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14.1 Introduction

In the last decades, the industry has recorded a rapid development which entailed
increased amounts of wastewater discharged in nature, and this has become a chal-
lenge not only for the scientists, but for the entire society as well, in order to limit
the environmental pollution and human health hazards. There are many conven-
tional methods known and in use, such as biological treatments (Fazal et al. 2015),
flocculation (Jawad et al. 2015), membrane processes, chemical precipitation, ion
exchange (Rosales et al. 2017), etc. Retention onto activated carbon is considered
efficient, reliable, but not cost-effective, so that the research for another approach
was encouraged despite the advantages of this method (high capacity of retention,
as related to the high surface area and surface reactivity, as well as mechanical
strength) (Mashhadi et al. 2016).

Basically, the mechanism of adsorption consists of a mass transfer with the accu-
mulation at the interface of the two phases in direct contact. In the case of solid-
liquid systems where adsorbed compounds are removed from their solution and
linked onto the surface of the solid sorbent, both physisorption (weak and revers-
ible) and chemisorption (strong binding through chemical bonds) occur and coexist
rending stability to the process. Physisorption takes place at temperatures below or
close to the critical temperature of the adsorbate and evolves with a decrease in free
energy and entropy, and, thereby, the process is exothermic (Cooney 1999; De Gisi
et al. 2016). On the other hand, the chemisorption occurs under the condition of a
monolayer; hence the resulted bonds are hard to break. In time, a dynamic equilib-
rium is reached in relation to the adsorbate.

Adsorption onto lignocellulosic waste materials has been acknowledged as a
viable alternative to the already existing technologies employed for the removal of
various pollutants from the industrial wastewater. These biosorbents may come
from agriculture and wood industry, and can originate in different parts of plants
(bark, stem, leaves, roots, flowers, biomass, husk, hull, skin, shell, bran, kernel etc.),
thus containing cellulose, hemicelluloses, and lignin in various ratios (Fig. 14.1)
(Dai et al. 2018; Okoro and Okoro 2011).

Aside from the porosity of the materials, another characteristic of great relevance
is the presence of reactive functional groups able to undergo reactions in solution and,
therefore, bind pollutants such as heavy metal ions or organic small molecules by
specific bonds (Nguyen et al. 2013; Chan et al. 2015; Heng et al. 2017; Zhang et al.
2016; Zhou et al. 2015). For example, most of the proton donor functional groups,
namely, amine, amide or acetamide, carboxylic, phenolic, hydroxylic, etc., may inter-
act with the metal ions in solution yielding in substitution compounds or even metallic
complexes (Marin-Rangel et al. 2012; Saka et al. 2012). It has been shown that Cr(VI)
was chemically bound to the adsorbent surface, and a certain amount of it was reduced
to Cr(II) (Lin et al. 2018), as well as Cu, Ni, and Zn ions (Lee and Rowell 2004), while
Pb(I) was retained by electrostatic attraction (Nguyen et al. 2013). As for the organic
pollutants, adsorption was achieved through other types of bonds, such as hydrogen
bonding (dyes), van der Waals bridging (pesticides), hydrophobic attraction (drugs),
covalent bonds (oil), or even n-w stacking interactions (Zhou et al. 2015).
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There are factors influencing the purification process onto lignocellulosic materi-
als that have to be considered especially when it comes to the retention effective-
ness. Thus, the pH and temperature of the wastewater, the initial concentration of
the pollutants and the pollutant-to-adsorbent ratio, and even the ionic strength may
affect the process.

Another issue associated with the industrial water purification by means of lig-
nocellulosic waste materials is the so-called secondary pollution caused by the envi-
ronmental accumulation of waste adsorbents which can become, in their turn,
source of further pollution. This problem must be dealt with, and there are some
methods commonly applied: solvent extraction (it employs an appropriate solvent
for the adsorbate in order to remove it from the sorbent material); calcination (the
high temperature treatment yields in organic or inorganic volatiles that are released
from the support); and biologic regeneration (specific microorganisms are used to
release the adsorbent) (Dai et al. 2018).

In the following, some of the pollutants most commonly found in the wastewater,
organic and inorganic, as well as the corresponding lignocellulosic sorbents
employed for their efficient removal, will be reviewed highlighting the mechanism
of retention onto the surface of the sorbent and factors that may influence the yield
of the process.



384 F. Tanasa et al.
14.2 Organic Pollutants

In the last decades, the highly increasing societal demand for food and goods has
entailed large-scale environmental problems. The water, air, and soil pollution
caused by the improper disposal of various by-products and wastes from agriculture
and industry, including oil spills, associated with the lack of effective appropriate
policies in some countries and the use of outdated technologies, among other causes,
generated dramatic climate changes, wildlife extinction, desertification, etc.
(O’Donnel 2018).

Wastewatermostcommonly containspesticides(suchas?2,4-dichlorophenoxyacetic
acid, metribuzin, and metalaxyl) and dyes (i.e., Congo red, rhodamine B, malachite
green, methylene blue, crystal violet), but aromatic compounds (e.g., polycyclic
aromatic hydrocarbons, phenol), oil, and drugs (such as tetracycline, caffeine, tylo-
sin) were identified as well. Therefore, their removal was intensively studied, and
various methods were developed in close correlation with specific pollutants: physi-
cal separation, sedimentation and filtration (Dai et al. 2018), flocculation (Guan and
Tian 2017), membrane separation (Sarasidis et al. 2017), adsorption (Worch 2012),
UV-vis treatment (Deng et al. 2017), and microwave-assisted purification (Gayathri
et al. 2017); chemical, chemical, photochemical, and catalytic oxidation (Gayathri
et al. 2017; Janssens et al. 2017); or even combinations of different methods (i.e.,
adsorption and photocatalysis on titanate nanotubes (Sandoval et al. 2017); mem-
brane separation and oxidation, with simultaneous in situ regeneration of the sor-
bent) (Sarasidis et al. 2017), aiming at maximizing the yield of the process.

Unlike other methods, the adsorption onto lignocellulosic materials offers some
specific advantages: simplicity, high removal rate, cost-effectiveness, an easy access
to resources (agriculture and wood industry), and, of utmost importance, the pres-
ence of reactive functional groups able to bind specific organic pollutants — carboxyl
(Bouguettoucha et al. 2016; Inam et al. 2015), carbonyl (Bouguettoucha et al. 2016;
Zhu et al. 20164, b, c, d), hydroxyl and amine (Inam et al. 2015; Shang et al. 2015),
and amide (Sohrabi and Ameri 2015).

14.2.1 Pesticides

Pesticides are employed in agriculture and forestry in order to limit and prevent
pests, fungi, and microorganism infestation, as well as weeds, and their extensive
use affects the human health and environment.

Lignocellulosic waste sorbents proved to be highly effective for the retention of
different pesticides (Fig. 14.2). Thus, the purification of wastewater containing
2,4-dichlorophenoxyacetic acid (a well-known systemic pesticide, selective, and
used as herbicide and plant growth regulator) attracted the interest mainly after
being reported in 1987 by the International Agency for Cancer Research as having
carcinogenic potential, as well as mutagenic (International Agency for Research on
Cancer (IARC) 1987).
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Fig. 14.2 Some of most commonly used pesticides that can be retained onto lignocellulosic
sorbents

Experiment conducted onto mustard plant ash (Trivedi et al. 2016) aimed at opti-
mizing the purification process and factors affecting the adsorption, namely, the
sorbent-to-sorbate ratio, initial pollutant concentration, contact time, and adsorption
temperature, were investigated. Based on the experimental data, fitted to different
kinetic and isothermal models, it was possible to indicate an optimum sorbent-to-
pesticide ratio. The langsat empty fruits activated by phosphoric acid were also
employed in the retention of 2,4-dichlorophenoxyacetic acid from wastewater
(Njoku et al. 2015) with a reported efficiency of 261.1 mg/g, at 30 °C. The influence
of the initial concentration of pollutant, shaking time, pH, and temperature was
studied. It was also found the mechanism of sorption was the internal diffusion of
particles. Reported data confirmed this material as an excellent sorbent. Another
study employed fly ash originated from bagasse as a low-cost and effective sorbent
(Deokar et al. 2016) using two different approaches: in-batch experiments and con-
tinuous packed-bed processes. The sorption process in batch depends on the initial
amount of pesticide, contact time, pH, and temperature and the particle size of the
sorbent, while the factors affecting the continuous packed-bed process are the con-
centration of the influent, flow rate, and bed height and model. It was thus possible
to recommend optimal conditions for each study case. The sorbent particle size
investigation showed the bigger the particles are, the higher is the amount of pollut-
ant removed as a consequence of the greater BET surface.

Metribuzin is another pesticide of interest, as it is an herbicide used both pre-
and post-emergence in crops (soy bean, potatoes, tomatoes, sugarcane, etc.), which
acts by inhibiting photosynthesis of weeds. Since it was demonstrated that it con-
taminates the groundwater, its removal onto waste lignocellulosic materials was
studied. A successful research reported on the reduction of water contamination by
metribuzin using de-oiled two-phase olive mill waste (DW) as sorbent (Pena et al.
2016) in soil. The method consisted in preparing soils containing DW in various
amounts and composted for different intervals. Thus, the study indicated that fresh
DW retain lower amounts of metribuzin, as compared to aged DW. Therefore, the
DW-composted soils may be a cost-effective solution for the sustainable decontami-
nation of metribuzin-containing groundwater.

An interesting challenge was the removal of chiral pesticides such as metalaxyl,
an acylalanine derivative (methyl N-(methoxyacetyl)-N-(2,6-xylyl)-DL-alaninate)
fungicide with systemic function, and imazaquin, an imidazoline-based herbicide
used to control a wide range of weed species. It was proven that adsorption onto
lignocellulosic materials was applied only for metalaxyl (Gamiz et al. 2016) so far.



386 F. Tanasa et al.

The study evidenced that soils amended with composted olive mill waste retain
lower amount of pesticide than soils containing the corresponding biochar. At the
same time, the enantiomer R was preferentially retained in soils containing compos-
ted olive mill waste, but biochar-amended soils adsorbed both enantiomers and
blocked their leaching almost completely.

Despite the progress reported by researchers on the removal of pesticides, further
studies are required in order to develop new sorbents based on agricultural waste
able to purify wastewater more efficiently.

14.2.2 Dyes

Dyes represent a broad class of organic pollutants largely found in industrial waste-
water. Due to their chemical structure (high content in aromatics, halogens, metal
ions, etc.), they can severely damage the environment when improperly discharged
in natural streams as they cause a decrease in water transparency, and alter the pho-
tosynthesis and water oxygenation, as well as self-cleaning processes (Tomczak and
Tosik 2017; Dardouri and Sghaier 2017). Basically, dyes can be divided into groups:
acid dyes (Congo red, eosin, etc.), basic (cationic) dyes (methylene blue, basic fuch-
sin, crystal violet, etc.), direct (substantive) dyes, mordants, and vat, reactive, and
non-ionic (disperse) dyes.

Simple, low-cost, and easy-to-access sorbent materials obtained from lignocel-
lulosic waste were successfully employed in industrial water decontamination when
dyes were the pollutant. Thus, such materials removed cationic dyes (Amela et al.
2012; Zhu et al. 2016b), azoic dyes (Tomczak and Tosik 2017; Chebli et al. 2015),
direct dyes (Karthick et al. 2017), and reactive dyes (Hong and Wang 2017; Tung
et al. 2009; Suteu et al. 2011; Suteu et al. 2015) from wastewater.

14.2.2.1 Anionic Dyes

Anionic dyes display a wide structural variety. According to some literature data
(Zhou et al. 2015), acidic dyes, direct dyes, and reactive dyes can be included in the
same group of anionic dyes.

Acid dyes have been typically applied to textiles under low pH conditions and are
used to dye wool, silk, or nylon, but not cotton fabrics. They contain different chro-
mophores (azo groups, anthraquinone, naphthol, etc.) in their structure and hence the
broad palette of colors. Information on this specific subject is scarce. Still, it was
reported that Naphthol Blue Black, Basic Blue 41, and Reactive Black 5 dyes were
removed from water solution using the avocado peel residue as agriculture waste
(Palmaetal.2016), and rice husk was employed to retain methyl orange (Hosseinzadeh
and Mohammadi 2016), while modified barley straws were used to remove Acid
Blue 40 (Oei et al. 2009) and the powder of the jackfruit leafs for Amido Black 10B
(Ojha and Bulasara 2015). Other studies focused on the adsorption of Synolon Black
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HWEF-FS and Synolon Red 3HF onto mustard and linseed oil cakes (Safa 2016),
when electrostatic interaction proved to be the sorption mechanism, and on the sorp-
tion of Acid Blue 113 onto the peel of overripe Cucumis sativus (Lee et al. 2015),
which showed biosorption was endothermic, feasible, and spontaneous.

Direct dyes are water-soluble sodium salts of sulfonic acid bearing azoic groups
as chromophores (some representative direct blue dyes are presented in Fig. 14.3).
Despite the reports on the lignocellulosic materials originated from agricultural
waste that can be used for the effective adsorption of direct dyes (Chebli et al. 2015),
more research is still required.

Various lignocellulosic materials were tested for the sorption of direct dyes from
industrial water. Thus, fibers of Stipa tenacissima were successfully used to remove
the Congo red dye (Chebli et al. 2015) from aqueous solutions, mechanism of
adsorption was identified (protonation, particle diffusion, electrostatic interactions),
and an optimal set of parameters (pH = 4, temperature 25°) was recommended in
order to reach the maximum of adsorption (7.93 mg/g). For the same dye,
polyethyleneimine-modified wheat straws were employed (Shang et al. 2015), and
it has been proven that the chemical modification of wheat straws enhanced their
adsorption capacity. Another red dye, namely Direct Red 23, was effectively
removed from wastewater using corn stover (Fathi et al. 2015).

Reactive dyes contain in their structure a chromophore bearing a substituent
able to react with the substrate; thus, they bond it covalently during dyeing. The use
of carbonaceous materials obtained from avocado skin for the removal of Reactive
Black 5 was assessed (Palma et al. 2016) as related to a series of factors, such as
carbonization parameters, and by comparison with other dyes. It has been shown
that physical adsorption was the retention mechanism of Reactive Black 5 onto a
new sorbent material based on banana pseudostem (Modenes et al. 2015). Modified
barley straws turned out to be effective for the removal of reactive dyes (Oei et al.
2009) under certain conditions (sorbent-to-sorbate ratio, initial concentration of
dye, solution pH, and temperature).

14.2.2.2 Cationic Dyes

Cationic dyes can dissociate and form positive ions in their corresponding aqueous
solution and further interact with negatively charged groups on the fiber molecules.
Representative dyes in this class are presented in Fig. 14.4.

Numerous and various recent reports have shown that agricultural waste can be
turned into environmentally friendly adsorbent materials which can remove cationic
dyes from industrial waters up to, or even beyond, satisfactory limits (Dai et al.
2018). Thus, Cucumis sativus was employed to remove such dyes, and the study on
rhodamine B and crystal violet (Smitha et al. 2012) evidenced that the activation of
the lignocellulosic waste using sulfuric acid enhanced the dye sorption, but the
overall yield depended on the process parameters (dye concentration, sorbent-to-
sorbate ratio, contact time, pH) as well.
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Methylene Blue Malachite Green Rhodamine B

Fig. 14.4 The most common cationic dyes

For the sorption of methylene blue, different lignocellulosic materials were
tested as sorbents. Melon peel (Djelloul and Hamdaoui 2015) was set in fixed-bed
columns for a dynamic retention of dye (where column parameters were estimated
depending on the flow rate and initial concentration of dye), and the maximum of
the adsorption process has been found to correspond to simultaneous high bed
height, low flow rate, and high initial concentration of dye. Sumac leaves (Giilen
et al. 2015) were also tested to remove methylene blue, as well as waste tea leaves
chemically modified under mild conditions with citric acid (Zhou et al. 2016), mate-
rial which can be regenerated after exhaustion up to 98.90% by cold atmospheric
plasma treatment.

Malachite green was successfully retained on stems and leaves of Solanum
tuberosum as powder through physisorption (Gupta et al. 2016), method which was
also effective for methylene blue sorption, but to a greater extent.

14.2.2.3 Non-ionic Dyes

The term refers to disperse dyes, the only water-insoluble dyes that are fit for dyeing
polyester and acetate fibers. As compared with other dyes, disperse dyes have the
smallest molecules. Structurally, their molecule is based on an azobenzene or
anthraquinone unit bearing nitro-, amino, hydroxyl, etc. groups.

The information on this subject is scarce, although the dye removal from waste-
water using agriculture waste is a subject of high and constant interest (Dai et al.
2018; Zhou et al. 2015; Yagub et al. 2014; Worch 2012; Demirbas 2009). Still, there
are some studies reporting on the retention of disperse dyes onto lignocellulosic
waste materials. Disperse blue and red dyes commercially available were treated
with oil palm ash made of oil palm waste from an oil manufacture, in batch and
continuous flow experiments (Isa et al. 2007). It has been shown that the optimum
adsorption was reached for pH = 2 and agitation time 60 min, for both dyes.
Activated carbon made of bamboo stalk was employed for the removal of Disperse
Red 167 (Zhou et al. 2015).

As for the adsorption mechanisms involved in the process of removal of dyes
from industrial water using lignocellulosic waste, some synthetic data are presented
in Table 14.1.



Table 14.1 The mechanism of adsorption of the most common dyes onto lignocellulosic waste

sorbents
Dye Lignocellulosic sorbent Mechanism of adsorption Reference
Methylene Camelina Intraparticle diffusion and surface | Sharma and
blue adsorption Tiwari (2016)
Sapindus seeds hulls —//- —/l-
Sumac (Rhus coriaria L.) | Chemisorption, physisorption, Giilen et al.
leaves electrostatic interactions (2015)
Stem and leaves of Physisorption Gupta et al.
Solanum tuberosum (2016)
Water bamboo leaves Intraparticle diffusion and Zhu et al.
electrostatic interactions (20164a, b, ¢, d)
Walnut shells Chemical reaction Tang et al.
(2017a)
Rice straws (MW activated) | H-bonding electrostatic attraction | Mashhadi et al.
(2016)
Solanum tuberosum peel Physisorption, electrostatic Guechi and
interactions Hamdaoui
(2015a)
Citric acid-modified peanut | Electrostatic interactions Wang et al.
shells (2015)
Abelmoschus esculentus Ion exchange, chemisorption Nayak and Pal
seed (2017)
Chemically modified pine | Dipole-dipole interaction, n-n Naushad et al.
nut shells interaction (2015)
Alfa grass Ion exchange, chemical reaction, | Toumi et al.
electrostatic interactions, external | (2015)
diffusion
Coconut (Cocos nucifera Molecular adsorption by the van | Etim et al.
L.) coir dust der Waals force, chemisorption (2016)
Congo red Stipa tenassicima fibers Strong protonation, electrostatic | Chebli et al.
interactions (2015)
Polyethyleneimine- H-bonding, van der Waals, n-nt Shang et al.
modified wheat straw conjugate, ion exchange (2015)
Rhodamine | Sulfuric acid-Cucumis Boundary layer diffusion, Smitha et al.
B sativus intraparticle diffusion (2012)
Chrystal Cucumis sativus, sulfuric | Boundary layer diffusion, Smitha et al.
violet acid-Cucumis sativus intraparticle diffusion (2012)
Methyl Aminated pumpkin seed Electrostatic interactions Subbaiah and
orange Kim (2016)
Malachite Stem and leaves of Physisorption Gupta et al.
green Solanum tuberosum (2016)
Direct Red | Corn stalks Electrostatic interactions Fathi et al.
23 (2015)
Acid Blue Cucumis sativus peel Chemisorption Lee et al. (2015)
113
Reactive Banana pseudostem Ion exchange, physisorption Modenes et al.
Blue 5G (2015)
Reactive Red | Sesame waste Electrostatic interactions Sohrabi and
141 Ameri (2015)
Synolon Linseed oil cake —//—- Safa (2016)
Black
Synolon Red | Mustard oil cake —//— —/—
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Removal of various classes of dyes from industrial water using lignocellulosic
waste from agriculture remains an active field of research, as low-cost adsorbents
are promising in terms of benefits in the future. Still, further investigation is needed
in order to optimize the process (sorbent-to-sorbate ratio, size of dye molecules,
particle size of the sorbent, functional groups present on the surface of the adsor-
bent, initial pH of the solution, batch or column system, processing temperature,
etc.). But new approaches are also emerging since the nanotechnology opens alter-
native directions even in this domain.

14.2.3 Pharmaceuticals

Pharmaceuticals are considered as environmental pollutants as they have been often
detected in city wastewater and even in reclaimed water due to the inefficient puri-
fication of industrial water in wastewater treatment plants.

Drugs, be they antibiotics or anti-inflammatory, painkillers or analgesics, psy-
chotropics, antitumoral, or even disinfectants, as well as personal care products and
steroids, may represent really hazardous agents when disposed of carelessly in the
environment as they can degrade in water, air, and soil and, moreover, enter the
metabolism of plants and animals.

Therefore, these organic compounds have to be removed from water in effective,
harmless to the environment, ways. Adsorption onto lignocellulosic waste materials
is one method that has been applied in this field in recent years with notable results
(Blanch 2016; Portinho et al. 2017; Kyzas and Deliyanni 2015; de Andrade et al.
2018; Quesada et al. 2019).

Antibiotics are some of the most common organic pollutants, and their removal
using agriculture waste was investigated. For the removal of fetracycline, sorbent
derived from rice straws (Wang et al. 2017) and animal waste (Wang et al. 2018)
were studied. Experimental data have shown that sorption process was spontaneous
and endothermic, but the retention was more effective on the rice straw-derived
biochar. Sugarcane bagasse was used as precursor in order to obtain magnetic car-
bon composites, prepared via mild HTC and simple heat treatment, as sorbent for
tetracycline (Rattanachueskul et al. 2016). The composite materials adsorbed rap-
idly the antibiotic due to their high adsorption per unit surface area. A hybrid mate-
rial made of maize straws and goethite (an iron-bearing hydroxide mineral of the
diaspore group) was successfully tested for the retention of tylosin (Yin et al. 2016).
The results have indicated that a high temperature could favor the sorption of the
antibiotic on both sorbents, and pH and ionic strength of the solution can influence
the process. The sorption mechanism onto maize straw mainly involves electrostatic
interactions and hydrophobic interactions, while the modified maize straws retain
the antibiotic by electrostatic interactions, H-bonding, hydrophobic interactions,
and surface complexation.
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The removal of anti-inflammatory drugs, such as diclofenac, ketoprofen,
naproxen, nimesulide, ibuprofen, etc., was studied, and the corresponding reten-
tion mechanism was assessed (Zhou et al. 2015), as well as for other pharmaceuti-
cals. For example, caffeine (a stimulant of the central nervous system, member of
the methylxanthine class, considered the only psychoactive drug consumed world-
wide) was retained from aqueous solution on sorbents based on grape stalks that
were used in three different forms: raw, modified by phosphoric acid, and as acti-
vated carbon (Portinho et al. 2017). The best results have been obtained using the
activated carbon material.

Pharmaceuticals, mainly antibiotics, and their use for the human health were a
breakthrough in the history, but also entailed a series of risks which, without con-
trol, may lead to a global crisis. Therefore, their removal has to be of capital interest
for academic and industrial R&D, and the recent experimental studies on various
agricultural wastes as sorbents for drugs have indicated they are a viable option of
great potential.

14.2.4  Oil and Other Organic Pollutants

Oil pollution came along with the industrial development, and it has been proven
that oil spills are serious environmental concerns since they can easily spread onto
water surface and form thin layers that hinder the oxygen transfer between air and
water, thus severely affecting the marine biotope and the contiguous areas.

An increased attention is payed lately to specific sorbents made of lignocellu-
losic waste, such as barley straw (Ibrahim et al. 2010), coconut shells, garlic and
onion peel (Zhou et al. 2015), and chemically modified sugarcane bagasse
(Abdelwahab et al. 2017). In this latter case, the bagasse was modified by esterifica-
tion with stearic acid and calcium oxide, and then coated with polyacrylonitrile,
yielding in a hydrophobic adsorbent for the removal of diesel fuel from man-made
seawater (mainly used in marine biology and in marine and reef aquaria). In the
both stages of the chemical treatment, the resulted materials have acquired signifi-
cantly increased sorption surface. The retention mechanism was chemisorption. It
was also possible to assess the adsorption efficiency for different sorbates as fol-
lows: paraffin oil > vegetable oil > diesel oil > gasoline (Abdelwahab et al. 2017).

At the same time, the sorption of emulsified oil onto raw and modified bagasse
and corn husk, by an MW-assisted procedure, has been also studied (Pachathu et al.
2016), when the maximum removal ratios were 98.07% (on modified bagasse) and
98.72% (on modified corn husk).

Other organic pollutants of high risk are the aromatic compounds, especially
polycyclic aromatic ones, containing either separated or fused aromatic nuclei, as
they have toxic, mutagenic, and carcinogenic potential. Despite the high interest of
scientists on the removal of such pollutants from industrial water, mostly microbial,
bacterial, and other biological approaches were investigated (Sherafatmand and Ng
2015; Kronenberg et al. 2017), while the information on sorption onto lignocellu-
losic materials is not so abundant (Zhou et al. 2015; De Gisi et al. 2016; Dai et al.
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2018; Tran et al. 2015). Still, some research focused on obtaining activated carbon
using waste banana peel (Gupta and Gupta 2015) when a sorption model has been
established, and characteristic parameters of the adsorption isotherm were calculated.

The same situation is encountered for the retention of phenolic compounds using
activated carbon from coconut shells (Karri et al. 2017), Typha orientalis (Feng
et al. 2015), pine tree (Tonucci et al. 2015), and even zeolite-type materials made of
bagasse fly ash (Shah et al. 2016). Nevertheless, these studies have indicated that the
retention of phenolic compounds has been acquired by hydrogen bonding, hydro-
phobic and electrostatic interactions, m-mt interactions, ion exchange, electronic
interactions, diffusion at the interface, and internal diffusion of particles.

Further research is still needed in terms of expanding the range of lignocellulosic
materials fit for the removal of organic pollutants from industrial water, increasing
the volume of common agriculture waste used in such applications, and, last but not
least, the possibility of using them in a less modified form.

14.3 Inorganic Pollutants

Most inorganic pollutants affecting the environment and, consequently, the wildlife
and human health are heavy metals, and some phosphorus and nitrogen compounds,
all resulted from industrial and agriculture activities. Industrial water containing
such waste has to be specifically treated in order to remove these pollutants up to
significant levels as they are toxic for the aquatic life and possess high mutagenic
and carcinogenic character. Even more, once discharged in water, these pollutants
enter the life cycle of plants and animals (fish included), which are subsequently
used as food, thus generating a new cycle of pollution directly in the human body
where they accumulate (entailing a toxic and inflammatory response) and cause
genetic mutations.

Classic methods of removing heavy metals from wastewater are precipitation,
flotation, ion exchange, and membrane processes, but all of them are energy inten-
sive, use expensive equipment, require regeneration of the sorbents, and produce
toxic sludge that is able to cause secondary pollution, and the level of retention is
not as high as expected. Therefore, new solutions are required, and some of the most
available are the lignocellulosic materials based on agriculture waste which have
proved to be low-cost and non-aggressive toward the environment (Farhan et al.
2012; Du et al. 2016; Escudero-Oiiate et al. 2017). The mechanisms involved in the
retention of heavy metals from solution onto such adsorbent media include physi-
sorption, chemisorption, ion exchange, membrane processes, particle diffusion,
chelation, electrostatic interactions, surface complexation, ligand exchange, inter-
nal complexation, etc. (Nguyen et al. 2013; Agouborde and Navia 2009; Du et al.
2016). Some of them will be highlighted in the following. A schematic retention
mechanism (ion exchange) is presented in Fig. 14.5.

There is a wide variety of reports on heavy metal retention on raw and modified
agriculture waste, but only some of the most recent will be reviewed herein.
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14.3.1 Lead

Lead (Pb) and its compounds (Pb(II) or Pb**) are toxic to human health, and its rapid
accumulation into the body gravely affects the nervous, cardiovascular, digestive,
and endocrine system, as well as the hematopoietic function of the body.

Rice husk has been identified as an effective sorbent for Pb(II) (Amer et al. 2017)
as the maximum removal of 94% was reached under optimal conditions, namely:
contact time = 30 min, pH = 5.5, particle size = 75-150 pm, and initial concentra-
tion = 4 g/L.. A multiple mechanism was considered: complexation reactions of
carboxylic and hydroxylic reactive groups, ion exchange with Ca?* and Mg**, and
physical attraction. It has been found that it is possible to regenerate the sorbent for
further use. In a series of experiments on coconut shell, it was possible to prove that
the raw sorbent retained a lower amount of Pb(II) than the corresponding modified
coconut shell (activated with phosphoric acid), as the latter has a higher surface area
and reactive functional groups (El-Deen and El-Deen 2016).

Other studies reported on the use of other lignocellulosic materials with different
sorption capacity (mg/g): acid-modified rice straw, 18.98 (Guo et al. 2015); Acacia
nilotica seed shell ash deposited onto magnetic nanoparticles, 37.6 (Omidvar-
Hosseini and Moeinpour 2016); plum stone, 80.65 (Parlayict and Pehlivan 2017);
Citrus reticulata waste biomass, 83.77 (Bhatti et al. 2010); and hazelnut husk-based
activated carbon, 109.90 (Imamoglu et al. 2016).

14.3.2 Cadmium

Cadmium (Cd) is considered as extremely toxic (it is not biologic degradable) and
can cause kidney failure upon accumulation into the human body. As pollutant, it
may come from industry, and its accidental or careless disposal may entail the envi-
ronmental accumulation and wildlife degradation due to its toxicity and mutagenic
capacity.
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The mechanism of removing Cd(II) by sorption onto raw and chemically modi-
fied walnut shells was the ion exchange, and it has been shown that the biosorption
occurred spontaneously (Gondhalekar and Shukla 2015). By the chemical modifica-
tion (alkaline treatment), the adsorption increased significantly for pH ranging from
2 to 6, and the desorption efficiency remained unmodified until the third cycle. The
same mechanism was identified when succinyl-modified cellulosic biomass
(Abelmoschus esculentus) was employed as sorbent for Cd(II) (Singha and Guleria
2014). The removal of Cd(II) from the aqueous solution (121.51 mg/g) depended on
pH, contact time, temperature, and initial concentration of the metal ion. This sor-
bent was also effective in the case of other metal ions (adsorption capacity in mg/g):
Cu*, 72.72; Zn**, 57.11; and Pb*, 273.97.

Another interesting study compared the retention capacity of sugarcane stalks
over Phragmites australis (Farasati et al. 2015). The superior capacity of sorption of
the sugarcane bagasse has been proven, and it was assessed that it is due to its
extended contact surface. Activated carbons derived from waste of Typha angustifo-
lia and Salix matsudana were prepared by phosphoric acid activation (Tang et al.
2017b) and then tested as sorbents for Cd(II) and Pb(II) in batch experiments. The
adsorption process was spontaneous and endothermic and occurred through physi-
cal processes (intraparticle diffusion) and chemical reactions, both of them being
limiting steps of the adsorption rate. At the same time, experimental data indicated
that both sorbents can be satisfactorily regenerated and reused.

14.3.3 Copper

Copper and its alloys (brass and bronze) have been extensively used in a wide range
of applications, ranging from common electric wiring to photovoltaic cells and phy-
totherapy. Cu(Il) is a micronutrient, up to a certain concentration, necessary for the
human and wildlife health. Its toxicity occurs upon accumulation in high amounts,
and it affects mainly the liver and gall bladder. Retention of Cu(II) by adsorption is
extensively used in wastewater treatment plants.

Considering the sorption of copper onto lignocellulosic materials, studies have
shown that mechanisms involved were chemisorption, physisorption, electrostatic
interactions, ion exchange, and particle diffusion (Dai et al. 2018). Thus, adsorption
of Cu(Il) onto potato peel was investigated in batch experiment and reached the
maximum (84.74 mg/g) at 25 °C (Guechi and Hamdaoui 2015b), but depended on
the initial concentration of ions.

Three different types of agriculture waste were studied as powders (banana
stems, casuarina fruits, sorghum stems) (Mokkapati et al. 2016), and the corre-
sponding adsorption capacity has been correlated with their microporous structure,
given that all three sorbents have exhibited rough surface with some cavities. In the
case of powders made of banana stems and casuarina fruits, the sorption mechanism
was chemisorption, while for the sorghum stem powder, the mechanism occurred
through physisorption and chemical attachment.
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Raw pomegranate peel was employed for the adsorption of Cu(Il) from its aque-
ous solutions (Ali et al. 2017). The highest sorption capacity was obtained at
pH = 5.8, particle size = 630 pm, temperature = 40 °C, and contact time of 2 h, and
by increasing the initial concentration of ion.

14.3.4 Nickel and Zinc

Nickel is essential for human life, but upon high concentrations (by absorption
through the pores and sebaceous glands from the skin) it rouses an inflammatory
response.

Different experimental studies have shown Ni(II) can be successfully retained
onto sorbents made of lignocellulosic waste. For example, Citrus limetta peels
(CLP) were employed for the sorption of Ni(II) ions from aqueous solution in batch
system (Singh and Shukla 2017). The optimum values of process parameters were
pH = 6, sorbent dose = 2 g/L, and contact time for equilibrium = 45 min. The maxi-
mum adsorption capacity was 27.78 mg/g. Experimental results have substantiated
that the mechanism involved in sorption was the ion exchange, and by desorption, it
was possible to reach almost complete recovery of Cu(Il).

A complex study investigated the adsorbing capacity of different natural fibers
(viz., spruce, coconut coir, sugarcane bagasse, kenaf bast, kenaf core, and cotton) as
a function of their lignin content (Lee and Rowell 2004) in relation to copper, nickel,
and zinc ions in aqueous solutions. The decreasing order of ion removal was as
follows:

e Cu(II): kenaf bast > spruce > coconut coir > kenaf core > bagasse > cotton
e Zn(II): kenaf bast > kenaf core = spruce > coconut coir > bagasse > cotton
e Ni(II): kenaf bast > spruce > kenaf core > coconut coir > bagasse > cotton

All the fibers tested were more efficient in the adsorption of Cu(Il) and Zn(II)
than of Ni(II). Employing the extraction of the fibers with various reagents (diethyl
ether, ethyl alcohol, hot water, and 1% sodium hydroxide), different extractives and
cell wall components were removed, but ion sorption did not significantly increase.
By removing the cell wall constituents, more lignin becomes available to contact
with ion solution; however the study has indicated no consistent correlation between
the increasing amount of available lignin and metal ion sorption.

Interesting results were also obtained with chemically modified kapok fibers
(silky fibers that enclose the seeds of kapok trees Ceiba pentandra) (Zheng et al.
2015). By combined processes (chlorite-periodate oxidation), these fibers have
demonstrated elevated capacity to adsorb heavy metal ions (mg/g): Pb, 93.55%; Cu,
91.83%; Cd, 89.75%; and Zn, 92.85% (Chung et al. 2008). The chemically oxidized
kapok fibers can be also used as excellent sorbents for heavy metals, and their
enhanced sorption may be due to the formation of carboxylic functional groups able
to react chemically with the sorbate. Kapok fibers can be functionalized with dieth-
ylenetriaminepentaacetic acid (DTPA) in order to obtain sorbents with fast
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adsorption for heavy metals (Duan et al. 2013). Prior to this reaction, kapok fibers
were washed with dichloromethane for the removal of the natural wax, and by fur-
ther treatment with NaOH solution, fibers with a hollow structure and open ends
were obtained, hence a larger specific surface area available for the reaction with
DTPA. Maximum adsorption capacity for thusly modified kapok fibers (mg/g) was:
Pb*, 310.6; Cd**, 163.7; and Cu?*, 101.0. The sorption capacity of fibers remained
high (over 90%) even after eight adsorption-desorption cycles.

Multi-ion sorbents were also investigated (Abdolali et al. 2014). A series of novel
such multi-metal binding biosorbents (MMBB) was developed by combining in dif-
ferent formulations three lignocellulosic waste types (from agriculture and wood
industry) for the effective removal of lead, cadmium, copper, and zinc from indus-
trial water. The tested formulations ((1) tea waste, corncob, and sugarcane bagasse;
(2) tea waste, corncob, and sawdust; (3) tea waste, corncob, and apple peel; (4) tea
waste, corncob, and grape stalk) have proved to be more efficient for Cd(IT), Cu(Il),
and Pb(II) than for Zn(II). The formulation 2 has maintained its excellent sorption
capacity even after five sorption-desorption cycles.

14.3.5 Other Heavy Metals

Mercury (Hg(Il)), chromium (Cr(VI)), and cobalt (Co(VI)) are highly toxic to
human body; thus, their removal from industrial water is of utmost importance
(Escudero-Onate et al. 2017).

It has been found that rice husk and rice straw can be functionalized by the reac-
tion with carbon disulfide (CS,) under alkaline conditions, when S-containing
xanthogenate-type reactive groups resulted (-O-CS,] Na*), and these materials can
adsorb Hg(II) by the ion exchange mechanism (Song et al. 2015). The sorption has
been proved to be an endothermic and spontaneous process, and the sorbents have
proved to be selective toward Hg(II), as the maximum capacity of adsorption was
119 mg/g for rice husk and 92 mg/g for rice straw.

Cr(VI) can be retained onto rice husk in relevant amounts (18.20 mg/g) at room tem-
perature and pH = 6 (Ding et al. 2016), but after hydrothermal carbonization, the amount
of adsorbed Cr(VI) was 31.1 mg/g. Experimental data have shown that the adsorption
was prevented and the reduction increased when the pH of the solution was lower than 3.

Aminated rice straw-grafted poly(vinyl alcohol) (A-RS/PVA) was also employed
to remove Cr(VI) from its aqueous solutions in batch experiments (Lin et al. 2018).
This new sorbent sorption capacity was up to 140.39 mg/g, at initial pH = 2.0 and
temperature = 60 °C, almost three times larger than that of the initial rice straw
(34.90 mg/g). The process was spontaneous and endothermic, and the mechanism
of sorption is based on the reduction reaction of Cr(VI) to Cr(III) which is less toxic.

Magnetic biochar prepared from Melia azedarach wood was studied as a possi-
ble sorbent for the removal of Cr(VI) (Zhang et al. 2018). It has proved a higher
removal efficiency (99.8%) as compared with the biochar under the same conditions
(concentration = 5 g/L, pH = 3.0, initial concentration of Cr(VI) 10 mg/L). The
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experimental data have indicated that the removal process consisted of a sequence
of adsorption-reduction-adsorption steps: first, Cr(VI) was adsorbed onto the sur-
face of the magnetic biochar and, subsequently, reduced to Cr(III) which was fur-
ther adsorbed on the surface.

Other studies indicated more raw and modified materials as sorbents for Cr(VI)
and Cr(III) (Miretzky and Cirelli 2010): bagasse, bark, bran, cake, coir, husk and
hull, sawdust, biomass, etc.

Another relevant heavy metal, cobalt Co(Il), was subjected to adsorption onto
lignocellulosic sorbents, namely, lemon peel, in batch experiments, in order to be
removed from its solutions (Bhatnagar et al. 2010). The maximum adsorption
capacity of lemon peel was 22 mg/g at 25 °C. The adsorption process has been
found to be exothermic. The cost efficiency study has indicated lemon peel as the
most advantageous sorbent, given that its production price is ten times lower than
that of activated carbons.

14.3.6 Nitrogen and Phosphorus

Nitrogen and phosphorus anions (NO;~; PO,*~; NH,*) become pollutants when vari-
ous phytopharmaceuticals are excessively used. In principle, these anions are diffi-
cult to be retained onto the surface of common biochars due to their electroactive
structure disparity.

Still, there are studies confirming that some lignocellulosic materials can retain
certain anions (Dai et al. 2018). Thus, wood- and rice husk-based materials have
proved to be able to adsorb ammonium ions in NH,CI solution and slurry solutions
(Kizito et al. 2015). The mechanisms involved were chemisorption and physisorp-
tion, and the amount of sorbate was satisfactory. Other data have shown that the
activated carbons based on avocado seed can bind ammonium ions (5.40 mg/g), at
298 K and pH = 5.0, by an ion exchange mechanism (Zhu et al. 2016d).

Phosphate anions (PO,*") can be removed from polluted water using biochar
made of lignocellulosic waste from different sources (oak, bamboo wood, maize,
soybean, and peanut shell) (Jung et al. 2015).

It is generally accepted that there is, still, a great need for further research in this
sensitive field, because heavy metal decontamination is a two-edge blade due to its
high potential of secondary pollution, accumulation in living organisms, and cyclic
contamination in an ascending spiral.

144 Concluding Remarks and Future Prospects

Purification of industrial water using lignocellulosic waste materials is a highly
challenging theme of research.
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On one hand, there is a significant amount of studies reporting on various materi-
als and methods. On the other hand, most of the experimental data remain as litera-
ture because only very few of them are transferred to industry.

It is rather difficult to attempt to cover a wide range of inexpensive, locally avail-
able, and efficient materials as to be used instead of the commercially available
activated carbons when it comes to removing various contaminants from industrial
water. But little effort has been made to perform a cost comparison between these
two classes of sorbents. This analysis is mainly needed in order to promote the
large-scale use of lignocellulosic waste adsorbents so that their efficiency is maxi-
mized and the exploitation of local agriculture waste increases, as well as the techni-
cal feasibility, because, in the end, low-cost sorbents can provide promising benefits.

At this point, a few aspects of the ecological impact of the biobased materials
should be mentioned. Concerns over global climate changes and the food insurance
have been, at least partially, the driving force of the development of biobased mate-
rials. Still, this trend can be regarded as a challenge to academic and industry R&D
scientists, and policy makers, as the manufacture of biobased materials requires
land, sometimes the crops are used less for food, and it is associated with some
adverse environmental effects. Recent data have indicated that one metric ton (t) of
biobased materials may save, as compared to classic materials, 55 + 34 GJ of pri-
mary energy and 3 = 1 t carbon dioxide equivalents of greenhouse gases (Weiss
et al. 2012). Still, the use of the biobased materials may also increase the eutrophi-
cation by 5 + 7 kg phosphate equivalents/t and depletion of the ozone layer in the
stratosphere by 1.9 + 1.8 kg nitrous oxide equivalents/t. The additional land use may
entail a partial loss of biodiversity, depletion of carbon in soil and soil erosion, pos-
sible deforestation, and greenhouse gas emission.

Nevertheless, future research must focus on:

* identifying solutions for local pollution problems, because, in spite of the global
character of some ideas, their application is intrinsically linked to and limited by
the local availability of materials;

* the design of new approaches by the use of combined methodologies (e.g., algae
and microalgae, or combined bacterial and algal cultures applied directly in areas
containing polluted water, followed by specific biologic decontamination and
regeneration, if possible, in order to avoid secondary contamination);

» creating hybrid methods (such as the direct transfer of the removed dyes to
assigned facilities for further decomposition up to non-toxic or low toxic com-
pounds) and materials (i.e., lignocellulosic fibers can be incorporated into bio-
polymeric thermoplastic matrices, as chitosan, starch, or even cellulose and
lignin, and, at the same time, various natural nanofillers with sorbent properties,
such as clays and zeolites, can be added to the formulations);

* the research of new methods for the regeneration of sorbents without causing
secondary pollution;

 the development of highly effective green modifiers so that raw materials would
be harmlessly and cost-effectively transformed as to achieve an improved
adsorption.
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And the list may continue as only the human intelligence and creativity can limit
the development of this field of research.
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