0_eau_c%E9ramique/en
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Table 1 Materials used for ceramic filter production 

Burn-out 
materials 

Nature of 
silver used 

Furnace 
temperature 
(°C) & time 

Mass of clay 
per filter (kg) 

Country Reference 

Rice husk None 900 for 2 h 0.24 Benin 
Republic 

Akowanou et al. 
[3] 

Sawdust None Temp N/R 
run for  1 h  

2.75 North-eastern, 
Zimbabwe 

Chaukura et al. 
[14] 

Sawdust None 850 and 950 N/R Nigeria Ekpunobi et al. 
[23] 

Sawdust and 
groga 

Silver nitrate 
and silver 
nanoparticles 

950 for 
8–12 h 

2 South Africa Ndebele et al. 
[56] 

Sawdust Silver nitrate 900–1400 
for 4 h 

N/R Vietnam Dung et al. [19] 

Sawdust Silver 
nanoparticles 

877–1006 N/R Nigeria Akosile et al. [4] 

Rice husk None 950–990 for 
8–9 h 

N/R Haiti Guerrero-Latorre 
[30] 

Sawdust and 
grog 

None 700, 750 
and 800 

N/R Southern 
Ethiopia 

Bulta and 
Michael [12] 

Sawdust Silver nitrate 
and Silver 
nanoparticle 

900 for 3 h 0.17 Earysville, 
Virginia 
(USA) 

Jackson and 
Smith [35] 

Groga–a filter that filter did not pass the test can be re-used as a burnout material. N/R–Not reported. 
The most common clay type was kaolinite although for some studies the kind of clay used was not 
reported.

3 Kind of Silver Used in CWF Production 

Sustainable access to clean and safe water is a fundamental human need [56]. 
Although the use of CWF without the addition of a disinfectant has recorded about 2 
log reduction of E. coli, reports from previous studies have shown that the addition of 
silver in its various forms has aided the pathogen inactivation potential of CWFs [37]. 
Silver has been widely used in CWFs in a variety of ways. According to [56], silver 
nanoparticles are the primary antimicrobial agent that is commonly added to CWF 
to help with inactivation of microorganisms, reduce the transmission of pathogens 
in treated water, and hinder the growth of biofilms on the surface of the filters. 

The use of silver nitrate as an alternative to silver nanoparticles is constantly 
being tested due to potential workplace inhalation exposure risks and the high cost 
associated with the use of AgNPs [35]. The effectiveness of ceramic water filters with 
added silver nitrate for the reduction of E. coli was examined by [37] in Indonesia, 
and the findings revealed that ceramic water filters significantly reduces the levels of 
E. coli. The adoption AgNO3 in the manufacture of ceramic filters could potentially
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enhance microbiological performance, lower production costs, improve the safety 
and occupational health of the CWF manufacturers, as well as improve consumer 
safety when using ceramic water filters for household water treatment [56]. 

4 Method of Silver Application on CWF 

Silver nitrate and silver nanoparticles have been added to CWF using various modes 
such as painting, mixing before firing, and dipping. 

Painting method: The porous ceramic filter is painted with AgNPs on both the 
interior and the exterior after firing (Fig. 3). Contaminated drinking water will receive 
long-term water disinfection due to the silver that adhere to the ceramic filter’s 
pores [56]. Similarly, AgNO3 solution has been painted to ceramic filter and ceramic 
disk for water disinfection in different concentration range. Varying levels of silver 
retention have been reported as well as the levels in the treated water. Most CWF 
and disk produced using this method conformed to the EPA standard of 100 ppb in 
the treated water. Although the characteristic of the raw water and the kind of clay 
materials used in the filter production plays a major role in the leaching of silver 
from the ceramic filter material which might affect the lifespan of the filter. It has 
been reported that AgNPs have higher retention on CWF than AgNO3 solution if the 
painting method is employed after the filter production [49].

However, there are several limitations associated with the painting of CWFs with 
AgNPs. Silver nanoparticles are imported by many filter manufacturing facilities, 
mostly in the developing world as they are not locally available in the market, and this 
influences the cost of the final product. However, there can be leaching of ionic silver, 
especially in the early stages of the filter use; this could result in silver concentrations 
in the treated water exceeding 100 ppb, the threshold level of the regulatory standard 
[84]. The inhaling of silver nanoparticles during painting may have genotoxic effects; 
therefore, using AgNPs during the manufacturing process may put the health of those 
producing the filters at risk [27, 35], but this can easily be offset if proper personal 
protective equipment are used. 

Dipping method: The way the silver is put into the filter has an impact on both 
how much silver is released and how well the filter works. Silver has been applied 
on CWFs also by dipping [73]. The pressure generated during dipping drives the 
silver particles into the pores of the ceramic when CWFs are dipped into a solution 
of AgNPs. In this production setting, the silver tends to concentrate on the exposed 
surfaces close to the pores. With dip coating, little to no silver is imbedded on the 
ceramic’s interior [72]. 

Mixing before firing method: This is a common method associated with the use of 
AgNO3 in CWF. The AgNO3 solution is added at an appropriate level to create the 
desired ionic silver levels in the filters before firing [36, 56]. Hence, AgNO3 is added 
as part of the raw materials needed to make the silver. This method reduces a stage of
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Fig. 3 Application of aqueous silver nanoparticles [65]

the CWF production when compared with the dipping and painting methods with the 
disadvantages associated with them. Filters with fired-in AgNO3 need between 5 to 
10 times as much silver as filters with painted AgNPs to have the same log reduction 
values (LRVs), and AgNO3 is more than 10 × cheaper when compared to AgNPs. 
A similar quantity of silver is released during dipping and painting,however, about 
0.3% is released when mixed before firing [68]. Therefore, there is a higher silver 
retention using this method compared to other known methods [35]. The drawback 
to this method is the potential loss of silver if the CWF fails the performance tests 
such as the flow rate and pressure test.
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5 The Efficiency of CWF Against Bacteria, Viruses, 
and Protozoans 

Viruses, bacteria, and protozoa are simply transmitted by consuming contaminated 
water. Ingestion of these microorganisms in water poses one of the greatest health 
concerns resulting in waterborne illnesses [86]. The effectiveness of a CWF is 
frequently evaluated by how well it can destroy a variety of water pathogens. Many 
bacterial and protozoans can be effectively removed by most ceramic filters, while 
some tiny viral species cannot be inactivated [70, 72, 80]. 

5.1 The Efficiency of CWFs Against Bacteria 

CWFs have demonstrated efficacy against a variety of pollutants, including bacteria 
[40, 73, 37] revealed that ceramic filters coated in silver nitrate and made of clay and 
bran (with compositions of 80 and 20%) may completely exclude E. coli from water. 
Table 2 below summarizes the effectiveness of ceramic filter against bacteria. 

5.2 The Efficiency of CWF Against Viruses 

According to Coleman et al. [17], viruses are responsible for about 1.3 million deaths 
annually due to diarrheal disease morbidity and mortality. It has been determined 
that viruses are a substantial factor in the global burden of diarrheal illness morbidity

Table 2 Effectiveness of CWF against some microbial indicator organisms 

Bacterial type Reduction % LRV (lo g10) Reference 

Total coliform 
E. coli 

94.70 
99.40 

NR 
NR 

Ndebele et al. [56] 

Total coliform 
E. coli 

88.67 
99.50 

4.06–4.11 
3.85–3.92 

Jackson and Smith [35] 

E. coli 
Enterococus faecalis 

NR 
NR 

> 6.00  
> 3.00  

Dankovich and Gray[18] 

Ccryptosporidium parvum 
E. coli 

NR 
98.00 

4.30 
NR 

Lantagne [40] 

Escherichia coli 
Clostridium spores 

NR 
NR 

3.00–6.80 
3.30–4.90 

Clasen and Boisson [16] 

E. coli 99.34 NR Kendarto et al. [37] 

Escherichia coli 
Bacteriophages MS2 

99.00 
90.00–99.00 

2.10–2.90 
1.20–4.10 

Brown and Sobsey [11] 

a NR- Not reported 
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and mortality, with the rotavirus alone accounting for 199,000 fatalities in 2015 [31, 
38]. Excellent log reduction values (LRVs) are produced by CWF for bacterial and 
protozoan infections, but very little viral elimination is achieved [45]. The efficiency 
of virus elimination remains a serious challenge for ceramic water filters technology. 

According to prior studies, utilizing ceramic water filters can marginally reduce 
the number of viruses present. Lantagne (2001) reported that colloidal silver-
impregnated ceramic filters resulted in a 0.09–0.5log10 reduction for MS2 virus 
which is quite low. In Nicaragua, Ghana, and Cambodia, [81], reported that typical 
MS2 reductions for ceramic filters with silver modifications varied from 0.5 to 1log10 
after 5 weeks and from 1 to 2 log10 after 13 weeks of use. For the best level of virus 
protection, a 3 LRV or above is recommended by the WHO guideline for domestic 
water treatment and safe storage methods. Although [76] reported that CWF can 
achieve a virus inactivation in the range of 0.5 to 4log10, the majority of cases 
reported show poor virus inactivation. This is currently one of the drawbacks to the 
use of CWF as POUWTT. However, it has been proven that there is a synergistic 
effect against viruses if silver and copper are used together. This presents a research 
gap in the CWF production that can be explored and tested both in the laboratory and 
under real settings. The success of this will lead to a transformation in the production 
and use of CWF [22, 77]. 

5.3 The Efficiency of CWF Against Protozoa 

Water treatment systems intended to provide potable drinking water must contin-
uously meet a 6log10 decrease in bacteria, a 4log10 reduction in viruses, and a 
3log10 reduction in protozoa, as stated by the National Sanitation Foundation and 
the United States Environmental Protection Agency [79]. The study by Mona [45] 
and [17] reported that CWF usage in the laboratory and the field reduced the risk of 
waterborne illness by a factor of three with a high percentage of protozoa removal 
from water. Prior investigations on protozoa and protozoan surrogates showed high 
removal rates (>4log10) by CWF for protozoa such as Giardia lambia and Cryp-
tosporidium parvum, as well as a 3.3–4.9 log10 removal of protozoan surrogate C. 
perfringens [81]. 

6 Other Water Quality Improvement 

Point-of-use (POU) water treatment methods, which enhance the quality of drinking 
water at the household level, provide an inexpensive and practical option to acquire 
safe drinking water and hence can help prevent waterborne disease outbreaks [88]. 
The use of silver-impregnated ceramic filter was reported to lower the turbidity of 
muddy water from 950 to 0.45 NTU in the study conducted by Issa et al. [34]. Abebe 
et al. [1] also recorded the removal of turbidity from an initial value in the range
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Table 3 Water hardness agents removal efficiency [12] 

Initial concentration before 
filtration (ppm) 

Final concentration range 
after filtration (ppm) 

Percentage (%) removal 
range efficiency 

C a2+ 56.25 13.87–39.00 30.10–75.30 

M g2+ 19.75 4.60–13.00 34.18–76.71 

SO4 
2− 46.00 1.50–12.00 73.90–96.70 

PO4 
3− 5.40 0.50–2.60 51.90–90.70 

of 9.7−13.1 NTU in the unfiltered water to a range of 0.1 to 0.5 NTU of filtered 
water which is below the WHO recommended value of 1 NTU. Maciel et al. [43] 
reported a turbidity reduction ranged from 30 to 93%. However, the long-time use of 
CWF for highly turbid water may have a negative impact on the lifespan and water 
purification efficiency of ceramic water filters [62]. 

Ceramic filters have been demonstrated by Bulta and Micheal [12] to have  
outstanding reduction efficiency for Mg2+ and Ca2+ (Table 3). Additionally, Bulta and 
Michael [12] demonstrated that turbidity (59.6%), iron (52.88%), calcium (56.9%), 
phosphate (76.2%), magnesium (59.02%), sulfate (88.98%), and nitrite (46.23%) 
were all averagely removed by ceramic filters. 

7 Health Improvements Reported Using CWF 

The prevalence of diarrhea among children under the age of 5 was reduced after the 
use of CWF [61]. Williams [83] conducted a study in a rural (Namasagali) and an 
urban (Kampala) community in Uganda, and of the 52 cases of diarrhea reported prior 
to the distribution of CWFs (with AgNO3) to 185 households, after three months of 
the study only four cases of diarrhea incidents were reported. CWFs used in Bolivia, 
South America served as a solution to diarrhea problem providing clean water to 
citizens. Zero levels of fecal coliforms were recorded in the effluent of the filters 
and diarrhea cases decreased by 70 and 83% in adults and children under the age 
of five, respectively [29]. The use of CWF as POUWTT has led to a huge decrease 
of water-related diseases in Makwane communities in South Africa that do not have 
access to treated water supply [53]. 

An improvement in the health and well-being of water users such as breadwinners, 
children, and elderly has been linked with the use of CWF at household level since 
they are preserved from drinking contaminated water with the associated health risk 
[63, 71]. In another study conducted in Kassala State (Sudan), CWFs were used to 
treat water with the purpose of reducing diarrhea in 1152 children under the age of 
6, and it was successful. Although waterborne diseases were reduced with the use 
of CWF, there is however, no direct link with weight improvement or prevention 
of stunting. The study of Okotch et al. [60] in Sudan did not record a significant 
difference in the weight of children who uses CWF and those that do not. Similarly,
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Hill et al. [33] also did not record a significant height and weight improvement in 
children below the age of 3 drawn from 404 households in South Africa that uses 
CWF from the control group. 

8 Cost of CWF and Acceptability 

The price of the material used during the production of any device influences the 
cost of the final product. Moraes et al. [51] reported that CWF production cost deter-
mines the selling price. This selling price includes production cost, profit, marketing, 
and administration expenses [58]. Table 4 displays price lists of CWF in different 
countries. The conversion rate used was the US dollar rate of September 2022. End 
users of CWF prefer filters that perform better and still affordable,however, some 
CWF prices exceeds the income of some people in low-income settings who are 
living in poverty [67]. Many households that received CWFs during a field study 
recommended it as being useful, however, some cannot afford it. 

CWF has been accepted by many households as a POUWTT which can be depend-
able, with no energy or chemical requirement, easy to use, move, and clean when 
clogged [42, 53, 77]. Moreover, the improvement of water turbidity increased its 
acceptability as water from most sources can be used [24, 60]. However, over time, 
the flow rate of the CWF reduces due to the pores being clogged and this can easily be 
removed by scrubbing the water receptacle of the filter, this may reduce the lifespan 
of the filters if highly turbid water is used most of the time [82], but its lifespan is 
reasonable compared to the initial investment. With proper maintenance adhering to

Table 4 Various costs of 
ceramic water filters Location/country Price 

(USD) 
Reference 

Btikk, Indonesia 3.26 Normal [58] 

Hobeni village, South 
Africa 

31.60 Lange et al. [39] 

Dehli, India 14.00 Meierhofer et al. [47] 

Cali, Colombia 76.62 Rivera-Sánchez et al. 
[71] 

Kampala, Uganda 22.60 UNICEF [78] 

Kandal, Cambodia 10.00 Brown and Sobsey [11] 

Hamaskraal, South 
Africa 

22.06 Ndebele et al. [56] 

Stefani, Brazil 164.99 Amazon [6] 

Phnom Penh, Cambodia 20.00 RDIC [69] 

Colombia, Canada 25.00 PWB [64] 



490 J. N. Edokpayi et al.

the instructions in the user’s manual, it has been discovered that CWF can last up 
to 5 years [88]. Other factors apart from cost the influences end-users choice of the 
kind of CWF to be used include, the color, taste, and odor of the treated water [24]. 

9 Conclusion 

Sustainable access to portable water remains a global challenge that may not end 
anytime soon. The means of purifying water at the point-of-use seems to be an 
alternative solution to improve drinking water quality since municipalities and local 
governments are struggling to supply potable water to households. CWF technology 
has been designed, used and accepted to be effective as a POU water treatment tech-
nology. Scientific reports of effective removal of bacteria, protozoans and turbidity 
improvement from raw water are impressive. Future studies should look at the inno-
vation of CWF in removing viruses and other hazardous chemicals from drinking 
water sources. 
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Natural and Modified Clay Applications 
in Remediation of Contaminated 
Groundwater and Soil Environments 

Ayse Dilek Atasoy and Mehmet İrfan Yeşilnacar 

Abstract Due to their tendency for adsorbing and immobilizing contaminants, clays 
and clay minerals can serve as materials for pollution control, factor that delay or 
prevent pesticide leaching into groundwater, and barriers in nuclear or hazardous 
waste management. Clay content of soil, along with organic matter and metal oxides 
control the contamination amount in surrounding and leaching solutions. Contam-
inants’ adsorption in soil as the key process, retards their mobility and infiltration 
through the soil profile. Toxic metals in wastewater create environmental pollution 
in all over the world. Industrial discharges and mine wastes are the major sources of 
detrimental metals. Their adsorption on widespread and inexpensive adsorbents is 
the most basic and cost-effective method for water treatment. In recent years, natural 
or modified clays have emerged as very attractive alternatives to be used as mentioned 
adsorbents. Heavy metal ion uptake includes a variety of processes, like simple ion 
exchange, surface complexation, and surface precipitation. The infiltration of metal 
is conversely related to adsorption and that the mobility of contaminant in the soil 
is controlled by the sorption phenomenon. Heavy metal adsorption on the soil will 
allow its accumulation on the plants while reducing its leaching to groundwater. 
Application of soil amendments can be used often as one of the in-situ technolo-
gies for the remediation process of contaminated soil. Clay minerals, in many cases, 
can be applied as suitable sorbents for the removal of metals. Studies of reactive 
clay barriers have included designs for which sorption is the primary mechanism for 
reducing contaminant flux. Therefore, this chapter presents an overview of natural 
(raw) and modified clay applications for vertical reactive barriers that use adsorbing 
materials to remove contaminants from groundwater. Clay also appears as a good 
soil amendment alternative in soil remediation. It was aimed in this chapter to reveal 
the heavy metal removal potential of different clays and to assess the possibility 
of their use as an adsorbent material in water treatment. In this context, adsorption
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studies on the natural and modified clays were examined. The heavy metal adsorp-
tion capacities of different clay types were studied, and Freundlich and Langmuir 
adsorption coefficients were compared with other similar samples. Efficiency of clay 
as an immobilization agent for metal binding was tested by adsorption batch tests. 
Various pH and temperature conditions were also included in the studies. Clay as a 
low-cost adsorbent has been concluded as a replacement for current costly methods of 
removing heavy metal from water. Clay modification was done by using Na and Mg 
incorporated materials and calcination at different temperatures. Adsorption capac-
ities of raw and modified clay types were compared for different contaminants, and 
suitability of clays for use as soil remediation amendment and as a contaminant 
binding surface in reactive barriers for groundwater remediation were discussed. 

Keywords Clay modification · Remediation · Water treatment · Adsorbent ·
Adsorption isotherms 

1 Introduction 

Clay minerals in nature may be benefitted as cost-effective adsorbents in water treat-
ment. Due to their high specific surface area, ion exchange capacity, and abundance in 
soil systems, clays play a significant role in remediation of contaminated groundwater 
and soil environments. Due to various problems related with the organic and inor-
ganic anionic pollutants or the inorganic cationic pollutants, the investigations were 
carried out as to innovate the natural clay materials with probable modifications [32]. 

Clay modification is used as an effective amendment for removing different 
contaminants from water. Modification of soil clays to organoclays is being improved 
as an in-situ subsurface remediation technic. For this purpose, organic cationic solu-
tion injects to form sorptive districts that can adsorb and immobilize contaminant 
plumes. In various chapters, details of this technology were discussed in line with 
the binding of modified soil clays, the subsoil hydraulic properties, the adsorption 
of contaminants by modified clays, and bioavailability of adsorbed contaminants 
to degrading bacteria [11]. Heavy metal immobilization states to the approach of 
in-situ techniques that use mostly clays or applications to mitigate the heavy metal 
bio-utilization in soil. This process includes adsorption, precipitation, and complexa-
tion reactions, which conclude in the phase transition thereby reducing their mobility 
in the water and soil [10, 40]. 

Various clay types have been used in the storage or disposal of hazardous wastes 
for environment protection. Clay minerals act as a natural sweeper of contaminants 
with ion uptake through adsorption or anion/cation exchange [28, 53]. Various clay 
types such as bentonite, sepiolite, and palygorskite, are utilized as agents in the 
polluted agricultural soil remediation. Despite the advantages of clay minerals in 
remediation applications, some restrictions such as low adsorption capacity, small 
metal-binding constants, limited selectivity for pollutant types, and large dosages 
appears as a constraint. There is an immediate need to determine how the modified
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clays effect the remediation, how the applied dosages can be reduced to lower costs, 
and how this process can be improved [52]. 

Heavy metal contamination is an important environmental problem in all over 
the world. It is often used in the literature as a name set for metals and semi-
metals that have been associated with potential toxicity and contamination [21]. 
Heavy metals can be released into the environment from a wide variety of sources. 
Human-based activities, mining activities, solid fuels, exhaust emissions, and indus-
trial and domestic wastes can be listed as the main reasons for heavy metal pollution 
[43]. In addition, they are the main components of contaminants, such as municipal 
waste, sludge, fertilizers, and pesticides that polluted natural resources. They are toxic 
elements and can cause serious health problems to most living things [25]. Contam-
inated water has heavy metals, like aluminum, iron, copper, zinc, and manganese. 
Because of their potential toxic effects, discharged dissolved metals into the envi-
ronmental resources as industrial wastewater or mine drainage water are assumed to 
be hazardous elements. 

Adsorption has a significant impact in pollution control approaches [42]. In the 
recent past, wide variety of methods have been applied for economical and reliable 
treatment of metal-contaminated wastewater. Adsorption has emerged out to be better 
alternative treatment methods [49]. Moreover, it is key process on the heavy metal fate 
in the natural environmental resources. Soil adsorbed contaminants are somewhat 
immobile in the soil and they have low infiltration rate through the soil horizons. 
The heavy metal infiltration is conversely related to its adsorption potential and 
that the contaminant mobility in the soil is controlled by the sorption phenomenon. 
Adsorption is principally a mass transfer case by which an element is transferred 
from the aqueous phase to the solid surface, and becomes bound by physical or 
chemical bonds [8]. Heavy metal removal by adsorption techniques has significant 
advantages, such as availability, profitability, high efficiency, ease of operation, and 
low cost in comparison with other technique [12]. This chapter aims to present an 
overview of natural (raw) and modified clay applications for contaminant removal 
from soil and groundwater by vertical reactive barriers including adsorbing materials, 
and to examine the adsorption studies on the natural and modified clays to reveal the 
heavy metal removal potential of different clays and to assess the possibility of their 
use as an adsorbent material in water treatment. 

Kasgoz et al. [29] and Mockovciakova et al. [36] claimed the clay and clay 
composites as high-impact adsorbents for heavy metal removal from water. Clays 
also have high cation exchange capacity (CEC) providing the efficient adsorptive 
character [47]. Negatively charged clay minerals are widely used in the removal of 
metal cations from wastewater in view of their high surface area and exchangeable 
cations [53].
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2 Natural and Modified Clays 

Natural and modified forms of clays have been extensively used for wastewater 
treatment technologies. Natural materials like activated carbons, clay minerals, and 
agricultural and industrial wastes have been employed as adsorbents in wastewater 
treatment [41]. The clay minerals have got a lot of attention as efficient adsorbents for 
contaminants in wastewaters [7]. Although natural clays have been widely used for 
water treatment, its hydrophilic surface usually renders in poor removal efficiency 
[50, 56]. Therefore, modified raw clays which have enhanced adsorption affinity 
toward different contaminants were investigated in various studies. The natural clay 
structure and surface properties were modified via chemical or thermal process. 

Atasoy and Sahin [3] investigated the fluoride (F) adsorption by the raw and the 
modified local cement clay. They used raw clay (CR) in their study that was currently 
utilized in cement production as local materials procured from Yaylak, Sanliurfa, 
Turkiye. Modified clays were arranged through calcination (500 and 850 °C), incor-
poration with Na and Mg, and application of both processes. Low F adsorption (with 
Kf_Freundlich constant and Q0_Langmuir constant values of 0.10 and 0.80, respec-
tively) was achieved on the CR due to the clay’s negative charged sites, which make 
it poor adsorbent for anions like F. Na or Mg incorporation into CRs or calcination 
alone did not show a significant change in the F adsorption rates. However, Mg satu-
ration of CR and then calcination at 500 °C increased the F adsorption, significantly 
with Q0 and Kf values of 1.69 and 0.27, respectively. Calcination created the strin-
gent bonds between the cations and the clay particulates. This issue resulted in the 
increased adsorption of F on the positive sites. 

In a similar investigation, Atasoy et al. [4] researched the fluoride adsorption by 
batch method on the raw bauxite (BR) and the modified bauxite. Bauxite modification 
was formed by incorporation with Na (B-Na) and Mg (B-Mg) and calcination of Mg 
incorporated bauxite at 500 °C (B-Mg-500). They found the highest F adsorption 
capacity for Mg incorporated bauxite at 500 °C (Fig. 1). This phenomenon was 
explained by the increased vacant sites and adsorbed Mg ions in the incorporated 
bauxite with the calcination treatment.

Froehner et al. [22] investigated the phenol removal potential of modified vermi-
culite and bentonite from contaminated water. Modified clays were synthesized 
by insertion of hexadecyltrimethylammonium in clay layers. The natural inorganic 
cations were replaced with organic cations to improve the adsorbent properties. The 
hydrophobic modified vermiculite was found very effective for phenol removing 
from water. The non-modified clays showed insignificant interaction with phenol. 
The removal percentage of modified vermiculite was higher than 35%, while it was 
30% for modified bentonite. 

The natural clay can be modified with distinct organic molecules by exchanging 
reactions of exchangeable cations or incorporated with organic molecule as to func-
tionalize the surface of clay. The incorporation of these organic molecules may finally 
rise the interlayer space of clay and hence allow the higher specific surface area and 
the affinity toward several contaminants present in aqueous solution [57].
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Fig. 1 Fluoride adsorption capacity of raw and modified bauxite [4]

3 Clays in Remediation Technologies 

Clay content of soil renders the soil-applied contaminants less bioavailable due to 
increased adsorption. Adsorption in soil reduces the leaching of contaminant through 
the deep horizons toward the groundwater [45]. Adsorption is a quick and change-
able mechanism for the removal of harmful anions or cations from groundwater by 
effective adsorptive clay barriers. Adsorption provides a solution to groundwater as 
well as soil remediation [19]. Using clay amendments to remediate soil will increase 
the adsorption of pesticides and heavy metals reducing their bio-availability and effi-
cacy, but also reducing their tendency to leach into root zones of deep-rooted crops 
and into groundwater [24]. 

Immobilization systems are intended to reduce contaminant mobility by modi-
fying the physical or leaching properties of the soil system [15]. Movement is typi-
cally reduced by either physically limiting interaction between the pollutant and the 
ambient groundwater or chemically changing the pollutant to render it more suitable 
for groundwater dissolution. Metals’ solid-phase as well as aqueous chemistry lends 
itself to immobilization through these strategies. Metal pollutants can be immobi-
lized using a number of approaches, comprising those that utilize natural, thermally, 
or chemically modified clay reagents to directly attach the polluted soil or slurry [51]. 
The majority of immobilization approaches could be done either in situ or ex situ. 
In situ methods are favored because they require less manpower and resources, but 
their applications would be dependent on complex site situations [1]. Mudzielwana 
et al. [37] prepared surfactant-modified kaolin clay for As(III) and As(V) by interca-
lating hexadecyltrimethylamonium bromide (HDTMA-Br) cationic surfactant onto 
the clay interlayers. It has been proven that surfactant-modified kaolin clay was a 
candidate adsorbent for arsenic remediation from groundwater.
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Fig. 2 Permeable reactive barrier configuration [13] 

Raw and modified clays are efficient materials for reactive barriers’ media in 
remediation applications. A permeable Reactive Barrier (PRB) is a reactive wall or 
zone constructed below ground to remediate contaminated groundwater (Fig. 2). This 
trench is filled with reactive media that adsorbs pollutants migrating with the natural 
flow of the groundwater. Once backfilled with the selected media, the trench is then 
covered with soils, plants, and the area is returned to its natural condition. Contami-
nants are contained within this treatment zone, reducing the threat of downgradient 
contamination [13]. 

Atasoy and Bilgic [2] studied on bauxite and montmorillonite clay. They found 
a greater adsorption capacity for the bauxite than the montmorillonite for Cu and 
Zn. Studied raw materials were the low-cost adsorbents that used effectively for Cu 
and Zn removal. Both the montmorillonite and bauxite were suggested as alternative 
adsorptive barrier media for Cu, Zn, or other metals contaminated sites. Clays can 
be used as remedial agents to grade up the old mining areas preventing the vertical 
transportation of metals through the groundwater, or to isolate the leachate of urban 
waste. pH is an important factor in soil for metal precipitation and metal adsorption 
cases. Cu and Zn adsorption on the clays was high at 8 pH and above. Therefore, e.g., 
lime application in contaminated fields to adjust the pH was affirmed to be effective 
for pollution management processes. In another similar study, Park and Shin [39] 
modified diatomite and montmorillonite by iron and manganese oxide to be used as 
immobilization ingredient for remediate the contaminated soil with Pb. Batch method 
was applied to examine the surface modification effect on Pb adsorption. Higher Pb 
adsorption in modified clays was determined than that in natural clays.
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4 Heavy Metal Removal by Adsorption on Different Clays 

4.1 Adsorption on Montmorillonite 

Natural minerals, including clay minerals and zeolites, from different areas of 
the world have been studied for the heavy metal removal by adsorption and ion 
exchange processes [9]. Clay minerals such as illite, kaolinite, or montmorillonite 
from Algeria, Brazil, China, Pakistan, Serbia, Thailand, and Tunisia were proven 
efficient in removing Cd2+, Cr3+, Cr6+, Co2+, Cu2+, Fe3+, Mn2+, Ni2+, Pb2+, or Zn2+ 

from contaminated waters [8, 16, 17, 26, 27, 34, 46]. Montmorillonite has excel-
lent adsorptive properties because of its structural characteristics. It has especially 
a large surface area, more tight channels inside, and wide adsorption sites within 
its inner space [44]. Mermut et al. [35] stated that Southeastern Turkey soils typi-
cally contained 60–65% clay, and montmorillonite was the most common clay type. 
Atasoy and Bilgic [2] investigated Cu and Zn adsorption on montmorillonite, and 
the usability of this adsorbent in heavy metal removal from water was discussed. It 
has the potential to be effectively used to generate inexpensive materials for copper 
and zinc removal. They provided montmorillonite purified from all of the impurities 
from Soil Science Department in University of Saskachewan, Canada. It matches to 
the 2:1 clay family and is formed of two tetrahedral coordinated sheets of silicon ions 
surrounding a sandwiched octahedral coordinated aluminum ions sheet. Net surface 
charge in the clay was negative because of the isomorphouse substitution occurred 
in the tetrahedral layers by substitution of Al+3 for Si+4 and in the octahedral layer 
by substitution of divalent cation such as Mg+2 for Al+3. High Cu and Zn adsorption 
rates were found on montmorillonite. Maximum Cu and Zn adsorption were 98.67 
and 98.55%, respectively. Montmorillonite adsorption capacity for Cu was higher 
than Zn with Qo and Kf values of 8.136 and 1.978 mg g−1, respectively (Table 1). 

Çelik [14] studied Pb and Ni removal potential of montmorillonite from water 
below the certain concentration. The equilibration time for both of the metal adsorp-
tion on montmorillonite took 20 min. Once the equilibrium was reached, maximum 
Pb and Ni adsorption rates were 97.74 and 75.30% on montmorillonite, respectively 
(Fig. 1). Increase in Pb and Ni adsorption was noted with increasing doses of adsor-
bents. Lead and Ni adsorption fitted well with both of Freundlich and Langmuir

Table 1 Cu–Zn adsorption and Freundlich and Langmuir constants [2] 

Clays Isotherm models 

Langmuir parameters Freundlich parameters 

Q0 (mg g−1) b (L mg−1) R2 Kf (mg g−1) N R2 

Bauxite (Cu) 9.115 0.757 0.98 4.179 4.098 0.97 

Montmorillonite (Cu) 8.136 0.402 0.96 1.978 2.088 0.96 

Bauxite (Zn) 5.197 1.095 0.99 2.882 6.230 0.96 

Montmorillonite (Zn) 4.290 0.386 0.95 1.868 2.037 0.98 
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Table 2 Langmuir and Freundlich constants of Pb and Ni adsorption on Montmorillonite and clay 
brick [14] 

Clays Isotherm models 

Langmuir parameters Freundlich parameters 

Q0 (mg g−1) b (L mg−1) R2 Kf (mg g−1) n R2 

Montmorillonit (Pb) 37.313 0.252 0.98 7.967 2.911 0.86 

Clay Brick (Pb) 25.062 7.634 0.98 9.729 5.637 0.90 

Montmorillonit (Ni) 24.938 0.028 0.97 1.548 2.045 0.97 

Clay Brick (Ni) 3.398 0.169 0.97 1.029 3.341 0.98 

isotherms. Lead adsorption was found to be higher than Ni. The montmorillonite 
maximum adsorption capacity for Pb and Ni was 37.31 mg g−1 and 24.94 mg g−1, 
respectively (Table 2). 

4.2 Adsorption on Bauxite Clay 

Bauxite is claylike material, and it has varieties in colors ranging from white to 
brown or red. Furthermore, it was used as an adsorbent for the removal of different 
trace elements, arsenic and chromate [23, 33, 54]. It is abundantly available mineral 
mostly containing alumina, iron, silica and titanium oxides. Al in its content ranges 
between 50 % and 70 % [20]. Atasoy and Bilgic [2] researched Cu and Zn adsorption 
on bauxite and removal from water. Atasoy et al. [4] studied with raw and modified 
bauxite in their research for drinking water. The bauxite used in both studies was 
a regional material purchased from Aluminum Process Plant in Eskisehir, Turkey. 
Bauxite is easy accessible in Turkey. Air-dried and sieved (<2 mm) bauxite was 
prepared in Istanbul Technical University, Geological Engineering Laboratories. 
According to its X-ray diffractogram, it comprised of boehmite, kaolinite, calcite, 
and hematite as 32.4%, 26%, 24.1%, and 21.1%, respectively. High adsorption rates 
for metals on bauxite were achieved by Atasoy and Bilgic [2]. Maximum adsorption 
of Cu and Zn was 99.65 and 99.41%, respectively (Fig. 1). They found the maximum 
adsorption for Cu on bauxite (Kf: 4.179 mg g−1; the maximum adsorbed capacity 
(Qo) estimated by Langmuir model achieved 9.115 mg g−1 (Table 1). Klauber et al. 
[30] claim that alkalinity supports metals precipitation as hydroxides and carbonates, 
while the large amount of iron/aluminum oxides supplies surface sites for metals’ 
sorption reactions. High iron and aluminum concentrations in bauxite and its alka-
linity conduce to its high adsorption potential. Atasoy et al. [4] prepared modified 
bauxite by using Mg and Na incorporation of bauxite (B–Mg, B–Na) and 500 °C 
calcined Mg incorporated bauxite (B–Mg-500). Adsorption increased with the rising 
adsorbent dose, and adsorption isotherms matched well with the Freundlich model. 
Raw and incorporated bauxites’ adsorption capacities were found low for metals.
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Thakre et al. [48] explained this phenomenon with easy desorption from the posi-
tive sites or mainly the weaker physical bonds between adsorbates and adsorbents 
[3]. In contrast, the maximum adsorption was achieved for calcined incorporated 
bauxite (with Mg) at 500 °C with Kf value of 0.247. The calcination treatment 
probably increased the vacant sites of incorporated bauxite to be adsorbed Mg ions. 
This investigation was clarified by the high number of positively charged sites in 
B–Mg-500. 

4.3 Adsorption on Clay Brick 

Renovation and demolition of old infrastructures cause high amounts of construction 
and demolition waste to be dumped in the environment, creating numerous environ-
mental and social issues [31]. Excessive clay bricks have been produced in recent 
years in the world, most of which will be demolished in the next years [18]. There-
fore, scientist and researchers are giving more attention to the effective use of waste 
clay bricks [31]. Additionally, studies with clay brick focused mainly to set an added 
value for the waste clay bricks as low-cost adsorbents to refine contaminated water. 

Çelik [14] investigated the heavy metal removal potential of inexpensive adsorbent 
of local clay brick as replacements for current costly methods of removing the excess 
Pb and Ni from water below the certain concentration. It was preferred because of its 
low cost, abundance, and easy availability characteristic. In the study conducted with 
batch adsorption experiments, the effects of factors such as adsorption time, adsorbent 
dosage, initial metal concentration and pH were investigated. Equilibration time for 
Pb adsorption took 40 minutes and Ni adsorption on clay brick took 4 h. Once 
the equilibrium was reached, maximum Pb and Ni adsorption rates were 98.65% 
and 45.89%, respectively (Fig. 3). Increase in Pb and Ni adsorption was noted with 
increasing doses of adsorbents. There was no significant change in Pb adsorption 
rate, while Ni adsorption increased with the increasing pH. Lead and Ni adsorption 
fitted well with isotherms of both Langmuir and Freundlich. The maximum clay 
brick adsorption capacity was 25.06 and 3.40 mg g−1 for Pb and Ni, respectively 
(Table 2). Clay brick adsorbed higher Pb concentration than Ni.

Similar adsorption research with brick clay was carried out by Priyantha and 
Bandaranayaka [38]. 200 °C fired brick clay obeyed both isotherms with high regres-
sion coefficients. Negatively charged fired brick clay indicated affinity against Cr 
species despite the negative charged Cr ion. It was concluded that fired brick clay at 
200 °C exhibited high Cr adsorption capacity. They suggested that their study may 
be improved for Cr (VI) contaminated effluents treatment. 

Final disposal of clays that adsorb heavy metals in a way that does not cause envi-
ronmental pollution is also an important problem. In this context, it is a very envi-
ronmental solution to use the adsorbent in brick making as a final disposal method. 
Adsorbed heavy metals are confined between layers with heat treatment in the brick 
production. Thanks to the bricks used as building material, the release of trapped 
heavy metals to the environment can be prevented.
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Fig. 3 Time-dependent adsorption values of a Cu, Zn on Bauxite and Montmorillonite and b Pb, 
Ni on cay brick and Montmorillonite [5]

4.4 Adsorption on Clayey Vertisol Soil 

The soils’ metal adsorption ability from liquids is of exclusive attention and has 
results for environmental questions like remediation of polluted soils and waste 
deposition. Major zones included in soils for heavy metal adsorption are mainly 
clays as inorganic colloids and organic colloidal material and metal oxides [12]. 

Atasoy et al. [6] studied on the carbonate-rich clayey soils for Fe, Mn, and 
Cd adsorption. Soil samples were taken from different three regions in Sanliurfa, 
southeast of Turkey. Vertisols as the predominant soils in the region were heavy-
textured and dark-colored as found ones in arid and semi-arid regions. They contain 
smectite type clay and low level of organic content. The maximum adsorption of 
metals of Fe, Mn and Cd was found with Kf values of 16.63, 2.18, and 1.01, respec-
tively (Table 3). The soil carbonate content showed a higher affinity than clay for Fe 
and Mn, while on the Cd adsorption, the clay was found to be more accelerate effi-
cacious than the carbonate. Adsorption of Mn fitted well with isotherms of both 
Langmuir and Freundlich models (R2≥0.95). Cd adsorption gave a better fit to 
the Langmuir model (R2≥0.99), while Fe adsorption was better matched to the 
Freundlich model (R2≥0.92).

The tasks of the barrier are waste storage and reducing or weakening the hazardous 
leachate effect to reach the groundwater during or after the existence of the landfill. 
Geological barriers for heavy metals and municipal solid waste landfills play an 
important role for the waste disposal protection and safety issues. Therefore, soils 
rich in clay minerals are probable geological barriers in landfills [55]. 

5 Conclusions 

Various clay materials have been generally investigated to minimize the expen-
sive adsorbents usage. Adsorption is one of the most important processes of metal 
uptake at the mineral-solute interface. Batch adsorption experiments in the recent
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Table 3 Freundlich and Langmuir isotherm constants for metal adsorption on clayey vertisol soils 
[6] 

Soil Freundlich constants Langmuir constants 

Kf 
(mg g−1) 

n R2 Q0 
(mg g−1) 

B 
(L mg−1) 

R2 

Cd 

Soil 1 0.67 1.67 0.8 2.75 2.39 0.99 

Soil 2 0.74 2.38 0.8 2.46 1.99 0.99 

Soil 3 1.01 2.38 0.7 2.83 17.16 0.99 

Fe 

Soil 1 16.63 0.43 0.95 0.45 9.58 0.85 

Soil 2 4.09 0.55 0.92 0.62 9.34 0.69 

Soil 3 9.20 0.42 0.95 0.41 7.34 0.65 

Mn 

Soil 1 1.56 2.16 0.99 3.13 0.20 0.95 

Soil 2 2.18 2.16 0.98 2.59 0.15 0.97 

Soil 3 1.35 2.14 0.99 3.21 0.29 0.95

works reported the maximum adsorption capacities for heavy metals. In the reported 
studies, the pH, contact time, initial concentration, temperature, and dosage effects 
were examined to verify the capacity of clay materials and the adsorption process 
with Langmuir and Freundlich isotherms. Inexpensive clay adsorbents in their high 
removal potentials will gain an important place as replacements for current costly 
methods in environmental engineering. Therefore, because of their abundance, low 
cost, and easy availability characteristics, clays will find intensive use against other 
methods in water treatment. Raw and modified clay minerals have important advan-
tages in the polluted soil/groundwater remediation. They can serve as materials for 
pollution control due to their tendency for adsorbing and immobilizing the contam-
inants. Pesticide and heavy metal leaching into groundwater can be prevented by 
clay in the permeable reactive barrier’s media. They are used in nuclear or hazardous 
waste management. The adsorbent properties of clays can be improved by different 
amendments, and higher pollutant adsorption is determined in modified clays than 
that in natural clays. However, remaining problems such as assessment of reme-
diation effects using new methods, long-term reliability, and improvement of clay 
minerals should be the focal point of future research.
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Slow Release-Formulations for Weed 
and Pest Control by Clay Composites 
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Abstract Pesticides and weedicides are important agrochemicals for achieving 
global food supply. However, the rapid release of the active ingredient from commer-
cial formulations, and the huge losses due to volatilization, photodegradation, and 
leaching, may render agrochemical usage economically unsustainable. Moreover, 
heavy usage of agricultural chemicals has led to serious ecological pollution. The 
findings of pesticide controlled/slow-release formulations are a significant concern in 
the modern agroindustry. Clay minerals are natural and relatively cheap components 
of soils. They are ideal materials for photostabilized agrochemicals and controlled 
release (CR) because of their colloidal nature, strong adsorption power, and easily 
modifiable surfaces. Clay-based formulations of pesticides can reduce their leaching, 
photodegradation, and volatilization. Consequently, they can improve the efficiency 
of agricultural chemicals and reduce environmental pollution. This book chapter 
discusses the potential use of nanoclay and clay composites in controlled-release 
pesticide/weedicide formulations, their slow-release mechanisms, challenges, and 
future perspectives. 
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1 Weed and Pest Control in Agricultural Systems 

Crop production is a crucial part of agriculture, which ensures the global food supply. 
There is an increasing need for sophisticated agricultural practices that are sustain-
able economically and environmentally due to the scarcity of resources (such as 
agricultural land, soil, and irrigation system) and insufficient crop productivity [1]. 
Weeds are one of the main factors restricting food production in farming systems all 
over the world. By competing with plants for water, nutrients, and sunlight, weeds 
impede the growth of crops, causing significant losses in crop production [2]. Weed 
control is a significant challenge in agriculture, and it is often a complex, contentious 
and costly problem to solve. Organisms known as pests are those that compete with 
crops and affect harmful ways to crop growth and yield. Pests include rodents from 
vertebrates as well as some types of nematodes, snails, vines, and mites, and the 
most prevalent category is insects. They result in less crop density, stunted growth, 
a lesser capacity for production, and a reduction in the yield or quality of horticul-
tural goods [3]. Crop losses are significantly higher in tropical nations because of 
the high temperatures and humidity, there are ideal conditions for pests to multiply 
rapidly [4]. Since both weeds and pests can have a negative impact on horticultural 
operations. Weed and pest management have been recognized as important aspect in 
sustainable agriculture. 

1.1 Methods of Weed and Pest Control 

Currently, two main strategies correspond to different techniques in weed manage-
ment in agricultural systems. On the one hand, synthetic weedicides are commonly 
used, but on the other, mechanical, cultural, and physical methods are frequently used 
to manage weeds [5]. Mechanical weed control techniques are challenging and need 
various weeding techniques and crop production strategies to achieve economically 
acceptable weed control levels. Mechanical weed control destroys weeds or reduces 
their competitive ability via physical means [6]. The crop, soil type, running costs, and 
demand of the workforce are a few practical factors that influence the choice of the 
mechanical weeding technique [7]. The use of herbicides or weedicides, also known 
as chemical substance applications, is at the top of weed control methods. Weedi-
cides were introduced in agriculture mainly to combat the weeds that compete with 
crops for nutrients and sunlight [8]. Other common uses of weedicides in the farm 
are to eradicate invasive plant species or undesirable plants for livestock farms and 
they can improve production efficiency, facilitate reduced tillage production systems 
and require fewer costs and human effort [5]. A large number of herbicides have 
been produced and are currently under development for field crops, and herbicides 
can be categorized based on their chemical group, application time (preplant, pre- or 
post-emergence), formulation, mechanism, uptake site, and selectivity [9]. Sulfentra-
zone, atrazine, isoproturon, and diuron are some of the most widely used herbicides
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in many countries [10]. Pest control measures can be categorized as mechanical or 
physical control methods such as tilling, pruning and using screens, fences, and nets. 
Further biological methods use living organisms (predators, parasites, and herbiv-
orous arthropods) and chemical fights to suppress a pest’s density to lower levels 
[11]. Pesticides are synthetic or natural chemicals used in a variety of agricultural 
activities to manage plant diseases, weeds, and pests. Herbicides, insecticides, fungi-
cides, and rodenticides are just a few examples of the various pesticides [12]. In the 
development process of the agricultural industry, pesticides have developed into a 
crucial tool for protecting plants and increasing agricultural productivity. Because 
they are inexpensive and effective against a variety of pests, organochlorine insecti-
cides like DDT, hexachlorocyclohexane (HCH), aldrin, and dieldrin are among the 
most widely used pesticides in developing nations [13]. Conventional weedicides, 
pesticides, and agrochemicals have become widely used in the agricultural sector, 
and this has led to a considerable increase in food production and crop yields [14]. 

1.2 Environmental Issues with Conventional Pesticides 
and Weedicides 

According to previous research, the majority of chemical pesticides used in agricul-
ture have negative effects on the environment and living things that could harm the 
ecological system. The soil retains a significant portion of the pesticide molecules 
used in crop fields and for other agricultural purposes. The regular and excessive 
application of pesticides enhances the issue of soil accumulation [15].  The fate of  
applied pesticides is determined by some parameters, including soil characteristics 
and soil microflora, and as a result, it passes through several degradation phases, 
transportation, and adsorption/desorption mechanisms [16, 17]. Solubility, adsorp-
tion, persistence, and volatility are important chemical properties of pesticides. Solu-
bility refers to a pesticide’s capacity for dissolving in a solvent, most frequently water. 
Temperature, pH, substance polarity, size of the pesticide molecule, hydrogen bonds, 
and the method employed all affect solubility measures. The potential of pesticide 
molecules to runoff or leach is higher when a pesticide is more water soluble [18]. 
The low ability of active ingredients to dissolve in water, non-selectivity behavior, 
and uncontrollable release of active ingredients to the environment are some of the 
limitations of pesticide formulations [19]. Adsorption causes because the chemical 
and soil particles are attracted to one another. The organic content and clay particles 
in the soil are typically more attractive to oil-soluble pesticides than water-soluble 
pesticides. According to previous findings, the overuse of pesticides reduces the 
organic matter in the soil, which also affects the soil’s capacity to retain water. As 
a result, the microbial load and variety of the soil decrease, which causes a drop 
in soil fertility. Furthermore, there is a significant decrease in the overall amount 
of organic matter in the ground. As a result, droughts are more likely to occur in 
the area. Therefore, urgent action should be conducted on a global level to address
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Fig. 1 Environmental benefits of controlled-release formulations over conventional pesticides/ 
weedicides 

the issue of pesticide-related environmental degradation [20]. To reduce the nega-
tive consequences of these chemicals, the major health and environmental issues 
that these toxic substances bring must be controlled as herbicide production and use 
increase (Fig. 1). 

2 Slow-Release Formulations of Weedicides and Pesticides 

Due to the rapid release of the active ingredient from commercial formulations, the 
findings of pesticide controlled/slow-release formulations are a significant concern 
in the modern agroindustry [12]. There are some advantages of slow-release formula-
tions over conventional formulations including improved pesticide efficacy, increased 
time of effectiveness of the pesticides, decreased toxicity to non-targeted species, 
decreased environmental component loss, and preserved the active ingredient. 
Further, it reduce the surface water and groundwater contamination, less pesticide 
usage for certain period, and provide safety effect for users. In contrast to conven-
tional pesticides, controlled-release pesticide formulations (CRFs) release pesticide 
molecules over time, providing for a lesser environmental concentration of the active 
ingredients while yet maintaining a high level of biological efficacy [21]. 

Physical or chemical delivery methods are the two main categories for controlled-
release pesticides for agrochemicals. In the physical method, the bioactive ingredient 
is combined with other compounds to prevent its loss by evaporation and leaching, 
chemical breakdown brought on by the interaction of water, air, and sunshine, or
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microbiological destruction [22]. In a chemical-controlled release system, an iden-
tifiable and distinct chemical bond will be used to chemically bind the agrochem-
ical to a substrate. This would completely remain the agrochemical inactive until it 
was liberated from the processes like hydrolysis [23]. Matrix systems and reservoir 
systems are two types of controlled-release systems used in pesticide formulations. 
The most effective and extensively used method is the matrix system. This involves 
dissolving or dispersing the agent/pesticide equally throughout the material that 
has been treated to the necessary shape and geometry. The reservoir-type carriers 
for controlled-release formulations are frequently made using the microencapsula-
tion technique. Different core materials including, solid type, liquid cores, gas, or a 
combination of these types, may be included in the design. Similar to this, a variety 
of materials including biopolymers, inorganic, organic synthetic, and biopolymers 
and some type of metal oxide could be used to create a protective matrix that was 
appropriately suited. Natural polymers are typically used as the capping agents in 
the preparation of formulations for controlled-release pesticides. Natural polymers 
are favored as pesticide carriers due to their inexpensive cost, free availability, non-
toxicity, and biodegradability [24]. In addition to the previously mentioned classifica-
tions, numerous groups are working hard to create new and improved formulations for 
controlled-release pesticides. As an example, the usage of layered double hydroxides 
(LDH) in controlled release systems is a new trend in the pesticide industry [25]. 

3 Clay-Based Formulations of Pesticides and Weedicides 

Due to their substantial specific surface area, ion-exchange ability, and colloidal 
characteristics, clays are used in controlled-release systems of pesticides, which has 
attracted significant interest in both the scientific and industrial fields [26]. More-
over, they have a wide range of applications in agriculture due to the pesticides’ 
reversible adsorption capacity on their surface. The ability of pesticide molecules 
to undergo photodegradation can have an impact on the active ingredient content 
present in pesticides used to control weeds and pests. Clays are now being used 
more frequently in delivery technology to give the active ingredient gradual release 
qualities [27]. Understanding the various clay-pesticide interactions might be helpful 
when developing novel pesticide formulations that suit the needs of environmental 
control. The best pesticide formulation makes sure that the minimum amount of the 
chemical is released into the environment while still having the maximum effect at 
the correct time [28]. Pesticides have been released slowly using a variety of clay-
based methods, such as changing the surface of the clay by adsorbing organic cations 
from hydrophilic to hydrophobic, which increases the clay’s affinity for hydrophobic 
herbicides. Other methods include the coagulation of delaminated clay particles to 
trap the herbicide, sorption on thermally treated clay [29], intercalation of pesticide 
copolymers, encapsulation within polymer–clay and clay–gel matrixes, etc [30]. The 
incorporation of clay into pesticide formulations might increase the stability and shelf 
life of the pesticide products due to its small particle size, high adsorption capacity,
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ease of surface modification, and unique colloidal properties. Consequently, clays 
are thought to be a suitable natural inert ingredient for use in creating pesticide 
formulations [31]. 

3.1 Types of Clay and Clay Minerals 

Clay minerals are categorized as phyllosilicates and predominate in the colloidal frac-
tions of soils, sediments, rocks, and waterways (usually hydrous aluminosilicates). 
The most prevalent group of sedimentary minerals is clay minerals with a size of less 
than 2 µm and have a high surface area to mass ratio. Layers of Si–O-tetrahedral and 
layers of Al or Mg–O–OH octahedral are used to construct clay mineral platelets [32]. 
Clays exhibit a variety of unique physical, chemical, and physicochemical properties 
that set them apart from other soil colloids in terms of how they react when interacting 
with various soil environments (such as cation exchange capacity, specific surface 
area, porosity, and surface charge characteristics). Naturally, clay is hydrophilic and 
it is necessary to alter the clay’s surface so that hydrophobic polymers can interact 
with it. Clays have a special property that allows them to exchange cations between 
each of their layers and retain them. This cation exchange capacity can be defined as 
the maximum amount of cations that a given amount of clay can take up and this is 
constant. The cation exchange method is typically used to modify the surface of clay 
[33]. If dry clay minerals are allowed to adsorb water in a controlled environment, 
water is added into their interlayer space in more or less discrete forms of layer 
causing swelling or expansion of the interlayer space. The swelling of the interlayer 
space of clay minerals is due to the hydration energy forces associated with the inter-
action of the particles. The swelling clays are prone to large volume changes which 
are related to changes in water content. As a result, the sheet structure, cation and 
anion-exchange capacity, and adsorption ability of clay minerals strongly influence 
their physical and chemical properties, which mostly determine their significance 
in various applications. Clays can be developed as carriers for pesticide formula-
tion without requiring any modifications. As a pesticide carrier, for instance, raw 
bentonites have been utilized, and the effectiveness of such formulations depends on 
the type of bentonite used [31]. 

Clays or clay minerals are typically modified with surfactants to improve the 
binding/loading efficiency of the pesticide molecules, such as monomers, micelles, 
vesicles, polymers, or organic cations and anions. The siloxane surface of clay layers 
is significantly exposed to adsorb organic substances, including pesticide molecules, 
when clays are treated with tiny quaternary cations. The modification of the clay 
surface is generally done by the cation exchange process. Clay can be modified in 
different ways, and the modified clays are named relevant to the modification method 
followed [34]. Organoclays are made by substituting organic cations for naturally 
occurring exchangeable inorganic cations. The surfaces of the clay are significantly 
altered and turn organophilic when the interlayer metal cations are switched out for 
organic cations. Thermal modification of the clays can modify their chemical and
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mineralogical makeup. Clays are gradually heated to remove structural, adsorbed, 
and free water. At temperatures higher than 400 °C, irreversible dehydration occurs. 
Another method of modifying clay is acid treatment, which is mostly employed 
to enhance the catalytic characteristics of minerals. Since the nature of the clay 
minerals’ surfaces determines their adsorptive and catalytic behavior, an acid treat-
ment will result in the change of original active sites. Clay nanocomposites modify 
over a nanometer scale in composition and structure. The clay nanolayer needs to 
be evenly spread (exfoliated) in the polymer matrix to produce real nanocomposites. 
Natural clays like montmorillonite, hectorite, sepiolite, laponite, saponite, rectorite, 
bentonite, vermiculite, beidellite, kaolinite, and chlorite as well as synthetic clays like 
different layered double hydroxides, synthetic montmorillonite, synthetic hectorite, 
etc., are among the modified clays used in composite preparation [35]. 

The design and creation of pesticide formulations can benefit from the high sorp-
tion capacities and colloidal characteristics of clays and clay minerals. In some 
pesticides’ slow-release formulations (SRFs), clay minerals have been considered 
suitable formulates. To prevent pesticide leaching, two broad strategies for formu-
lations of pesticides with slow release were developed: (1) using organoclays, and 
(2) using micelle-, liposome-, and polymer–clay minerals [36]. Other approaches 
formulations for insecticides and pesticides are frequently created using biodegrad-
able components. In the development of pesticide formulations, substances such 
as synthetic polymers (polyvinyl alcohol), modified biopolymers, starch, pectin, 
cellulose-like polysaccharides and proteins, polyesters, shellack, resins, lignin, 
sporopollenin, latex, and are utilized. These substances also come from plants, 
animals, and microbes. In these formulations, to improve the gradual release of the 
active ingredient, clays can be blended into the matrix like modifiers [37]. Clays are 
commonly utilized as adsorbents for cationic and highly polar pesticides because they 
are hydrophilic and have a negative charge on their surface, however they exhibit 
less adsorption for extremely hydrophobic and anionic pesticides. Since cationic 
pesticides have a great potential to bind to clay minerals and colloidal soil parti-
cles, leaching of these substances is rarely a concern. Initially, the development of 
organoclays was focused on improving the adhesion of hydrophobic pesticides and 
neutral formulations by delaying their release. The clay mineral surface changes from 
being hydrophilic to hydrophobic as a result of the adsorption of organic cations. 
The improved clay mineral surface may have improved potential for adsorbing 
hydrophobic neutral organic compounds [38]. The most crucial reaction to alter the 
adsorbent and get the best possible interaction between the pesticide and clay mineral 
is cation exchange with the type of organic cations. Another type of organoclay 
occurs when the loading of the organic cations exceeds the cation exchange capacity 
of the clay mineral, which becomes positively charged and potentially suitable for 
the adsorption of anions, such as imazaquin [39]. 

Most pesticide compounds contain polar functional groups such as hydroxyl, 
chloride, and nitrite which are bound together by dipole-ion or coordination-type 
interactions. Direct formation of coordination bonds between the adsorptive and the 
cation or the use of water molecules as bridging ligands are also possible. Regarding
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base adsorption, whether the ligand is directly coupled to the metal ions or through 
water molecules is indicated by the concepts of hard and soft acids and bases. 
Because it affects the base character of the surface, the oxidation state of struc-
tural iron can also have an impact on the adsorption of pesticides [28]. Ion exchange 
mechanisms cause some cationic insecticides to be absorbed by clay minerals. The 
water molecules and counterions (at the clay’s exchangeable sites) also act as a link 
between the two layers, keeping them constrained. Anionic pesticides can bind with 
clay minerals on the positively charged clay lamellae edges or at the cation bridges 
of exchange sites with particular multivalent metal ions [25]. The granules, baits, 
and dust in some of the microbial pesticide formulations currently in use are clay 
mineral-based transporters that convey the toxin to the pest’s feeding site [40]. The 
ability of pesticide molecules to undergo photodegradation can have an impact on 
the amount of the active component used in pesticides to control weeds and pests. 
Further, the pesticide molecule can be photoexcited and reverted to its ground state 
before photodecomposition takes place by using an organic cation adsorbed on the 
clay mineral as an energy acceptor. This causes the pesticide to become photostabi-
lized [27]. The variety of interactions between pesticides and clay serves as the basis 
for efforts to decrease the harmful spread of these substances in the environment. 
Clays are therefore considered to be a useful natural inert component for use in devel-
oping pesticide formulations. According to current research, these modifications are 
necessary to maintain agricultural sustainability over the long term. 

3.2 Nanomaterial-Based Clay Composites 

After the improvement of nanomaterials and nanotechnology, the creation of 
controlled and slow-release pesticides has moved to the use of nano-pesticides. Nano-
materials have different physical and chemical characteristics from macroscopic 
materials. To enhance the adsorption and slow release of neutral and hydrophobic 
active substances, clay-based nanoformulations have been developed. Nanoclays, 
also known as clay-based nanoformulations, are thin silicate sheets with a 1 nm 
thickness and a 70–150 nm width, like the montmorillonite clays that are frequently 
found in volcanic ash. Clay minerals known as nanoclays have at least one dimen-
sion that is in the nanometric range. They mostly belong to phyllosilicates and are 
found in a wide range of clay minerals. As layered aluminosilicates, phyllosili-
cates are made up of layers of silicon oxide and aluminium sheets placed on top 
of one another. These structures, which make up the fundamental structural compo-
nent of nanoclays, can be made up of two, three, or even four layers of silicon 
tetrahedra, aluminum octahedra layers [41]. In order to provide clay nanoparticles 
useful properties, modification has been done to them (e.g., large surface area, charge 
density, hydrophilic nature, and porosity) [42]. The physical and chemical structure 
of nanoclays are used in the modification processes to create physical or chemical 
bonds with a variety of substances that fit in the galleries or are held at the sheet 
edges. These have been created to improve the regulated release and adsorption of
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active substances that are neutral and hydrophobic. The type of interaction between 
a pesticide and nanoclay will depend on the chemical characteristics of the mate-
rial being hosted. Hydrogen bonds, dipole–dipole interactions, ion–dipole, covalent 
bonding, ionic couples, ion-pi interactions, and cation exchange are a few examples 
of possible bond types [43]. Due to their potential use as nanocarriers in agricultural 
and materials science applications, nanoclays are seen as being a commercially viable 
and biocompatible material that can offer better prospects [12]. Clay-based mate-
rials have been proven as an innovative approach for eco-friendly active ingredient 
delivery systems. Researchers have been driven to develop nanopesticides that are 
more target-specific and less hazardous to the environment by the rapid advancements 
in pesticide research [24]. 

Nanoclays carrying active plant protection substances are used for similar reasons 
as in growth promotion but are related to the pesticidal activity. Clay nanotubes were 
created as inexpensive pesticide delivery systems. They improve pesticide effec-
tiveness, decrease the number of pesticides used, have a longer release period and 
better plant contact, reduce pesticide leaching and residues, and do so with the least 
amount of environmental damage [44]. The encapsulation and trapping via weak 
ionic attachments, among other methods, have enabled slow and steady distribution 
[45]. These mechanisms not only provide a cushion against environmental degra-
dation but also reduce the cost of application as a small amount is required due to 
efficient absorption [46]. Several parameters can affect the intercalation of active 
ingredients inside clay such as spacing and the presence of water molecules between 
interlayers and exchangeable cations. Nanoclay gutbusters are a different class of 
functional nanoinsecticide that work when exposed to an alkaline environment, such 
as the stomach of an insect. In addition to nanoclay insecticides, emerging pesti-
cide technologies include nanoclay herbicides, growth regulators, fungicides, and 
nanosensors for pesticide and plant pathogen detection. Moreover, the environmental 
concerns related to chemical runoff are also reduced which ensures environmental 
stability. For the protection of insecticides against extreme environmental conditions, 
nanocarriers are very helpful [36]. The modification of clay with organic cations 
helped to enhance their affinity for the adsorption of hydrophobic active ingredients 
such as alachlor, acetochlor, metolachlor, and metolachlor norflurazon [27]. In the 
future, there should be a focus on understanding the molecular and conformation 
mechanisms involved with the delivery of pesticides to the structural modification 
of nanoscale carriers involved (Table 1).

3.3 Controlled Release Mechanisms of Clay-Based Pesticide 
Formulations 

Most of the systems currently in use are based on more controllable mechanisms, 
like diffusion through rate-controlling media, erosion of biodegradable barrier mate-
rials, and retrograde chemical reactions, although the first formulations relied on the
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Table 1 Clay-based slow-release formulations of different weedicides and pesticides 

Clay-based 
formulation 

Active ingredient Attributes Effective 
against 

References 

Starch–alginate and 
bentonite clay-based 
formulation 

Thiram 
(dithiocarbamate) 

Controlled 
release 

Fungal 
diseases 

[26] 

Bentonite-polymer 
composite 

Metribuzin Slow release Weeds [47] 

Sepiolite Mesotrione Slow release 
and reduced 
leaching losses 

Weeds [48] 

Bentonite and 
Activated Carbon 

Carbofuran Slow release Insects and 
nematodes 

[49] 

Methoxy-modified 
Kaolinite 

3-Amino-1,2,4-triazole, 
(amitrole) 

High-capacity 
loading and 
controlled 
release 

Weeds [50] 

Montmorillonite 
phosphatidylcholine 

Diuron Reduced 
leaching losses 

Weeds [51] 

Micelles adsorbed on 
Montmorillonite 

Sulfosulfuron Reduced 
leaching and 
enhanced 
biological 
activity 

Weeds [52] 

Organo-clay 
formulations of 
montmorillonite/ 
sepiolite 

Norflurazon Enhanced 
adsorption and 
reduced 
leaching 

Weeds [53] 

Bentonite clay 
hydrogels composite 

Thiamethoxam Slow release Insects [54] 

Carboxymethyl 
starch/ 
montmorillonite 
composite 

Isoproturon Reduced the 
potential 
leaching 

weeds [55] 

Bentonite, 
montmorilloniteiron 
oxide, kaolinite 

Atrazine and Alachlor Controlled 
release 

Weeds [56] 

Alginate/exfoliated 
montmorillonite 
nanocomposite 

Acetamiprid Slow and 
sustained 
release 

Insects [57]

pesticides’ desorption from powerful sorbents including silica, mica, and activated 
charcoal. Understanding the technique by which a molecule of pesticide is essential 
for a controlled or slow release to be effectively transported from starting location
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to the exterior within a matrix and then how it will be released to the environment in 
a gradual or regulated pattern [22]. 

(a) Diffusion-Controlled Release 

Diffusion is often the primary release mechanism that takes place through water-filled 
pores and relies on the matrix’s porous nature and polymeric covering. The agent 
is contained by the matrix’s biodegradable and non-biodegradable components. The 
active compound was delivered by migration and diffusion inside the reservoir matrix 
surface, followed by delivery to the medium from the surface in the space between the 
matrix and the surrounding medium. The pesticide molecule must be connected to 
the exterior surface by a series of pores in the matrix, each of which contains enough 
space to accommodate the pesticide molecule. The active ingredient shifts towards 
the surface through the water-filled pores in the coating layer, creating a reservoir of 
the active ingredient. This process takes some time and results in a prolonged release. 
The thickness of the membrane, the solubility of the active ingredient in water, and 
the surroundings are a few of the aspects that influence the outflow of the active 
ingredient once again. 

(b) Solvent-activated release due to osmotic pressure 

The second possible mechanism, known as solvent-controlled release, is based on the 
phenomenon known as “osmosis,” which is described as the total flow of water over 
a selective membrane that is regulated by the pressure gradient across the membrane. 
Some materials may be affected by changes in hydrophobicity and changed inter-
actions between organic groups and show swelling or shrinking in water [58]. The 
structural chains that support the diffusion and release of the pesticide molecules 
are moved more rapidly as a result of these processes. Due to the pressure gradient 
that has formed, the pesticide molecule moves outside of this area. The diffusion 
coefficient of the active ingredient and the relaxation of the polymeric chain back-
bone both affect the release [59]. Since they raise the hydrostatic pressure due to their 
swelling nature, water-absorbing matrices are employed for insecticides that are only 
weakly water-soluble. Osmotically controlled release, when it comes to delivering 
insoluble chemicals, osmotic techniques show promise. The active substance, which 
is distributed in a polymeric matrix and is unable to permeate through it, can be 
ejected more easily due to osmotic pressure. 

(c) Stimulus-responsive release 

Materials that are intelligent and able to change their behavior in response to changes 
in environmental parameters have the potential for controlled release. To improve the 
controlled release system, formulations using stimuli-sensitive carriers are designed. 
In this system, macromolecules respond actively to minute signals or alterations in 
their environment, which causes changes in their physicochemical properties that 
favor the release of loaded substances [60].
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Fig. 2 Different clay–pesticides interactions and releasing mechanisms 

These sensitive carriers can enable the release of active chemicals in response 
to abiotic or biotic stimuli including light, pH, temperature, magnetic field, and 
enzymes, among others, when utilized in agrochemical formulations [61]. Due to 
their widespread availability and biodegradability, natural polymers (including algi-
nate, cyclodextrin, starch, chitosan, carboxymethylcellulose, and ethylcellulose) and 
silicas can be used to create stimuli-controlled delivery systems [62]. 

(d) Chemically activated Release 

The ester, amide, and hydrazone linkages in the backbones of biodegradable poly-
mers such as polyesters, polyamides, poly (amino acids), and polysaccharides that 
were employed in different controlled or slow-release formulations are anticipated 
to release active ingredients by hydrolytic and/or enzymatic decomposition. The 
process of degradation, which is regarded as the rate-determining step, regulates the 
progression of diffusion during the last phase of pesticide release. Chemical combi-
nations have the pesticide securely connected to the polymeric substrate by a distinct, 
observable chemical bond, as opposed to physical combinations where the pesticide 
is dissolved or trapped in polymers [63] (Fig. 2). 

4 Emerging Challenges and Future Perspectives 

The development of ecologically safe herbicide/pesticide formulations can be consid-
ered one of the major aspects of sustainable agriculture. Keeping the biological 
effectiveness of the pesticide active ingredient included in the matrix is one of the 
difficulties in designing slow-release pesticide formulations using clay composites.
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To effectively control weeds, clay based slow-release herbicide formulations must be 
developed as well as their biological activity in comparison to the herbicidal activity 
of the free active chemical studied [64]. Leaching of the active substance from these 
regulated clay based formulations is another topic that is not fully explored. It is 
well established that one of the main adverse effects of pesticide use is leaching, 
which results in anthropogenic issues including soil and groundwater pollution. 
Leaching study of the slow-release formulations of pesticides in soil should also 
be taken into consideration [65]. The high amount of pesticide that is not released 
from many clay-pesticide formulations that have been assayed as a major barrier. 
This would cause soil contamination and necessarily require using greater amounts 
of the formulation, significantly increasing application rates, to release the same 
amount of active ingredient. It is important to consider the factors that influence 
the rate and degree of pesticide release from clays and organoclays in order to over-
come the mentioned interferences [66]. The clay-pesticide ratio, the number and type 
of exchangeable cations, the clay mineral’s properties, and the procedures taken to 
develop the formulation all have an impact on how the pesticide interacts with the 
sorbent, which in turn affects the formulation’s release rate and extent [67]. While 
the variety of organoclay-pesticide interactions has received a lot of attention, there 
is insufficient information available on the variables affecting the rate and extent 
of pesticide release from organoclay formulations. Studies that assess the way how 
organoclay formulations of pesticides behave in actual field settings are relatively 
limited, however the comparable or even improved weed control efficacy reported 
by several authors for these formulations when compared to standard formulations 
appear encouraging for their practical use [24]. Clay minerals are naturally occurring 
nanomaterials that can be altered to improve interactions between the active ingredi-
ents and the resulting matrix. This results in a delivery system that gradually releases 
the active ingredient close to the target, reducing losses of the bioactive compound 
while maintaining bioefficacy. To screen and validate the eco safe formulations, the 
initial evaluations must be carried out under gnotobiotic or controlled environmental 
settings [48]. Despite these developments in nanocarrier applications, crystalline 
impurities in clay nanoparticles continue to be a significant problem. To improve 
their use in pesticide delivery, effective synthesis processes and appropriate surface 
modification techniques must be developed. A more practical method for assessing 
the advantages of nanobased agricultural applications such as effectiveness, cost-
effectiveness, and impact on the environment would be large-scale field tests of new 
nanoagrochemicals in comparison to their conventional counterparts. 
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Abstract Conventional chemical fertilizers immediately release the majority of 
their nutrient content after applying it to the soil. Therefore, a significant amount 
of the released nutrients cannot be utilized by the crops. Excess amounts of nutri-
ents can undergo hydrolysis and microbial action, posing a possible threat to the 
environment by facilitating and releasing hazardous compounds. When compared 
with conventional fertilizers, controlled nutrient release is thought to be an effective 
strategy to fulfill the nutrient demand of crops throughout the growth period. Fertilizer 
treated with clay composites also has slow-release properties. Clay minerals’ hydrous 
layer aluminosilicates constitute the greater part of the phyllosilicates. The use of 
nanoclay-polymer composites, one of the more recent fertilizer delivery alternatives, 
may open up new opportunities for managing an effective supply of nutrients. Clay 
composites’ barrier properties are increased when the clay is modified with polymers, 
especially surface crosslinking polymers. Therefore, this chapter stated the mecha-
nism, developments, and future potential of clay-based hybrid fertilizer formulations 
that ensure the long-term sustainability of agricultural management systems. 

Keywords Slow-release formulations · Coated fertilizer · Hybrid 
nanocomposites ·Modified clay

R. Edussuriya · A. U. Rajapaksha · M. Vithanage (B) 
Ecosphere Resilience Research Center, Faculty of Applied Sciences, University of Sri 
Jayewardenepura, 10250 Nugegoda, Sri Lanka 
e-mail: meththika@sjp.ac.lk 

A. U. Rajapaksha 
Instrument Center, Faculty of Applied Sciences, University of Sri Jayewardenepura, 10250 
Nugegoda, Sri Lanka 

M. Vithanage 
Sustainability Cluster, School of Engineering, University of Petroleum & Energy Studies, 
Dehradun, Uttarakhand 248007, India 

Institute of Agriculture, University of Western Australia, Perth WA6009, Australia 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
M. Vithanage et al. (eds.), Clay Composites, Advances in Material Research 
and Technology, https://doi.org/10.1007/978-981-99-2544-5_25 

529

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-2544-5_25&domain=pdf
mailto:meththika@sjp.ac.lk
https://doi.org/10.1007/978-981-99-2544-5_25


530 R. Edussuriya et al.

1 Fertilizer, Agriculture, and the Environment 

Crop production has to be improved, expanded, and secured globally to prevent 
shortages given the world’s growing population. However, the increase in agricul-
tural operations over the past decades has caused environmental distress including 
climate change, depletion of natural resources, and shortage of energy, which has 
put a significant strain on the sustainability and steady supply of food [1]. Both 
organic and inorganic fertilizers have been used for years to meet the rising demand 
for agricultural products [2]. Excessive use of fertilizer considerably reduces the 
effectiveness of fertilizer use and results in significant environmental and ecological 
problems [3]. Chemical or inorganic fertilizers contain one or more nutrient mineral 
elements required for crop [4]. It has been widely accepted that using excessive 
amounts of inorganic fertilizers, particularly nitrogen, has the potential to degrade 
the soil environment and can also result in the mineralization of organic matter. 
Therefore, using chemical or inorganic fertilizers to increase agricultural yield and 
soil fertility is not a sustainable approach [5]. Fertilizer application that is exces-
sive or out of control degrades soil qualities including osmolarity and water-holding 
capacity. Additionally, excessive use can harm soil microbes [6]. 

Excess amounts of nutrients can undergo hydrolysis and microbial action while it 
could be a potential threat to the environment by accelerating the water eutrophica-
tion and emission of hazardous compounds [7]. Organic fertilizers contain livestock 
waste including litter, animal manure and residue, sewage and agricultural waste. 
The origin and chemical characteristics affect the effect of organic fertilizer [8]. 
Direct application of animal manure to the field or soil may lead to over-fertilization 
due to uncontrollable nutrient release and excessive use of organic fertilizer [9]. 
Also it may result in the release of pollutant gases including CO2, CH4 and spread 
of harmful pathogens to the soil [10]. These effects cause a substantial economic 
downturn, major environmental problems, such as soil, freshwater, and ocean pollu-
tion, as well as a reduction in farming biodiversity [11]. The conventional fertilizer 
should be enhanced by changing the ability to lower the fertilizer loss, increasing the 
soil nutrient retention, and improving fertilizer utilization efficiency. Consequently, 
these modifications are expected to enhance agricultural productivity and signif-
icantly minimize the negative environmental effects caused by the excessive and 
inappropriate use of fertilizers. 

2 Controlled-Release Fertilizer 

The efficiency of nutrient delivery with higher nutrient usage and less environmental 
pollution determine by two things: Keeping nutrient availability and matching the 
supplement of nutrients with plant demand. Introduction of controlled-release fertil-
izers (CRFs) is one efficient way to improve nutrient use efficiency and reduce 
environmental impacts [12]. Compared to quick release fertilizers, controlled-release
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fertilizers offer a longer nutrient delivery. As a result of controlled release of nutrients 
into the fixing media throughout the process of fixation in the soil, controlled-release 
fertilizers enhanced the availability of nutrients [13]. Controlled-release fertilizers are 
mostly made from organic source materials that are naturally occurring, like animal 
waste or sewage sludge, they may also be made from synthetic organic compounds 
with nitrogen that have a low solubility (urea formaldehyde) [14]. Generally applied 
soluble inorganic fertilizers may classify as CRFs if they contain a physical barrier 
that regulates the release of nutrients. Such a barrier can be created by utilizing a 
hydrophobic material matrix or covering the fertilizer with a hydrophobic polymer 
surface [15]. There are several economical, agricultural, and environmental aspects 
of using CRFs. Controlled-release fertilizer can be applied to soils in place of conven-
tional fertilizers and has an effective nutrition loading capacity, storage, and proper 
nutrient utilization. In addition to the benefits to the environment, their one applica-
tion lowers the labor and energy expenses associated with the repeated applications of 
conventional fertilizers [13]. In-depth research has been done on controlled-release 
fertilizers (CRFs), which offer a safer, more cost-effective, and effective way to give 
nutrients since they are made as more available to the target species at the appropriate 
rate or concentration level, keeping the nutrients in the soil for a longer time [16]. 

2.1 Classification of Controlled/Slow-Release Fertilizer 

Physical and chemical types of fertilizers comprise the majority of slow/control fertil-
izers used today, and the use of compound-type SRF/CRF has very incidentally been 
documented. Physical type belonging to SRF by using coating forms or matrix to 
control the speed at which soil water enters the fertilizer core and nutrient solution 
from the inside out. It is further separated into matrix fertilizers and coated fertil-
izers (Fig. 1). Early on, this type of fertilizer was widely used, and also it has uneven 
slow-release characteristics. In order to create a compact, low permeability film on 
the surface of the fertilizer particles, coated fertilizer is created by spraying one or 
more layers of inert material over the surface of the fertilizer particles [14]. Different 
slow-release effects are produced by the membrane structure’s various features. The 
most popular coated slow-release fertilizers are urea coated with sulfur and polymers 
[12]. The most effective way for supplying nitrogen to plants consistently and mini-
mizing loss and contamination effects is thought to be coating technology. There 
are three different types of coated fertilizers: inorganic coating, organic polymer 
coating, and multifunctional composite coating [17]. When it relates to the effects of 
use, the physical type of SRF can avoid the limitations that come with rapid fertilizer 
dilution into the soil; however, it is unable to manage how the dissolved fertilizer 
behaves in terms of soil transformation [1]. A new category of control release fertil-
izer is matrix-based fertilizers (MFs). MFs are primarily composed of matrix-based 
urea and matrix-based compound fertilizer, which are made using similar mech-
anisms and components. Chemical types of SRFs/CRFs can be divided into two 
categories: Chemically bonded fertilizers and chemically inhibited fertilizers [1].
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Fig. 1 Classification of controlled-release fertilizer 

The effect of this kind of controlled-release fertilizer is better, though the produc-
tion cost is relatively high. Chemically bonded fertilizers are those that need to be 
blended with one or more chemical substances through covalent or ionic bonding to 
create a slightly soluble or insoluble in water. The inclusion of inhibitors allows the 
chemically inhibited fertilizers to release nitrogen gradually. 

3 Clay-Based Hybrid Fertilizers 

Clay minerals hydrous layer aluminosilicates constitute with the greater part of the 
phyllosilicates. Two-dimensional Si–O tetrahedral and Al or Mg-O-OH octahedral 
arrays are the main constituents of clay minerals [18]. Clay minerals have a special set 
of attributes, including high cation exchange capacities, capability of act as catalysts 
capabilities, and plasticity in moist conditions, due to their compact size and high 
surface area to volume ratio [19]. Clay in nature is hydrophilic. Additionally, clay 
minerals can have their surface properties changed from hydrophilic to hydrophobic, 
for instance, making them effective adsorbents and transporters of non-ionic chem-
ical molecules [20]. The maximum number of cations that a particular amount of clay 
can receive is known as the cation exchange capacity, and this value is constant [21]. It 
is necessary to alter the clay’s surface so that hydrophobic polymers can interact with 
it. The cation exchange method is typically used to modify clay surfaces [22]. Organ-
oclays, clay nanocomposites, acid- and salt-induced modification of clays, thermally 
and mechanically induced, and pillared layered clays are just a few examples of 
modified clays in general. Organoclays are made by substituting organic cations for 
naturally occurring exchangeable inorganic cations. If interlayer metal cations are 
switched out for an organic cation such as alkylammonium, the clay surfaces undergo 
significant modification and develop an organophilic nature. Another method of
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altering clay is acid treatment, which is mostly employed to enhance the catalytic 
characteristics of minerals. Since the nature of the clay minerals’ surfaces determines 
their adsorptive and catalytic behavior, an acid treatment will result in the change of 
original active sites. Thermally and mechanically induced modifications: Thermal 
modification of the clays can modify their chemical and mineralogical makeup [23]. 

Hybrid materials are compounds created by the molecular or nanoscale 
constituents. Typically, one of this constituent is organic in nature, and the other 
is inorganic. Intercalation clay hybrids exfoliated compounds and sol–gel hybrid 
materials are frequent varieties of clay hybrid materials. Intercalation compounds 
are produced when organic compounds are inserted intracrystallinely between the 
layers of some lamellar materials. Compounds that have been exfoliated or delami-
nated are produced when clay layers separate, and the resultant platelets are uniformly 
distributed all across the polymer matrix. The convenience of preparation for the 
sol–gel technique accounts for its relevance in technology. 

The primary starting ingredients for the production of glassware and ceramics as 
well as the creation of novel organic–inorganic hybrid materials are silicon alkoxides 
[18]. 

Clay composites’ barrier properties are increased when the clay is modified 
with polymers, specially surface crosslinking polymers. Fertilizer treated with 
clay composites also has slow-release properties. Polymer gel comprised surface 
crosslinking which is more stable than the other polymer and can be attached between 
the expanding clay’s interlayers [24]. Better slow-release properties of modified clay 
are imparted by these qualities. The surface cross-linked product not only has excel-
lent slow-release properties but also a high capacity for soil moisture preservation, 
which may greatly improve the efficiency with which fertilizers and water resources 
are utilized simultaneously. While clay polymer-coated P-fertilizers perform well in 
calcareous soil, clay polymer-coated N-fertilizers have been proven to be particu-
larly effective in minimizing N losses and enhancing N consumption efficiency in 
sandy soil [23]. A variety of nanomaterials, including those that are made entirely 
of the desired nutrient (like hydroxyapatite nanoparticles, which supply P), as well 
as those that are simply loaded with it, can be used as fertilizers. Currently, it has 
been demonstrated that nanoclay polymer composites (NCPCs), which are made 
of sodium alginate, montmorillonite, acrylamide, acrylic acid, and crosslinker, are 
also effective slow-release substrates for important nutrients including N, P, and K 
[25] (Table 1).

3.1 Hybrid Nanocomposites 

Clay minerals called nanoclays have at minimum one of their measurements in the 
nanometer range. The fundamental structural component of nanoclays is made up 
of silicon tetrahedral and aluminum octahedral layers. As previously mentioned, the 
sheets of montmorillonite, naturally contain negative charges that allow cations to 
exchange, making them an ideal carrier for a variety of plant nutrients. Nanoclays
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Table 1 Examples of clay polymer hybrid composites for sustained-release fertilizer 

Clay composite Fertilizer Attributes Reference 

Chitosan- montmorillonite clay and paraffin wax Diammonium 
phosphates 
(DAP) 
fertilizer 

Significantly 
delayed the 
phosphorus 
dissolution 

[26] 

Chitosan-kaolinite NPK mineral 
fertilizer 

Slow release [27] 

Starch-poly(vinyl alcohol) and bentonite Diammonium 
phosphate 
(DAP) 

Reduced the 
N and  P  
release 

[28] 

Hydroxyapatite-montmorillonite nanohybrid Urea Slow and 
sustained 
release of 
nitrogen 

[29] 

Poly(acrylicacid-cosodiumacrylate)-montmorillonite Potassium 
nitrate 

Controlled 
release 

[30] 

Acrylic acid, acrylamide halloysite nanotubes Urea Controlled 
urea release 

[31] 

Sodium alginate and halloysite Urea Slow release [32] 

Polyvinyl alcohol montmorillonite Potassium 
Phosphate 
Fertilizer 

Controlled 
release 

[33] 

Attapulgite clay, ethylcellulose film, and sodium 
carboxymethylcellulose hydrogel 

Urea, 
ammonium 
sulfate, and 
ammonium 
chloride 

Slow release 
and reduced 
nutrient loss 

[34] 

Sodium alginate, acrylic acid, acrylamide, and 
montmorillonite 

NPK mineral 
fertilizer 

Slow-release 
property and 
increased the 
water 
retention 
capacity 

[35]

have good slow-release qualities, which are consistent with the clay’s hydrophobicity 
and high aspect ratio. This is because numerous studies have employed modified 
montmorillonite to successfully slow-release a variety of nutrients and fertilizers, 
such as copper sulfate, urea, and nitrogen fertilizers [36]. 

Nanofertilizers can supply one or more nutrients to increase growth and produc-
tivity. When combined with conventional fertilizer solutions, formulations including 
nanomaterials boost fertilizer efficacy without the need for additional nutrients [37]. 
Different methods of nutrient enrichment for fertilizers are possible with the aid of 
nanotechnology: Coating with a thin protective coating material in nanoscale and 
encapsulation using nanomaterials. For controlled-release applications in agricul-
ture, nanoclays are one of the most popular nanomaterial employed as a fertilizer
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carrier. Nanoclays such laponite, hectorite, kaolin, and montmorillonite and hectorite, 
synthetic montmorillonite, and double-layered hydroxides are examples of synthetic 
clays used to manufacture composite. Clay particles with at least one dimension 
smaller than a nanometer are placed in polymer matrix to create nanoclay-polymer 
composites, a new class of materials with distinct mechanical, rheological, and phys-
ical characteristics. Incorporating nanoclay into nanocomposites has benefits for 
mechanical behavior, solute sorption ability and swelling capacity and increased 
heat stability [38]. Due to their unique anion exchange capability, nanoclays become 
superb transporters of nutrients like borate ions, nitrates, and phosphate. The most 
often used cationic nanoclays as nutrient carriers are kaolinite, montmorillonite, and 
zeolites [39]. There are two important factors that demonstrate the suitability of 
nanoclay as a great option to be selected as nutrient transporters or coaters. First, 
they have the ability to protect nutrient components with the help of physical barriers 
that are provided by their innate structural elements. Second, by having layers of 
nanoclays, interactions such as ion exchange or non-electrostatic interactions enable 
the intercalation of nutrients. With the abovementioned important aspects, nanoclays 
have the ability to keep nutrients for longer periods of time, increase plant growth 
rate, improve nitrogen usage efficiency, provide a balanced supply of nutrients, and 
reduce environmental risks [4]. The methods for assembly rely on the properties of 
the clay: Layered clays (smectites, vermiculites, and kaolinites) can adsorb various 
molecules and ions, including polycations, nanoparticles, and polymers, at soft exper-
imental circumstances, producing intercalation compounds and nanostructured mate-
rials. Sepiolite and palygorskite, two microfibrous clay minerals, may interact with 
various organic species through their external surfaces and, in some circumstances, 
internal surfaces to produce hybrid materials. Clay-derived nanostructured hybrids 
are becoming more and more sought-after materials due to their structural qualities 
and practical uses in fields like agriculture and the environment [40]. 

The use of nanoclay-polymer composites, one of the more recent fertilizer delivery 
alternatives, may open up new opportunities for managing effective supply of nutri-
ents [41]. There are two types of nanocomposites, intercalated nanocomposites are 
created when polymer chains penetrate into the clay’s interlayer region, forming an 
organized multiple-layer structure with alternating polymer/inorganic layers spaced 
repeatedly apart by a few nanometers. The clay layers in the exfoliated nanocompos-
ites delaminate and are scattered randomly throughout the polymer matrix, resulting 
in broad polymer penetration. The best properties have been reported for exfoliated 
nanocomposites as a result of the ideal interaction between polymer compound and 
clay [42]. The degree of phase mixing and the size of each phase’s component have a 
significant impact on the nanocomposite’s properties. The nature of the components 
(polymer matrix, capacity for cation exchange, and nanofiber) as well as the prepa-
ration techniques have an impact on the significant differences in the properties of 
the component that are obtained [24].
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3.2 Clay-Coated Fertilizers 

Granular fertilizer serves as the base of coated fertilizer, which is then covered with 
a layer of low water-soluble or water-insoluble inorganic material such as clay or an 
organic polymer compound using various techniques like heating, drying techniques, 
spraying, and other methods. This allows the rate at which nutrients diffuse from the 
core of the membrane to the membrane’s exterior to be controlled [43]. The main 
idea to do so is to coat the fertilizers with such components which are not harmful to 
the environmental and can provide fertilizers nutrients to plants on need. Inorganic 
compounds and organic polymers make up the majority of the materials used in 
coatings. Sulfur coatings, bentonite, and phosphogypsum are examples of inorganic 
materials, whereas synthetic organic polymers include, polyethylene materials, alkyd 
resin and polyurethane, etc. [44]. There are many types of coating, among them the 
coating of fertilizers with clay polymers is the most efficient because it has more 
efficiency than other coating subjects [45]. There are several ways to incorporate 
clay into fertilizer-coating polymers to make them incredibly absorbent then they 
can store water for a very long time and release it to plants as needed. When there 
are layered materials present, the monomer species undergo in situ polymerization. 
The solution with monomer first causes the polymer clays to swell before it begins 
to polymerize between intercalated sheets. When necessary, polymerization can be 
initiated by heat, radiation, the diffusion of a suitable initiator, an organic initiator, or 
a catalyst fixed through cation exchange inside the interlayer before the inflammation 
stage. This procedure involves mixing silicate layers with a polymer matrix while it 
is still molten. In case that, the layers of the surface are well matched to the selected 
polymer, and the polymer can seep into the interlayer gap and form an exfoliated or 
intercalated nanocomposite. Usually, clay is combined with molten polymer during 
extrusion so that the polymer’s chains can intercalate between the surfaces of the clay 
layers [46]. To boost the needed characteristics of clay polymers, supercritical fluids 
have been used in their synthesis. Compared to other approaches, this one has a lot of 
benefits. Montmorillonite is regarded as a swelling mineral because it has alkali metal 
ions trapped between silicate sheets. As a result, polar solvents including supercritical 
CO2 and water like solvents can swell this [47]. A two-step process called sol–gel 
involves the first stage, sol, and the second, gel. Gel is the connected framework that 
developed between the phases, whereas sol is the suspension of solid particle. By 
applying hydrothermal treatment of the gel, including the polymers, silicate clays are 
directly crystallized using this process. This is a simple process, lower processing 
temperature and higher chemical homogeneity. The main advantage of the sol–gel 
process is its compatibility with the polymers and the polymerization processes, and 
this allows the formation of nanoparticles in the presence of organic molecules. This 
method produced high purity product such as polymers of clay.
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3.3 Controlled-Release Mechanism of Clay-Coated Fertilizer 

To regulate the delivery of nutrients into the soil and to match plant demand, 
controlled-release fertilizer provides an effective tool. They may offer high-use effi-
ciency and minimize the environmental impact. The multistage diffusion model states 
that water permeates the covering and condenses on the solid fertilizer core before 
partially dissolving. Granules will enlarge and an osmotic pressure will form, causing 
one of the two processes. This osmotic pressure can lead to a coating rupture and 
the entire fertilizer core being discharged spontaneously in one procedure. Failure 
mechanism or catastrophic release is the term used to describe this process. In the 
second procedure, the membrane withstands the increasing pressure and the core 
fertilizer is released gradually via diffusion: This is known as the “diffusion mech-
anism.” Failure mechanism or catastrophic release is the term used to describe this 
process. The conventional method for releasing coated fertilizer involves the release 
of nutrients from the soil’s polymer-fertilizer interface, which is triggered by water. 
The factors controlling the release mechanism are diffusion or swelling, deteriora-
tion of the polymer covering, and dissolution [48]. Nutrients can be released at the 
delivery system as a result of polymer degradation, which can happen either overall 
or at the surface. The hydrolytic or enzymatic response of the microorganisms at the 
surface of the coated granules causes erosion at the surface. However, in the case 
of bulk erosion, hydrolytic activities cause polymer degradation after water uptake 
[49]. 

Chemical fertilizers’ release curve is distinguished by an excessively strong initial 
release known as the “burst” and an excessively slow release of the last quarter to third 
of the nitrogen known as the “tailing effect,” which is very different from the pattern 
of nutrient uptake by plants [13]. Fertilizers with hydrophobic coatings, particularly 
clay polymer-coated fertilizers, offer effective release control. The general pattern 
of nutrient release and plant absorption from coated fertilizers is temporal release 
with or without burst, which may follow the pattern of parabolic release through the 
pattern of linear release to sigmoidal release [50]. Lag phase, steady release, and 
degrading phase are the three stages for the release of nutrients from controlled-
release fertilizer (Fig. 2). In the first stage of the control release mechanism, soil 
moisture wets the coating’s cracks and seeps into the core. Here, a small portion of the 
fertilizer is dissolved. At this particular point, the driving force is the vapor pressure 
gradient, and fertilizer is not released. As an alternative, CRFs made of hydrogel 
will expand when exposed to water and absorb it. The time it takes to fill the internal 
spaces with the necessary amount of water or to maintain a steady state between the 
fluxes of water and solute entering and exiting, respectively, could be the reason of 
the lag that is present at this stage. The fertilizer is gradually released through the 
pores in the polymer coating or the swollen hydrogel network in the subsequent phase 
as more water percolates into the core and more solid fertilizer dissolves, increasing 
osmotic pressure and accumulating the necessary water volume of saturated solution. 
Because the concentration of the solution inside the granule remains saturated, the 
diffusion to the soil is ongoing. The covering material collapses when the pressure
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Fig. 2 Controlled-release mechanism of clay hybrid fertilizer 

rises over a predetermined threshold, allowing the fertilizer inside to immediately 
burst out. The concentration gradient, driving force, and consequently the release 
rate have all decreased because the majority of the fertilizer has been dissolved and 
released during the degrading phase [51]. An alternative way to represent it is with a 
sigmoidal (S-shaped) nutrition release profile. This suggests that the release process 
is complicated and nonlinear. Since it exhibits controlled-release characteristics that 
satisfy crop nutritional needs, scientists would prefer to achieve a sigmoidal release 
profile with their formulations of clay hybrid controlled-release formulations [44]. 

4 Challenges and Future Aspects 

Clay hybrid materials-based controlled-release formulation reduce nutrient leaching 
improve the efficiency of fertilizer and minimize the hazards to environment as 
compared to conventional fertilizers since they release nutrients more gradually. 
The controlled-release fertilizer formulation’s efficiency, dependability, and cost-
effectiveness reduce food crises and other difficulties with crop output. At crucial 
times for crop growth, it reduces the need for human labor and lessens stress and toxi-
city. The critical variables that affect how quickly nutrients are released from gran-
ules are fumigation of soil, amount of moisture and temperature. Several nanoclays 
are not readily available in adequate amounts despite the fact that clay minerals 
are common in nature; thus, their synthesis will be highlighted in the field of clay 
research and could result in a breakthrough in the study of nanocomposites. It would 
be ideal to have more information on occupational exposure to nanoclays during 
production, development, and their application. For many years, scientists prepared
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clay polymers using three main techniques: In situ polymerization, intercalation, 
and template synthesis. These conventional techniques have advantages as well as 
drawbacks. New techniques including supercritical CO2 and use of sol–gel tech-
nology also available now. The constraints of these approaches must be addressed, 
and more adjustments should be made to enhance the production techniques. One of 
them is the employment of these methods on a large scale to increase plant yield by 
supplying nutrients when they are needed. The majority of research to date has been 
conducted in this area in laboratory settings or through pot experiments. Researchers 
and scientists have been working to modify and improve in the near future would 
be used on large scale. Consequently, to create N- and P-fertilizers with high usage 
efficiency, future inventions should be conducted in the field utilizing various clays 
and clay composites. 
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Nanoclay Composites as Agrochemical 
Carriers 

Maheshika Perera, L. Jayarathna, D. M. D. Yakandawala, and S. Seneweera 

Abstract Agricultural production systems are facing major challenges as a result 
of rapid urbanization and extreme climate events. There are various accessible gears 
in current science to circumvent these limitations. Advanced nanotechnology can 
be used for achieving food security while improving soil fertility, crop productivity, 
and maintaining the sustainability of our agriculture system. The use of nanocarriers 
in agriculture sector such as nanofertilizers, nanopesticides, and nanoherbicides is 
instrumental for improvement in crop productivity. However, there is a significant 
opportunity to use nanomaterials in agriculture to increase crop performance. In addi-
tion, nanocarrier materials, which have been precisely engineered, play a major role 
in facilitating targeted delivery. There are numerous nanocarriers used in agriculture 
such as metal nanoparticles, carbon nanotubes, graphene and graphene oxides, poly-
mers, nanoclays, lipids, and. Among those nanocarriers nanoclay plays a very specific 
role in agrochemical delivery. The fundamental rationale for such specialized delivery 
qualities is due to the unique properties of the materials, such as low cost, nontox-
icity, natural abundance, correct compatibility, and intermolecular forces, which in 
long-term help to develop continuous release of inactive ingredient. Overall, this 
chapter will discuss the underlying process of nanomaterials-based active ingredient 
release mechanisms related to a variety of plant applications. 
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1 Introduction 

Extensive research has been conducted on a global scale to implement nanotech-
nology in agriculture to increase crop yield. Despite all efforts, Food Security, 
required by Food and Agricultural Organization of the United Nations (FAO) has not 
yet been realized [10]. On the other hand, limited land is available for cultivation, 
while the population is expected to reach 9–10 billion by 2050. Thus, global food 
requirements have also risen, and the anticipated per capita food requirement is likely 
to double by 2050 [51]. It is needed to increase agricultural productivity and industry 
sustainability. Other hand, resource-constrained environmental issues that the agri-
cultural sector faces include climate change, urbanization brought on by changes in 
lifestyles, and excessive use of resources like high-quality rock phosphate, natural 
gas, and petroleum which all have an impact on crop productivity. These issues will 
significantly impact developing nations where agriculture forms the foundation of 
their national economies. Consequently, most of the countries including developing 
countries invest a formidable amount of funds in nanotechnology research in the 
agriculture sector aiming to large benefit from these technology [58]. 

Many nanomaterials have been developed for agricultural applications, including 
nanofertilizers, nanoherbicides, and nanopesticides, designed to reduce their current 
usage of them. These materials contributed to an increase in food production and 
quality as well as industry sustainability [67]. Immobilization, encapsulation, and 
vehiculation are the main technology that have been widely used in used in preparing 
nanomaterials. Thus, loading an active ingredient into the available space of a 
nanometric material can be referred to as nanovehiculization. 

The normal size of these agents usually ranges from 100 to 500 nm with a limit 
of 1000 nm [21]. These incorporated active ingredients can be adsorbed inside the 
nanovehicle in liquid, solid, or molecular dispersive forms. There are different types 
of nanovehicles are used in the delivery of agrochemical agents including clays, poly-
mers, and liposomes. Among them, clays are heavily used, simply because of inex-
pensive naturally occurring minerals with variability in chemical constitution [22]. 

Nanoclay originates from naturally occurring clays, which are mainly made up 
of finely divided mineral particles. The major portion of clay minerals is covered 
by layered silicates, which are made up of silicon and oxygen bonds with some 
other elements. They can be thought of as a “stack” of two-dimensional single, 
double, or multilayers, which are formed by corner-linked silicate tetrahedrons. Due 
to the absence of chemical bond between layers of the clay geometry, the capacity of 
stacks layers increases leading to better absorption and dissipation of water and other 
available molecules [3, 44]. The properties of nanoclay demonstrate as an excellent 
carrier for agrochemical applications. These properties can also be altered chemically, 
allowing these materials to be used in a variety of agricultural applications while also 
promoting environmentally friendly and economically viable agronomic practices.



Nanoclay Composites as Agrochemical Carriers 545

2 Nanoclay Mineral 

Nanoclays have a distinct structure and are used as commercial minerals in various 
industries. One of the most essential characteristics of nanoclay is its high capacity to 
load agrochemicals while lowering production costs and protecting the environment. 
Further, nanoclays are abundant in nature and are represented in the major group 
of clay minerals. The term “clay mineral” refers to phyllosilicate minerals and to 
minerals that impart plasticity to clay and which harden upon drying or firing. Clay 
minerals are layer silicates that are formed as a result of chemical weathering of other 
silicate minerals [1]. In clay minerals, sheet-like structures are called sheet-structure 
silicates and phyllosilicates. The silicates’ geometry is laid out like pages of a book, 
and the interlayers are held together by Van der Waals forces. Phyllosilicates are 
classified as aluminosilicates in the silicate group; they are made up of sheets of 
aluminium and silicon oxides stacked on top of each other [28]. They are the basic 
unit structure of nanoclays and combined to make four layers of silicon tetrahedra, 
[SiO4] 4−, and/or aluminium octahedral, [AlO3(OH)3]6−. 

Furthermore, based on the number of sheets and how these layers are stagnated, 
there can be three distinct groups, including 1:1, 2:1, and 2:1:1 phyllosilicate (Fig. 1). 
Understanding the physical and chemical properties of these composites is crucial, as 
is the loading capacity of the chemicals that can be incorporated into nanoclay. Under-
standing the physical and chemical properties of these composites is crucial, as their 
loading capacity is highly dependent on nanoclays’ physical–chemical nature [1].

3 Nanoclay Type 

Type 1:1 phyllosilicate consists of sheets self-possessed with tetrahedral and an octa-
hedral layer. Minerals like kaolinite, halloysite, dickite, nacrite, etc., fall under this 
category. The use of these nanoclays for the vehiculation of active substances is 
limited because kaolinite does not have the ability to separate its sheets and the 
halloysite has a hollow tubular shape. Type 2:1 phyllosilicate has two tetrahedral 
layers separated with an octahedral layer. This is the most common type of nanoclay 
used as a vehicle to transport substances, and it includes clay minerals like montmo-
rillonite, vermiculite, pyrophyllite, mica, smectite, and others. In the type of 2:1:1 
has an octahedral layer adjacent to another octahedral layer arranged between two 
tetrahedral layers [41]. But this type of clay also not under the category of expanding, 
therefore, the usage as a vehiculization are not common [44]. 

The three types of phyllosilicates have distinct properties that influence swelling, 
expandability, and non-expandability. However, most of the natural nano-clays 
belong to the smectite group including montmorillonite (MMT), hectorite, saponite, 
laponite, etc. [46]. Montmorillonite (MMT) has greater abundance and higher aspect 
ratio (length/thickness ratio of its sheets) which allows a higher nutrient loading capa-
bility [6] suggesting to use in many applications. The tetrahedral layers are formed by
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Fig. 1 Classification of silicates and clay minerals [66]

silicon atoms coordinated by four oxygen atoms. Three of these oxygens are shared by 
neighbouring tetrahedra, thus forming a tetrahedral layer of hexagonal geometry [21]. 

Further, clays can be modified using both physical structure and chemical compo-
sition. The type of interaction, however, is determined by the chemical nature of 
the substance to be hosted [3, 15]. There are various types of bonding involved in 
this modification, including hydrogen bonding, ion–dipole, covalent bonding, ionic 
pairs, ion-pi interactions, dipole–dipole interactions, and cation exchange, which is 
the most prevalent [61]. 

However, positively charged elements can be easily replaced in MMT layers 
through a cation exchange mechanism. For example, it is possible to remove organic 
cations with inorganic cations which electrostatically interact with clay sheets [4]. 
In addition, the porosity of clay minerals can be increased via acidic treatments. 
Nonionic substances can be incorporated to the nanoclays through the interaction
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between the interlaminar inorganic ions and the polar groups of nonionic molecules 
[38]. These attributes offer excellent opportunities for chemical modification and 
improve the chemical loading efficiency. 

The structure and composition of clay minerals determine their physical and chem-
ical properties. Important physical and chemical characteristics of clay materials are 
particle size, shape, and distribution. Mineralogy surface area, charge, and chem-
istry pH Ion exchange capacity brightness and colour, sorption capacity, rheology, 
ceramic properties, and dispensability. The physical and chemical characteristics of 
kaolinite, mica, and smectite (bentonite) are discussed in the following sections. 

3.1 Kaolinite 

The chemical formula of the clay mineral kaolinite is Al2SiO5(OH)4. This is a primary 
user’s mineral. It is a layered silicate mineral composed of one tetrahedral sheet of 
silica (SiO4) linked to one octahedral sheet of alumina (AlO6) octahedra via oxygen 
atoms. Kaolinite is the main component of kaolin. This mineral is formed due to 
the process of rock weathering. It is either white or slightly coloured. Kaolinite is 
made up of tiny, thin, pseudohexagonal, flexible sheets of triclinic crystal which 
have a diameter of 0.2–12 µm. The density of the material is 2.1–2.6 g/cm3. The  
cation exchange capacity of kaolinite ranges between 2 and 10 meq/100 g, which 
is significantly lower than that of montmorillonite. Tetrahedral layers of silicon and 
octahedral layers of aluminium make up the sheets, which are neutrally charged. 
The distance from the surface of a sheet to the other (reticular equidistance) is equal 
to 0.7 nm [12] demonstrating large physical plasticity to accommodate or absorb 
materials of interest. 

Kaolin clay has many industrial applications such as it is used as a filler in the 
paper and plastic industries as a coating because of its unique size and shapes [28]. In 
the production of ceramic raw materials, a chemically inert structure and fine particle 
size with a white hue produce high-quality materials. Kaolinite is also mainly used as 
a catalyst as well as an adhesive agent, and use an adsorbent for water treatment. The 
major portion of kaolinite can be covered SiO2, Al2O3, H2O and a minor portion is 
Mg, K, Fe, Ti, etc., elements [37]. In contrast to other clay materials, kaolinite makes 
it simple to remove the elements that it has adsorbed. This is due to the fact that the 
molecules that are adsorbed form bonds between the layers of kaolinite, which makes 
them simple to release. Upon heating, kaolinite starts to lose water at approximately 
400 °C, and the dehydration approaches completeness at approximately 525 °C. The 
dehydration depends on the particle size and crystallinity of the materials [11, 57].
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3.2 Smectite 

Smectite is a mineral mixture of various swelling sheet silicates (phyllosilicates), 
which are clay minerals with a three-layer 2:1 structure. It is predominantly composed 
of montmorillonite, but secondary minerals such as quartz and calcite are frequently 
present. Due to its distinctive properties, smectite nanoclay is largely unexplored in 
the field of nanocomposites. For instance, the colours of fresh bentonites range from 
white to pale green or blue, but after exposure, they become yellow, red, or brown. 
The primary characteristics of smectite are its ability to absorb large quantities of 
water and its capacity to increase its volume by 12–15 times its dry mass, and it has 
high cation exchange capacity. In most instances, exchanges of silicon by cations 
lead to an excess of negative charges in the lattice, which is then balanced by cations 
(Na+, K+, Mg2+ , Ca2+) in the interlayer space [27, 62]. It may be possible for these 
cations to intercalate due to their lower binding energy. 

Montmorillonite (MMT), one of these smectite nanoclays, has a high cation 
exchange capacity (about 100 meq/100 g). The cation capacity is also influenced 
by particle size [14]. Clay minerals have the ability to organophilically bind organic 
cations, surfactants, proteins, dyes, and so on because of their cation exchange 
capacity [8]. Inorganic cations are also incorporated via the intercalation [52]. Apart 
from this physical characteristic of bentonite is explained whether the montmoril-
lonite has uniform thickness of water layers or it has a mixture of hydrates with 
water layers. At the same time loss of absorbed water between the silicate sheets 
happens normally at low temperatures at around 100–200 °C. Also, structural water 
loss starts at 450–500 °C and is completed at 600–750 °C. Although, heating to 800– 
900 °C breaks the crystal lattice and synthesis a range of phases, including mullite, 
cristobalite, and cordierite [53]. To enhance the utilization and commercial value of 
bentonite, the ability of taking up water affects [16]. 

3.3 Mica 

Micas are a class of silicate minerals distinguished by the ability of individual mica 
crystals to be easily split into extremely thin elastic plates. This feature is known as 
perfect basal cleavage. Mica group clay minerals are also clay minerals with a 2:1 
ratio that is similar to the type of clay minerals [54]. This group of clay minerals 
is also known as illite. The common mica group minerals include muscovite, phlo-
gopite, and biotite. The chemical formula for mica is Si8 (Al, Mg, Fe)4 (OH)4 · 
(KH2O)2. In mica clay minerals, isomorphic substitution occurs in the tetrahedral 
layer, most commonly by replacing Si4+ with Al3+. It has been demonstrated that 
charge imbalance influences the incorporation of K+ ion into the interlayer [26]. 
This ion imbalance is the result of the tetrahedral layers, and as a consequence, the 
K+ ion is strongly bound in the interlayer as well, making it impossible for it to be
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exchanged. The potassium atom can exactly fit into the hexagonal hole in the tetra-
hedral sheet and form a strong interlayer bonding [39].  The common mica group  
minerals include muscovite, phlogopite, and biotite. Most of the natural illites are 
actually mixed layers of muscovite-like minerals and smectite-like minerals. Illites 
make up the bulk of ancient shales, and illitization reactions are common during late 
diagenesis of siliciclastic materials [32, 17]. 

4 Fertilizers Used in Agriculture Ecosystems 

A material of natural or synthetic origin that is applied to soil or to plant with the inten-
tion of supplying plant nutrients is referred to as a fertilizer. There is a wide variety 
of fertilizer available, derived from both natural and synthetic sources. Fertiliza-
tion in most modern agricultural practises focuses on the three main macronutrients 
of nitrogen (N), phosphorus (P), and potassium (K), with the occasional addition 
of micronutrients. Plants are taken up these macronutrients as N, P2O5, and K2O, 
respectively [13]. 

Further, intensive cropping led to the removal of a significant quantity of these 
nutrients from the soil; it is necessary to supplement those nutrients in order to 
release the full potential of the soil’s yield. These nutrients could be classified into 
two major categories as macronutrients and micronutrients [21]. Fertilizers can be 
applied by farmers in a number of different ways, including dry application, pelletized 
application, or liquid application. N.P.K. solid fertilizers cab found in the market in 
different commercial names including urea, ammonium, potassium, calcium nitrates, 
mono- and di-ammonium phosphate, and potassium chloride, and sulphate. N.P.K. 
fertilizers can also be found as liquid fertilizers such as urea ammonium nitrate and 
ammonium polyphosphate [55]. 

The nutrient requirements of plants vary depending on their developmental stage. 
For example, early growth necessitates more N, whereas tillering and stem elongation 
necessitate more P and K. Plants should be supplied with at least critical nutrient 
requirements for optimum growth; if any of the nutrients are deficient, the deficient 
nutrient will act as a limiting factor for plant growth. In order to increase yield 
and plant resistance to abiotic and biotic stresses, it is essential to maintain critical 
nutrient requirements constant for all nutrients. The capacity of crops to absorb and 
utilize nutrients for maximum yields is known as nutrient use efficiency (NN.U.E. 
The uptake, assimilation, and utilization of nutrients are thus the three main processes 
that the NN.U.E. concept entails in plants. Poor NN.U.E. is one of the main factors in 
fertilizer use in agriculture. The maximum nutrient use efficiency in our agricultural 
systems is around by 40%, but this depends on a variety of factors, including plant 
type, environment, and fertilizer type. Therefore, crops are currently supplied with 
a massive amount of fertilizer worldwide [60]. 

The excessive use of these chemical fertilizers has many negative effects on the 
environment, including water eutrophication, soil degradation, and an increase in 
nitrous oxide levels that contribute to global warming and also an additional cost of
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production. For example, N, P, and K applied to the soil are lost between 50 and 70% 
due to surface runoff, leaching of nitrates, and volatilization, which contributes to 
global warming [2]. Therefore, fertilizer use efficiency should be increased, which 
will have multiple positive effects on the economy and the environment [25]. These 
goals can only be achieved by understanding plant nutrient uptake kinetics and 
developing fertilizers with the chemistry to synchronize supply and demand. 

5 Nanoclays as Vehicles 

5.1 Nanofertilizer 

The amount of land that can be used for farming is decreasing every day because 
of erosion, pollution, and urbanization. On the other hand, agricultural production 
needs to increase to meet growing population demand for food security. In recent 
years, nanofertilizers have been made, which need to make fertilizer use much more 
efficient. But the process of making nanofertilizer is expensive, and the way it works 
could also be improved. This technology is likely to be a big part of the future of 
agriculture all over the world. Mainly, there are two types of fertilizers are used in 
agriculture including slow release and control release fertilizers [35]. The benefits of 
controlled-release fertilizers include a lower rate of loss, a steady supply of nutrients, 
lower application rates, and, as a result, less damage to the environment. They support 
in meeting the nutritional requirements of the plant with a single dose or application, 
just like slow-release fertilizers, by making the nutrient only available when required. 
Additionally, this reduces denitrification losses, nutrient leaching, and volatilization 
[19]. There are many different types of nanomaterials that can be used as carriers, 
such as nanoclay, hydroxyapatite nanoparticles, mesoporous silica, carbon-based 
nanomaterials, polymeric nanomaterials, and nanocomposites [45, 59]. Nano-clays 
are one of these nanomaterials, and they stand out from other materials due to their 
high surface area, ionic charge, and usefulness in retaining plant nutrients. They also 
play a crucial role in soil pH buffering. Another advantage of using nanoclay is that 
it is inexpensive and environmentally friendly [45]. 

Typically, smectite group clays are used to synthesize nanoclays. Most often, 
montmorillonite clay is used to prepare those vehicles because the surface’s negative 
charges enable cations to exchange, resulting in the creation of a superior carrier for 
plant nutrients. In addition, nanoclays have appropriate slow-release qualities that 
match the clay’s high aspect ratio. There has been some research into the modification 
of nanoclay in order to develop slow release fertilizers such as zinc oxide [18], 
nitrogen fertilizers [5], and urea [33]. Despite the fact that this is an emerging field, 
this technology has the potential to develop plant nutrient use efficiency to a very 
high level.
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5.2 Nanopesticides 

Pesticides are a class of chemicals that eliminate plant unwanted pests. The main 
issue with pesticides is their low solubility and persistence. Due to these factors, the 
efficiency of pesticides is low, necessitating the use of ample quantities to achieve 
acceptable results. Pesticide overuse is harmful to the environment because it has 
the potential to wipe out beneficial insects as well. Nanopesticides will be extremely 
beneficial to the industry in this situation [29]. There are few types of nanopesticides 
on the market today, including nanosilver, nanocopper, and nanogold-based nano 
pesticides, [31], mesoporous silica-based nanomaterials [23], polymeric nanoparti-
cles, iron oxide nanoparticles, carbon-based nanocarriers, and nanoclay pesticides 
[64]. Among them, nanoclay-based pesticides are commonly used because it controls 
the insect pests, acting by physisorption through insect cuticular lipids. Nanoclay gut 
busters are another type of functional nanoinsecticide with controlled release of the 
contents when exposed to an alkaline environment such as an insect stomach [30]. 
Nano-clay is seen as a material that is good for the economy and better for making 
multifunctional nano-carrier materials for pesticides. 

Controlled release of nanoclay pesticides was engineered by surface coating with 
different types of polymers, which played a significant role in the modification of elec-
trostatic interaction between the chemical load and clay particles such as bentonite 
and kaolinite. Recent research described how a nano-encapsulated pesticide formu-
lation with slow-releasing properties and better solubility, permeability, and stability 
could be made [49]. It has been shown that the effect of organophilic silane on smectite 
clay can be used to test their ability to detect organophilic pesticides through electro-
chemistry [34]. The development of nanoclay application technology for pesticides 
will open up a wide range of opportunities for the industry in terms of managing 
diseases and pests in the future. 

5.3 Nanoherbicides 

Herbicides, also referred to as weedkillers, are chemicals used to manage undesir-
able plants, or weeds. Non-selective herbicides can be used to clear waste ground, 
industrial and construction sites, railways, and railway embankments because they 
kill all plant material with which they come into contact. Selective herbicides control 
specific weed species while leaving the desired crop relatively unharmed. There are 
some active herbicides, but they tend to degrade quickly by soil microorganisms and 
are less soluble in water (REF). The effectiveness of this kind of active ingredient 
applied to soil depends greatly on two variables: the rate of absorption and the rate 
of biodegradation. If the dose is not accurately controlled when using weedicides, 
the entire plant community could be wiped out. However, this risk can be mitigated 
if the applications are carefully managed. If pesticides are encapsulated, the active
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ingredient can be controlled release which also minimizes active ingredient degrada-
tion [48]. It has been reported that encapsulation increases pesticide efficacy as well 
as half-life. Therefore, nanoherbicides can be used effectively in this context to solve 
this major problem [47]. Some nanoherbicides, for instance, contain a combination 
of herbicides such as atrazine, ametrine, and triazine. There have been reports that 
nanoweedicides are 80 per cent more effective against a variety of weed species. 
There is great potential to adopt all types of weedicides at the nanoscale level and 
bring all of the economic and environmental benefits to the entire world. 

6 Toxicity and Environmental Impacts 

The toxicity and environmental impact of nanoscale-based formulations are some 
of the debate areas in the field of nanotechnology. Those concerns fade away with 
proper scientific experiments, followed by their key findings. But still, there are 
some arguments that need to be clarified in terms of environmental or bioaccumula-
tion of nano-clay base fertilizers, herbicides, and pesticides in soil, surface water, and 
groundwater, at the same time potential impacts on non-target organisms. Similarly, it 
has been reported that most of the efficacy of the nono-bind active ingredient depends 
on environmental factors, such as pH, ionic strength, and dissolved molecules [24]. 
Therefore, the targeted nano-clay base nutrient composite can be modified organ-
ically, inorganically, and polymer-wise to circumvent this problem. Alternatively, 
these nano-clays would be able to release the nutrients from the vehicle in a slow or 
controlled manner [42]. 

Clay minerals contain a variety of positive charges, which is advantageous for 
crop and soil enhancement. Nanoclay toxicity is likely influenced by particle size, 
clay composition, compounds used to intercalate, low solubility at low pH, surface 
reactivity, hydrophobicity, and duration of exposure to the particles, among other 
variables [63]. In numerous instances, the majority of nanoclay materials are toxic, 
but the level of toxicity is dependent on the biological application. In terms of 
application, nanoclays are safer than other nanocomposites [40]. These nanoclays 
have demonstrated specific toxicity in a number of instances, the majority of which 
are associated with their organic functionalization [43]. Most importantly to test 
the toxicity of the rage of nanoclay materials, different types of organisms used 
including Paramecium caudatum protozoan, Selenastrumcapricornutum alga, Ceri-
odaphniadubia flea, and the juvenile eastern rainbow fish [9]. These findings also 
shed light on potential applications of nano clay for the development of weedicides, 
pesticides, and fertilizers. 

It has been reported that nanoclays pose very low risks to soil and envi-
ronmental toxicity; however, the quaternary, ammonium compounds, an organic 
molecule commonly used in the synthesis of organoclays, pose significant toxicity 
to living organisms, including soil microorganisms [36]. These types of ammonium 
compounds are hydrophobic in nature. The final nano-clay system would be the 
adsorbents of many organic and inorganic pollutants, which could lead to a major
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environmental problem [7]. These organic modifications are carried out because of 
their high reactivity, low cost, and availability. The application of these types of 
organic nanoclay systems into the environment would inhibit soil metabolic activity 
and destroy the viability of important bacteria [56]. The majority of the non-clay has 
settled on the soil’s surface, where microorganisms are abundant and have a signif-
icant impact on the physical and chemical characteristics of the soil. Parallelly, the 
application of organoclay to agricultural soils may modify soil bacterial communi-
ties via chemical and physical actions [50]. The in vivo studies of nanotoxicity in 
plants and soil could be given priority [65]. Concerning the toxicity mechanisms 
in terms of using nanoclay materials, cell death, geno-toxicity, mutagenicity, and 
oxidative stress have been reported elsewhere. However, the majority of studies have 
primarily relied on in vitro bioassays, which gives researchers the chance to draw a 
clear conclusion about the toxicity of nanoclay in in vivo systems [20]. Studies on 
the long-term effects of nanofertilizers, pesticides, and weedicides on bioaccumula-
tion, long-term persistence in the plant, as well as transportation through the food 
chain, are extremely scarce. All of these findings point to the necessity of conducting 
extensive research in order to determine whether or not the materials used are safe for 
long-term use and whether or not the harvest generated is safe for long-term human 
consumption. 

7 Conclusion and Future Perspectives 

In conclusion, the era of nanotechnology is rapidly emerging, and its applications in 
sustainable agriculture will become widespread. The application of nanotechnology 
has resulted in significant improvements in the agricultural industry, particularly in 
the fields of fertilizer, weedicide, pesticide, and disease control. This comes at a very 
opportune time given the widespread and well-documented abuse of agricultural 
chemicals all over the world. On other hand, the overuse of agrochemicals to boost 
agricultural production has resulted in the pollution of both the topsoil system and 
the groundwater system and subsequently food. Increase agricultural productivity is 
essential, but it should be made to minimize their impact on the natural environment 
and human health. Nevertheless, there are numerous facets of nanotechnology that 
have not yet been explored, and there is an urgent to explore fundamental nature of 
how these materials work on biological systems. The use of nanoclay materials for the 
delivery of nutrients is expected to reduce the dosage and ensure controlled release. 
There are both beneficial and negative effects of using nanofertilizers, insecticides, 
and weedicides; thus, they should all be properly studied prior to recommendation. 
After a brief summary of what has been done with nanofertilizers, nanopesticides, or 
nanoweedicides over the last ten years, it is important to take into account the views 
of scientific, industrial, and regulatory experts.
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The Environmental Toxicity of Halloysite 
Clay and Its Composites 

Mingxian Liu, Jiawei Huang, and Ming Huang 

Abstract The extensive use of clay nanomaterials causes a rise in the amount of 
nanoparticles released into the environment. It is essential to determine the phytotox-
icity of the nanoclays, such as tubular like halloysite nanotubes (HNTs) and rod-like 
attapulgite. HNTs show unique empty lumen structure with different outer/inner 
surface chemical composition. HNTs range in length from 100 to 2000 nm and in 
diameter from 20 to 80 nm. Industrial products based on HNTs are rapidly devel-
oping due to their good mechanical, thermal, and biological properties. HNTs were 
discovered to be capable of entering plant roots and promoting wheat growth, while 
also improving the accumulation of biomass and secondary metabolites in tobacco 
cells. Furthermore, the uptake of the HNTs with different surface functional groups 
by animal or human cells has been found. With the use of mice, Caenorhabditis 
elegans, and zebrafish models, the in vivo toxicity of the HNTs was also evaluated. 
These results are significant for the development of HNT applications in a variety of 
fields, including waste management and environmental protection, as well as their 
potential for regulating active chemical release and biomedicine area. 

Keywords Nanotube · Modification · Cytotoxicity · Uptake · Plant 

1 Introduction 

The number of nanoparticles emitted into the environment gradually increased as 
industrial applications advanced. Nanomaterials could interact with plants, microor-
ganisms and soil, accumulating in plant tissues and influencing plant growth, which 
increases the potential risk to human health via the food chain. Therefore, it is critical 
to comprehend the reaction of plant to nanoparticle exposure, which has the potential 
to open up new horizons in agricultural development and food safety.
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Halloysites clay nanotubes (HNTs), the chemical formula of Al2Si2O5(OH)4 · 
nH2O, are a kind of natural one-dimensional clay with a high aspect ratio and a 
hollow lumen structure[1]. The length, inner diameter, and outer diameter h of HNTs 
range 100–2000 nm, 10–30 nm, and 30–50 nm, respectively. The inner surfaces of 
HNTs mainly consist of aluminoxane (Al–OH) groups with positive charge, and 
the external surfaces are composed of silicon-oxygen (Si–O) groups with negative 
charge. Due to their great absorption capacity and excellent biocompatibility, HNTs 
are commonly utilized as waste adsorbents, biomaterials for tissue engineering, and 
drug delivery carriers. HNTs have the power to enhance cell affinities, mechanical 
characteristics, and capacity for drug loading of biomaterials. The toxicity of HNTs 
in vitro and in vivo to various cells and animals has been extensively investigated, and 
the results show that HNTs have good biosafety [2]. HNTs have recently been used 
as pesticide and fertilizer transporters. Before application, the impact of the HNTs 
on the plant seed germination and growth and the related environmental toxicity 
should be fully assessed. The toxicity of nanoparticles depends on particle size, 
chemical composition, surface properties, morphology, and impurities content in the 
nanoparticles. 

With the industrial application of HNT, its ecological and environmental safety 
deserves further attention. In this chapter, we reviewed the recent advances of toxicity 
research results of HNTs toward different plant and animal models (Fig. 1). 

Fig. 1 Toxicity of halloysite toward different models
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2 Toxicity of Halloysite Toward Wheat 

Wheat was used as a plant model to study the phytotoxicity of raw HNTs [3]. The plant 
growth and germination rate of wheat treated with HNTs were measured. The effects 
of HNTs on oxidative damage index, biomass (including fresh weight, root length, 
and stem length) and chlorophyll content were studied in detail. The plant cytotoxicity 
of HNTs was then evaluated by tobacco callus cells. All of the data demonstrated 
that HNTs can stimulate wheat development at low concentrations (0.10 mg/mL) but 
suppress it at large concentrations (100 mg/mL). Plant development is stimulated by 
the addition of silicon elements from HNTs, but plant growth is suppressed by the 
clogging of the pore structure by excessive concentrations of HNTs. This study 
extended the comprehension of the interactions between HNTs and plants, which 
promotes the development and application of HNTs in the environmental protection 
and agricultural field. 

2.1 Characterization of the Raw HNTs 

Before measuring phytotoxicity, the morphology and structure of HNTs should be 
determined. HNTs have characteristic tubular shapes with hollow lumen and sharp, 
smooth walls. HNTs have diameters ranging from 50 to 70 nm and lengths ranging 
from 100 to 1000 nm. The AFM scans show that HNTs have a smooth and consistent 
tube shape. HNTs have diffraction peaks at 12o, 20°, and 25°, which correspond to 
the (001), (020,110), and (002) planes, respectively. There are no peaks of impurities 
(such as quartz and alunite). HNTs show characteristic absorption peaks at 3623 and 
3695 cm−1, which are attributed to the inner hydroxyl groups and O–H stretching of 
inner-surface hydroxyl groups, respectively. The particle size distribution of purified 
HNTs is narrow, with an average particle size of 249.3 nm. The zeta potential of 
HNTs is −14.6 mV, suggesting satisfied dispersion stability of HNTs in water. The 
homogeneous tubular shape and excellent purity of HNTs assure the biological data’s 
dependability and reproducibility. 

2.2 Effect of HNTs on Wheat Germination and Growth 

Wheat seedlings were put in petri plates with HNTs dispersion of various concen-
trations or deionized water as a control to investigate if HNTs may affect plant 
germination and growth. HNTs show no discernible influence on wheat germina-
tion and total height at different culture times compared to the control group. Wheat 
seeds germinated and grew well in all groups, including the high HNTs concentra-
tion group. HNTs, on the other hand, have a major impact on the roots. The low
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concentration of HNTs promotes root development, but high concentration of HNTs 
(100 mg/mL) limits root length. 

The results show that GP for all groups is near 100%, and the germination rate of 
wheat seeds containing HNTs is not substantially different from that of the control 
group. This indicates that HNTs have no significant influence on wheat seed germina-
tion, even at a high concentration of 100 mg/mL. The biomass was then measured at 
3, 5, and 7 days to investigate the effect of HNTs on the growth of wheat seedlings. 
In comparison with the control, the biomass of wheat seedlings germination and 
growth in petri dishes was considerably higher at low HNTs concentrations (0.1, 1, 
and 10 mg/mL) and decreased at high HNTs concentrations (100 mg/mL). Seedlings 
in petri dishes containing HNTs (0.1, 1, and 10 mg/mL) had 1.2, 1.35, and 1.05 times 
the root length of control seedlings at 7 days, while seedlings in high concentrations of 
HNTs (100 mg/mL) had 56.4% less root length compared to the control. This shows 
that high concentrations of HNTs suppress root growth by filling the pores at the root 
surfaces. In terms of shoot length, low concentrations of HNTs has a beneficial effect 
and promotes shoot growth. The fresh weight of wheat seedlings containing HNTs 
(1 mg/mL) increased by 17.4% at 7 days compared with seedlings in the control 
group, but seedlings with high concentrations of HNTs (100 mg/mL) decreased by 
6.5% compared with the control group. Thus, the concentration of HNTs affected the 
germination and growth of wheat. At relatively low doses of HNTs (below 10 mg/ 
mL), no symptoms of toxicological effects were observed in wheat plants. High 
concentrations of HNTs inhibited shoot growth on 3 and 5 day, but the shoot length 
of the group with high concentrations of HNTs is equivalent to that of the control 
at 7 days. At 7 days, the fresh weight of wheat seedlings containing HNTs (1 mg/ 
mL) rose by 17.4% compared to seedlings produced in the control group, whereas 
seedlings in the high concentration of HNTs (100 mg/mL) declined by 6.5%. As 
a result, the concentration of HNTs influences wheat germination and growth. No 
toxicological effects were seen in the wheat plants at low doses of HNTs (less than 
10 mg/mL). 

2.3 Effect of HNTs on Root Development and Leave Size 

Nanoparticles can be deposited on the surfaces of plant root tips, reducing the capacity 
of plants to absorb nutrients and water. The effect of HNTs on root morphology was 
then studied. Compared to the control group, the root diameter of wheat seedlings 
cultivated in different doses of HNTs (0.1, 1, 10, 100 mg/mL) rises by 30, 38, 40, 
and 56.8%. The development of root hairs is thought to be an adaptive response to 
nanoparticle deposition. Root hairs can improve root absorption area; hairs are polar-
ized outgrowths of root epidermal cells, and their start and development (elongation) 
are regulated by various sets of genes and are hormonally sensitive. When HNTs are 
added to the culture media, the growth environment becomes one of water scarcity 
and drought. The adaptive response of wheat enhanced the length and diameter of 
HNTs-treated wheat groups. Additionally, the groups treated by HNTs have more
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root hairs than the control group (data not shown). TiO2 and CuO nanoparticles, 
among others, may also be able to encourage the growth of root hair. At 7 days, 
the half-leaf width of wheat treated with different concentrations of HNTs increases 
marginally as compared to the control group. Increased leaf size is important for 
photosynthetic room growth. Overall, HNTs can enhance wheat development at a 
specific concentration while exhibiting minor phytotoxicity at a higher dose. 

2.4 Effect of HNTs on Chlorophyll and Oxidative Damage 
Index 

Chlorophyll absorbs sunlight energy, which a plant needs to generate food, and it 
plays a crucial function in keeping plants green and healthy. Chlorophyll a is the 
primary photosynthetic pigment in plants, whereas chlorophyll b is a common auxil-
iary pigment. The chlorophyll a/b concentration ratio regulates the amount of light 
absorbed. Because chlorophyll is essential for metabolic activities, a rise in chloro-
phyll concentration or a/b content ratio may pose issues for plants. HNTs can affect 
plant growth and chlorophyll synthesis by entering the plant via the uptake process 
during water transport. The chlorophyll content of wheat seedlings increased after 
treatment with certain concentrations HNTs. For example, the chlorophyll content 
of the 1 mg/mL group is 13%, which is higher than that of the control seedlings. 
Within a certain concentration of HNTs, the ratio of chlorophyll a/b in seedlings 
treated with HNTs is somewhat lower than in the control group. The ratio of chloro-
phyll a/b is larger in the high-concentration HNTs than in the control group. The 
chlorophyll a/b concentration ratio regulates the intensity of absorbed light. Plants 
have an adaptation response at higher content ratios, which limits the chloroplast from 
optimizing light-collecting capabilities, resulting in a shift in photosynthetic electron 
transport capacity. As a result, high HNTs concentrations may impair plant photosyn-
thetic electron transmission capability, photosynthesis, and light absorption. When 
the concentration of chitosan nanoparticles was 10 ppm, the chlorophyll content of 
coffee chlorophyll increased from 30 to 60%, and as the concentration increased 
to 20–50 ppm, the chlorophyll content decreased. This conclusion of research is 
consistent with our study. 

Oxidative stress may be responsible for the toxicity of HNTs to plants. Therefore, 
a series of oxidative damage indices (H2O2 content, cell membrane permeability, 
and malondialdehyde MDA content) were measured. Wheat seedlings with lower 
concentrations of HNTs had lower ELI and H2O2 levels than the control group, 
whereas seedlings with high concentrations of HNTs (100 mg/mL) had greater ELI 
and H2O2 contents than the control group. Low doses of HNTs had a slight effect on 
the electrolytes of the seedlings and reduced the leakage of active oxygen species. 
MDA is regarded as a generic marker of lipid peroxidation. Seedlings produced 
from seeds exposed to modest dosages of HNTs (0.1–1 mg/mL) had a lower MDA 
content. However, high-dose HNTs increased ROS, electrolyte leakage, and MDA
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levels, indicating that cell membrane stability is compromised. It is understood that 
plant tissues may be shielded against osmotic stress by the structural integrity of cell 
membrane. Thus, whereas high-dose HNTs could diminish cell membrane stability 
and hinder wheat development, low-dose HNTs were able to stabilize cell membrane 
and increase wheat growth. 

2.5 Uptake and Transport of HNTs by Wheat Root 

Crops may absorb nanoparticles through foliar or root absorption, which raises safety 
issues. It has been extensively noted that diverse animal cells can absorb HNTs. 
However, there have only been a few reports of HNTs entering plants up to this 
point. The pictures of wheat seedling roots that have been cultured in Rhodamine 
B-labeled HNTs solutions can be detected by using the fluorescence microscope. It 
was easy to see the red fluorescence signals with some aggregated patches, which 
were the Rhodamine B-labeled HNTs. The red-light intensities rise as the HNT level 
rises, indicating that HNTs may reach the wheat root. SEM images of root cross-
sections were examined to validate the presence of HNTs in the root. The absence of 
HNTs in the control group is obvious, however HNTs are identified in the cortex of 
roots cultivated in HNTs dispersion. HNTs in the root aggregated together and the 
amount of aggregation increased with increasing HNTs loading. The aggregation 
phenomenon of HNTs in plants is caused by the changed ions concentrations, as 
plant cells contain various ions such as K+ and Na+. The aggregated HNTs stick 
to the walls of the plant pores, and the aggregation of HNTs has an influence on 
plant development that can be negative or favorable. The chemical makeup of HNTs 
includes silicon, and silicon is a helpful ingredient for plant growth, such as boosting 
drought tolerance and crop quality and production. It is probable that the introduction 
of silicon element via HNTs boosts the biomass of wheat seedlings in HNTs-treated 
groups. The amount of HNTs entering the roots rises as the concentration of the 
HNTs dispersion increases. The large accumulation of nanotubes on the root surface 
following the treatment of wheat with high concentration may impede water transport 
and water use efficiency in the root system, lowering transpiration and impairing 
plant growth and development. And no HNTs were found in the xylem of any of the 
samples. The plant root cap is generally protected by the boundary cell mucus layer, 
which is made up of negatively charged root fluids. Since HNTs have negatively 
charged Si–O–Si groups on their exterior surfaces, so they will not absorb mucus 
at the root border and can penetrate the interior. Aluminum content increases with 
HNTs concentration in the wheat root, and aluminum is widely considered to be 
deleterious to plant development. As a result, the effect of HNTs on wheat growth 
yields a complete outcome, as shown above. 

In higher plants, nanoparticles have two primary root absorption and transport 
pathways: the apoplast transport system and the symbiotic pathway. As HNTs are 
not found in the xylem, the apoplast route may be responsible for HNT absorption 
and transport in the roots. HNTs can move across the intercellular space without
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passing through the cell membrane by first penetrating the cell wall pores and then 
diffusing into the gap between the cell wall and the plasma membrane. Plant cell 
wall is a semi-permeable barrier that regulates material transport through pores, and 
the size of nanoparticles influences whether they may reach plant roots. 

3 Toxicity of Halloysite Toward Alga 

The biological impacts of HNTs in aquatic ecosystems were also studied on model 
freshwater alga Chlorella vulgaris at cellular, subcellular levels, and tissue [4]. The 
effects were also compared to those of HNTs’ main ingredients nAl2O3, nSiO2, and a 
mixture of nSiO2 and nAl2O3.The results showed that these nanomaterials inhibited 
algal growth in a dose-dependent manner and the inhibition capacity followed the 
trend of nAl2O3 > HNTs ≈ nSiO2 + nAl2O3 > nSiO2. However, HNT treatment 
produced more reactive oxygen species (ROS) than the nSiO2 + nAl2O3 combina-
tion without causing substantial changes in enzyme activity. The concept that the 
nano-tubular shape of HNTs degraded membrane integrity and promoted ROS over-
production was substantiated by surface and ultrastructural observations coupled 
with flow cytometry. The examination of fatty acid (FA) profiles revealed that an 
increase in monounsaturated FAs, such as C17:1 and C18:1/n-9, may affect cell 
membrane fluidity when exposed to HNTs. Cell defense to HNTs could be mediated 
by the activity of FA desaturase or FA saturation degree. This research sheds new 
light on the environmental safety of HNTs in aquatic environments. 

3.1 HNTs Induced Lower Growth Inhibition but Stronger 
Oxidative Stress 

At doses ranging from 0 to 10 mg/mL, the dose–response associations of algal expo-
sure to HNTs, nAl2O3, and nSiO2 were determined. Low concentrations of HNTs 
exposure (0–1 mg/mL) for 96 h gradually suppressed algal development; however, 
higher HNTs concentrations from 1 to 10 mg/mL might boost algal stress responses. 
The EC50 of HNTs was determined to be 8.2 mg/mL. By contrast, the calculated 
96 h-EC50 of nSiO2 and nAl2O3 were 12.5 and 0.35 mg/mL, respectively. Inter-
estingly, growth promotion by nSiO2 was detected at low doses of 0.05–1 mg/mL, 
which probably occurred from nanomaterial stress-response hormesis. Comparison 
between HNTs (1 mg/mL) and other tested nanomaterials in inhibitory effects on 
algal growth revealed the following pattern: nSiO2 < nSiO2 + nAl2O3 ≈ HNTs 
< nAl2O3. HNTs exhibited greater inhibition than nSiO2, probably due to nSiO2-
induced hormesis or the negative effects of HNT impurities on algae. Unexpectedly, 
nSiO2 + nAl2O3 exhibited similar inhibitory effects as HNTs, which was most likely 
because abundant nSiO2 + nAl2O3 aggregated in algal medium reduced physical
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contact of nSiO2/nAl2O3 with algal cells. Zhao et al. reported that the synthesis of 
graphene oxidative (GO)-Al2O3 hetero aggregates might reduce GO’s algal toxicity. 
In contrast, the nSiO2 + nAl2O3 aggregates were unlikely to form under HNT expo-
sure as nSiO2 and nAl2O3 were dispersed on the inner and outer surfaces of pristine 
HNTs, respectively. Thus, HNTs and nSiO2 + nAl2O3 may inhibit algal growth 
through different mechanisms, although they exhibit similar rates of inhibition. 

Different interactions between the tested nanomaterials and algal cells were seen 
in the SEM observation. Due to the presence of Ca bridging in the algal media, HNT 
exposure caused nanomaterials to adhere to the surface of the algal cells. Addition-
ally, HNT with distinct nano-tubular shape and electrostatic properties might make 
it easier for their tips to directly penetrate cell membrane, as was seen when carbon 
nanotubes were exposed to the environment. When exposed to nAl2O3, the algal 
cells became thoroughly coated with the compound. Suggesting the damage could 
result from electrostatic attraction. When the nSiO2 and nAl2O3 co-existed, greater 
negative charges in nSiO2 than in algae increased the opportunities of nAl2O3 inter-
acting with nSiO2 than with algal cells. Therefore, it seems reasonable to believe 
that the hetero aggregation of nSiO2 and nAl2O3 prevented Al2O3 from directly 
contacting algae, resulting in less growth inhibition than exposure to nAl2O3 solely. 
The TEM images further confirmed unlike algal responses to different nanomate-
rials at ultrastructural levels. HNT exposure damaged cell wall and membrane but 
remained intact cellular organelles such as chloroplasts. Exposure to nAl2O3 or nSiO2 

+ nAl2O3 induced severe cellular damages, such as blurred thylakoids, plasmolysis 
(red two-way arrow), and reduced plastoglobuli. 

The determination of the integrity of algal cell membrane revealed that HNTs 
caused a higher proportion of membrane-damaged algal cells (77.3%) than any 
other exposure treatment. The nano-tubular structure of HNTs may be easier to 
trigger plasma membrane damage via penetration and/or energy-dependent endo-
cytose. Exposure to nSiO2 resulted in damaged membrane and blurred organelles 
(i.e., starch grana and vacuole) in 23.2% of algal cells. Interestingly, nAl2O3 greatly 
inhibited algal growth but resulted in the lowest ratio of membrane damage (8.2%), 
suggesting that the transport of nAl2O3 to algal cells may be through the release of Al 
ions rather than the endocytose of nanoscale Al particles. Indeed, our studies indi-
cated that 0.23% Al was liberated from nAl2O3, which likely resulted to 76.5% 
of its inhibition on algal growth. Furthermore, the role of dietary deficiency in 
nanomaterials-induced algal growth suppression could be ruled out. 

In addition to physical damage, exposure to HNTs produced more ROS than any 
other treatment, suggesting that the balance of cellular homeostasis was disturbed 
and biological activities of the cell membrane may have been compromised. Induced 
oxidative stress caused by excessive ROS generation has been identified as a major 
toxic mechanism for nanomaterials. When the quantity of ROS in the cell surpasses 
the antioxidant defense capability (i.e., SOD and CAT), lipid peroxidation occurs. 
The MDA concentration of HNTs-treated algae, on the other hand, did not change 
substantially from that of the control treatment. The low MDA and high ROS levels 
showed other antioxidants or pathways that may be involved in cellular protection 
against excessive ROS in HNTs treatment. In contrast to the control treatment,
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algae treated with HNTs had higher levels of SOD and CAT. The major antioxi-
dant enzymes, SOD and CAT, are activated to scavenge O2

− and H2O2 for cellular 
defense and nanomaterial inhibition, respectively. This study indicates that after 
HNT exposure, the cellular defense was triggered. Although mitotoxicity can be 
another source of oxidative stress, HNTs exposure had no effect on MMP levels. As 
a result, HNTs may be able to preserve mitochondrial membrane integrity without 
triggering mitotoxicity. In contrast, nAl2O3 induced severe oxidative stress in algal 
cells, as evidenced by the highest levels of SOD activity, CAT activity, MDA content, 
and GSH content, as well as the lowest MMP, despite the fact that intracellular 
ROS levels in nAl2O3 treatment were significantly reduced to the lowest among 
all treatments. When compared to HNTs, exposure to nSiO2 + nAl2O3 caused a 
large rise in CAT activity, which indicates that nSiO2 + nAl2O3 exposure caused an 
excess of H2O2 radicals to be produced and then scavenged by CAT. Additionally, 
correlation analysis demonstrated that antioxidants were favorably correlated with 
nanomaterials-induced algal growth suppression, but ROS levels were highly related 
to the proportion of membrane-damaged algal cells. Oxidative stress and physical 
contact were thought to be responsible for HNTs-induced membrane damage in this 
study. 

3.2 HNTs Altered FA Compositions of Algal Cells 

In addition to the antioxidants indicated above, FAs were shown to be involved in 
cellular defense against HNT exposure. Fifteen FAs, including four unsaturated fatty 
acids (UFAs) and ten saturated fatty acids (SFAs), were determined in C. vulgaris, 
with the main components being palmitic acid (C16:0), linoleic acid (C18:2/n-6), α-
linolenic acid (C18:3/n-3), oleic acid (C18:1/n-9), and stearic acid (C18:0). The FA 
profile was consistent with previous studies on FA composition in the same species. 
Phytotoxicity caused by nanomaterials can generally occur at cell, tissue, and even 
molecular levels. FA metabolism was discovered to be a significant mechanism in 
algal response to nanomaterials by metabolomic and transcriptome investigations. 
Single layer MoS2 nanosheets treated with humic acid dramatically reduce algal 
growth inhibition but resulted in the ROS overgeneration, indicating that FAs may 
play a crucial role in cellular defense against oxidative stress. 

It is thought to be a cellular response of algae to nanomaterials, with exposure to 
HNTs reducing the total amount of PUFAs and UFAs, but significantly increasing the 
relative amount of SFAs. Mortimer et al. linked decreased total UFAs in nanoscale 
CuO-exposed protozoa cells to adaptive regulation with stress. More specifically, 
PUFAs are involved in cell structural function and are vulnerable to contaminants. 
Under HNTs exposure, the abrupt drop in C18:2/n-6 and C18:3/n-3, as well as the 
dramatic increase in C16:0 and C18:0, might be attributed to the physical destruction 
of membrane integrity by the nano-tubular structure. A positive correlation was 
discovered between ROS and PUFAs levels.
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Taken together, HNTs exhibited relatively low inhibitory effects on algal growth, 
but their nano-tubular structure may enter cells via endocytose and puncture, destruc-
tion of cell membrane integrity, and alteration of FA profiles and membrane functions. 
Unlike nSiO2, nAl2O3 and nSiO2 + nAl2O3 exposures, HNTs can induce biological 
responses in algae to protect cells by increasing FA desaturation, whereas antioxidant 
enzymes may mediate cytoprotection in the former. 

3.3 Environmental Implications 

As HNTs are progressively used in industry, their environmental impacts and ecolog-
ical safety need to be better elucidated. Furthermore, changes in the FA profile 
caused by HNT exposure may have distinct environmental consequences in terms of 
nutritious food supply and green bioenergy. 

The competitiveness of algae as a nutritive food source may be compromised due 
to exposure to HNT. Since their capacity to offer important FAs for cardiovascular, 
neurological, and ocular health, algae-derived PUFAs (mostly microalgae) are nutri-
tious and lucrative compounds. Linoleic acid (C18:2/n-6) cannot be synthesized de 
novo in the body and plays an essential role in dietary supplements as an impor-
tant PUFA precursor. The possible application of γ-linolenic acid (C18:3/n-9, GLA) 
largely includes baby formulae for full-term newborns and nutritional supplements. 
According to our findings, HNT exposure can drastically decrease PUFAs. There-
fore, the exposure may cause decreased nutritive values of C. vulgaris to probably 
other organisms in aquatic ecosystems and primary consumers. 

HNT exposure, on the other hand, may promote the use of algae as a commercial 
feedstock for sustainable biofuel. The viability of algae as a commercial feedstock 
is determined by its lipid production and lipid quality. The latter is strongly linked to 
FA profiles. For instance, the European Biodiesel Standard EN14212 demands less 
than 12% of linolenic acid to maintain the balance of oxidative stability. The relative 
concentration of α-linolenic acid in the control treatment surpassed the biodiesel stan-
dard (13.3%), but HNTs-treated algae reduced its proportion to 8.7%. Furthermore, 
biodiesel with high quantities of oleic acid can reduce cold filter plugging points to 
adapt to cold conditions, as evidenced by the rise in C18:1/n-9 during HNTs exposure. 
Therefore, algae with altered FA profiles as a result of HNT exposure might fulfill the 
quality requirements as a biodiesel feedstock. Thus, the environmental consequences 
of HNT exposure in aquatic environments should be considered dialectically. 

4 Toxicity of Halloysite Toward Caenorhabditis elegans 

The toxicity of HNTs was assessed using an in vivo model of Caenorhabditis elegans 
(C. elegans) [5]. HNTs displayed low toxicity in vitro at concentrations less than 
50 g/mL, but higher toxicity at higher concentrations such as 200 g/mL. At an HNT
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concentration of 200 g/mL, cell viability of mBMSCs and UMR-106 was 73.4% 
and 77.1% respectively. In vivo, HNTs inhibited C. elegans reproduction but had no 
effect on life spans or other phenotypes, indicating that HNTs did not have long-
term toxicity effects. It indicated that HNTs have great biocompatibility at concen-
trations lower than 2.5 mg/mL. The toxicological investigations of these HNTs have 
a significant impact on their various biomedical uses. 

4.1 Distribution and Translocation HNTs in Wild-Type 
Nematodes 

Rhodamine B labeled HNTs was used to investigate whether and how HNTs are 
taken up by worms. The  C. elegans were imaged after being incubated with these 
rhodamine-labeled nanoparticles from L1 larvae for 24 or 48 h. Representative nema-
todes with noticeable red fluorescence in the intestine were taken after 24 or 48 h 
of exposure. Furthermore, no HNT aggregation was found in C. elegans and the 
other tissue, including the uterus, vulva, and germline. These findings revealed that 
worms might ingest HNTs from the pharynx into the gut, as well as just uptaking 
nanomaterials without absorbing or digesting them. 

HNTs are mostly taken up by C. elegans in the intestine, which is the major 
portion of the nematode responsible for metabolism. Factors affecting the metabolism 
of nematodes are the location of HNTs and their position in the gut. Oil-Red-O 
(ORO) staining was used to identify lipid metabolism. It was shown that wild-
type animals treated with different concentrations of HNTs had no effect on ORO 
staining, suggesting that the distribution of HNTs in the intestine did not influence 
the metabolic activity in the intestine. Furthermore, the dye-leakage assay was used 
to examine the influence of HNTs on worm intestinal function. HNTs had no effect 
on dye leakage in animals, indicating that they did not affect the intestinal barrier 
function of C. elegans. 

4.2 Toxic Effects of HNTs on the Reproduction and Growth 
of C. elegans 

Changes in the phenotype of nematodes, such as reproduction, locomotion, or body 
length, are essential endpoints in toxicology. The effects of 1D nanoparticles on body 
length were investigated, and it was discovered that increasing the concentration of 
HNTs had no evident effect on body length. Furthermore, the body movement of 
rats treated with or without varying concentrations of HNTs was studied. Body 
movement is one of the most noticeable behavioral abnormalities associated with 
nematode aging. The research revealed that HNTs had no effect on C. elegans body 
movement. Because worms were known to produce offspring during the initial 5 days



570 M. Liu et al.

of adulthood, it was hypothesized that the early impacts of materials on nematode 
toxicity might be reflected in the influence of reproduction. The results showed 
that when animals were exposed to varying doses of HNTs, the total brood size of 
worms was dramatically reduced, but the hatching rate of worms was unaffected. 
The development of larvae is an important indicator for determining the toxicity of 
HNTs on larvae. These findings demonstrated that HNT exposure had no effect on 
worm growth. These results revealed that the adverse effects of HNTs on C. elegans 
are slightly, simply altering the brood size. 

4.3 Toxic Effects of HNTs on the Life Span and ROS of C. 
elegans 

The life span of an animal can reflect the long-term effects of some toxicants on it. It 
was found that exposure to HNTs had no effect on the lifetime of C. elegans, with the 
exception of worms exposed to 50 mg/mL, which showed a modest increase in life 
span (5.4%). These changes in lifetime may be related to decrease brood size, since 
several studies have found that an increase in life span usually accompanies a drop in 
progeny output. As a result, only C. elegans reproduction was affected by HNTs, but 
other characteristics like movement ability, body length, development, and longevity 
were little affected. It showed that HNTs did not have long-term toxicological effects. 
Despite their particle sizes (>100 nm), HNTs did not appear to be harmful. 

In C. elegans, oxidative stress is typically a significant contributor to the toxicity 
caused by environmental toxins. The effects of HNTs in inducing ROS generation 
were further investigated. Using MitoSOX labeling, it was discovered that HNTs at 
varied concentrations did not clearly increase ROS formation; instead, mice exposed 
to 50 mg/mL exhibited moderately decreased ROS production. Furthermore, it was 
studied the influence of different HNT concentrations on the expression levels of 
genes associated with oxidative stress, including sod-3, ctl-1 and dod-3. sod-3, a  
superoxide dismutase and ctl-1, a catalase, are crucial molecular bases for antioxida-
tive stress response in C. elegans. Dod-3, a target gene of Forkhead box O transcrip-
tion factor (FOXO) homolog DAF-16, is linked to oxidative stress. Expression of 
these oxidative stress-associated genes was hardly affected by HNTs, just dod-3 level 
was slightly elevated when animals were exposed to concentrations of 2.5, 10 and 
50 mg/mL, and ctl-1 level was increased when worms were exposed to the concen-
tration of 10 mg/mL. These findings revealed that when nematodes were exposed to 
HNTs, it might induce a light oxidative stress, which resulted in a small up-regulation 
of oxidation-related genes but did not result in a major increase in ROS generation.
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5 Toxicity of Halloysite Toward Zebrafish 

The zebrafish, which has 87% genetically homologous to human genes, is a tropical 
freshwater fish that is commonly used as a basic model organism for assessing toxicity 
in the environment. With its small scale and ease of observation, zebrafish embryos is 
a suitable model for studying the developmental toxicity of nanomaterials throughout 
the early life stage. For testing biomaterial nanotoxicity, zebrafish is often employed 
as a correlative and predictive model. 

5.1 Acute Toxicity of HNTs in Zebrafish Embryos and Larvae 

Systemic toxicity of HNTs was assessed using zebrafish embryos (AB wild type). 
[6]. HNTs (0.25, 0.5, 1, 2.5, 5, 10, 25, and 50 mg/mL) were investigated for acute 
toxicity to zebrafish embryos and larvae from 24 hpf to 120 hpf. HNTs (0.25, 0.5, 
1, 2.5, 5, 10, 25, and 50 mg/mL) were investigated for acute toxicity to zebrafish 
embryos and larvae from 24 to 120 hpf. Zebrafish embryos and larvae exposed 
to various concentrations of HNTs cannot produce sufficient mortality to calculate 
LC50 values. Compared to the control group, the survival rate of zebrafish embryos 
and larvae does not change significantly at different developmental stages (24, 48, 
72, 96, and 120 hpf) when treated with various concentrations of HNTs, whereas 
the high concentrations of HNTs (25 and 50 mg/mL) cause a significant survival 
decrease (P < 0.01). As time goes on, the survival of larvae emerges no obvious 
differences at each concentration of HNTs; Except for the maximum concentration 
of HNTs (50 mg/mL), there was a time response during the experiment and reached 
a level of the substantial difference in mortality (20%) at 72 hpf (P < 0.001). As a 
result, the findings suggest that HNTs have a limited influence on zebrafish survival. 
The morphology of zebrafish was studied between 72 to 120 hpf after exposing 
HNTs with different doses (0.25, 0.5, 1, 2.5, 5, 10, 25, and 50 mg/mL) in order 
to assess morphological deformity caused by HNTs. Except for the highest dose 
of HNTs (50 mg/mL) with a clear morphological deformity (10%), HNTs treated 
with varied concentrations show no significant difference from 72 to 120 hpf when 
compared to control groups. During developmental stages, the majority of larvae are 
in normal morphology. Many nanoparticles have been shown to cause developmental 
toxicity, including morphological deformity, such as S-doped TiO2 nanoparticles, 
ZnO nanoparticles, and silica nanoparticles. Surprisingly, the actions of HNTs are 
different from those of the previously stated nanoparticles. Our findings show that 
HNTs at varying dosages (25 mg/mL) have no effect on zebrafish morphological 
development.
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5.2 Sublethal Effects of HNTs on the Development 
of Zebrafish 

Hatchability between 48 and 72 hpf is regarded as a pivotal period for zebrafish’s 
chorion hatchability and embryo genesis. The relationship between successful 
embryo genesis and embryo toxicity is a critical measure for assessing nanotoxi-
city. Hatchability was measured at 48, 54, 60, 66, and 72 hpf to determine if varying 
concentrations of HNTs had a potentially harmful effect on embryo hatching delay. 
Hatching necessitates the production of proteolytic enzymes from the hatching gland 
to soften the chorion and larval movement to break free; various xenobiotics have 
been reported to prevent this step. So far, various nanomaterials have been high-
lighted as existing hatching delays and harmful effects on zebrafish development. 
For instance, GO or multi-walled CNTs (50 mg/L) may cause embryo hatching 
delays due to changes in chorion flexibility and chorionic hatching enzyme func-
tion. However, HNTs considerably improve the hatchability of zebrafish embryos 
in various degrees from 48 to 72 hpf in comparison with the control group, with 
only the highest dose (50 mg/mL) of HNTs showing a lagging hatchability. When 
combined with the studies of the acute toxicity of HNTs in zebrafish embryos and 
larvae, it is shown that zebrafish embryos exposed to HNTs at a concentration of 
50 mg/mL exhibit a low survival rate, a delay in hatching, and a high malformation 
rate. In other words, exposing zebrafish embryos to HNTs (≤25 mg/mL) can induce 
hatching without malformation and with a high survival rate. The enhancing hatching 
rate of zebrafish embryos induced by HNTs may be contributed to the needle-like 
fiber shape of HNTs which can penetrate the cell membrane easily. This confirms 
that HNTs are safe for zebrafish embryos at a dose of ≤25 mg/mL. 

During the 17–30 hpf developmental window, zebrafish embryos demonstrate 
spontaneous movement (coiling and flexing). A basic and practical way to monitor 
zebrafish behavior is to view larvae directly under a microscope and count sponta-
neous movement during specific period. At 24, 48, 72, 96, and 120 hpf, spontaneous 
movement in 20 s of zebrafish exposed to HNTs (0, 0.25, 2.5, 5, 25, and 50 mg/ 
mL) at 6 hpf was recorded. At 24, 48, 72, and 96 hpf, all zebrafish with varied 
doses exhibit no significant alterations in spontaneous movement. Just spontaneous 
movement of zebrafish larvae at 120 hpf shows a significant dose-dependent rela-
tionship. The highest number of spontaneous movements was in the control group of 
zebrafish. Additionally, when the concentration of HNTs increases, the spontaneous 
movement periods of zebrafish larvae decrease. For instance, zebrafish larvae in the 
50 mg/mL, 2.5 mg/mL, and 0.25 mg/mL HNTs-treated groups moved 8, 10, and 12 
times, respectively, while moved 17 times in 20 s in the control group. As a result, 
it is possible to conclude that HNTs existing in zebrafish living environments have 
little effect on zebrafish behavior, such as spontaneous movements. 

The heart rate of zebrafish was counted in 10 s and recorded at 24, 48, 72, 96, and 
120 hpf to assess cardiac toxicity following treatment with HNTs (0, 0.25, 2.5, 5, 
25, and 50 mg/mL). When zebrafish are exposed to varied doses of HNTs from 24
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to 120 hpf, there are no noticeable changes in heart rate, demonstrating that HNTs 
cannot cause cardiac toxicity throughout zebrafish development. 

5.3 Distribution of HNTs in Zebrafish Embryos and Larvae 

Because HNTs have no influence on acute or sublethal toxicity in zebrafish devel-
opment, it is uncertain if HNTs might be digested by the zebrafish or enriched on 
the surface of the chorion. The enrichment of HNTs on the surface of the chorionic 
membrane of zebrafish embryos can be observed by fluorescence microscopy, scan-
ning electron microscopy and light microscopy. Moreover, FITC-HNTs are designed 
to allow clear observation of this behavior using a fluorescence microscope. HNTs are 
dose-dependently enriched on the chorion surface of embryos. When the concentra-
tion of HNTs is more than 25 mg/mL, the zebrafish embryos are completely encircled 
by the nanotubes. The embryos were discovered to have FITC-HNT coverage because 
they exhibit enhanced green fluorescence with increasing FITC-HNT concentrations. 
However, it is unclear if HNTs can accumulate inside embryos. Previous studies have 
found that the chorionic membrane of zebrafish embryos act as a protective barrier for 
the agglomerates, as SWCNTs agglomerates can adhere to the chorionic membrane 
surface of the embryo but cannot pass through the pores in the embryo because the 
size of the agglomerates is too large. The enrichment of HNTs on the surface of the 
chorion is comparable to that of SWCNTs. As a result, aggregates of HNTs may not 
be swallowed by zebrafish embryos. 

Under a fluorescent microscope, zebrafish larvae were observed the ingestion of 
HNTs. The fluorescence of FITC-HNTs (25 mg/mL) without larvae is shown as a 
blank group to demonstrate that the fluorescence of FITC-HNTs cannot naturally 
diminish during the experiment. It has been discovered that varied doses (0.25, 2.5, 
and 25 mg/mL) of FITC-HNTs may be ingested by zebrafish larvae and mostly 
concentrate in the gastrointestinal system. The fluorescence intensity of FITC-HNTs 
ingested by zebrafish larvae steadily declines over time, indicating that FITC-HNTs 
can be expelled by zebrafish larvae via gastrointestinal metabolism. The findings 
show that HNTs can be excreted by zebrafish larvae. Overall, HNTs (≤ 25 mg/mL) 
may enrich on the surface of the chorion, be eaten, and excreted by zebrafish larvae 
with no notable harmful consequences during the zebrafish development period. 
HNTs are hazardous to mice according to new research. HNTs can be ingested by 
the intestinal epithelium of mice and cause harmful effects on the animals’ liver 
and lungs via intragastric feeding. The harmful effects of HNTs vary due to differ-
ences in animal models. Throughout this study, HNTs are dispersed in the zebrafish 
living environment and absorbed by zebrafish larvae. Previous research has demon-
strated that nanoparticles may be absorbed by the intestinal epithelium and then 
expelled by zebrafish larvae. In zebrafish, egg water stimulates body fluid circula-
tion, reducing toxicity to other main organs. Overall, it can be concluded that HNTs 
are biocompatible nanomaterials.
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6 Conclusion 

In this review, we summarized the toxicity research progress of HNTs using different 
models. Due to the unique morphology of HNTs and developed industrial application, 
the environmental safety of HNTs became a hot topic in the clay area. The current 
data shows that the toxicity of HNTs is very low and can be tailored by changing the 
dose. They are safe to crop growth and alga living as well as fish and nematodes. More 
experiment data on the big animal models should be acquired before HNTs are used 
in products contacting the human body. Also, blood compatibility and tumorigenic 
should be assessed for a long period time. Respiratory intake should be strictly 
prohibited since the tubes can damage the lung. 
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