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Abstract

Heavy metals belong to a group of lethal environmental pollutants. Ongoing efforts targeted at safeguarding public health
have led to considerable attention being focused on methods that allow efficient extraction of these toxic substances. Polymer
nanocomposites (PNCs) with their special characteristics are a class of adsorbents that demonstrate high potential for use in
heavy metal extraction. As this process of removal is predominantly governed by adsorption, various parameters in PNCs’
chemical structure, as well as the metal solutions, can have a significant effect on the adsorption process. Herein, this review

undertakes a survey of recently developed PNCs and their metal adsorption studies.
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MBA N-Methylenebisacrylamide

MBNC Modified nano-boehmite and
poly(methyl methacrylate)

MNC Magnetic nanocomposite

MNP Magnetic nanoparticle

MPTS 3-Mercaptopropyl
trimethoxysilane

MWCNT Multi-walled CNTs

N Nitrogen

NC Nanocellulose

NRs Nanorods

NY6 Nylon-6

pHzpc Zero point charge pH

PAAmM Poly(acrylamide)

PAM Polyacrylamide

PAN Polyacrylonitrile

PANI Polyaniline

PANI-SnSiP Polyaniline-Sn(IV)
silicophosphate

PG Percentage of grafting

PMMA Poly(methyl methacrylate)

PMNCs Polymer matrix
nanocomposites

PNCs Polymer nanocomposites

PPy Polypyrrole

PPy/SH-Beta/MCM-41

Polypyrrole/thiol-functional-
ized Beta/MCM-41

PS Polystyrene

PVA Poly(vinyl alcohol)

PVC Polyvinylchloride

PVP Poly(vinyl pyrrolidone)

QD Quantum dot

rec-PET Recycled
polyethyleneterephthalate

SA Stearic acid

Si Silica

SNHS Silica nano hollow sphere

SSS Styrene sodium sulfonate

TEOS Tetraethyl orthosilicate

TG Tragacanth gum

TGA Thermogravimetric analysis

US EPA United States Environmental
Protection Agency

WHO World Health Organization

Introduction

Nowadays, human health is under threat from various harm-
ful organic and inorganic compounds. Among these, metals
are a group of pollutants that present a greater risk because
even at trace levels they still demonstrate a potent peril from
their presence [ 1-4]. Therefore, finding effective systems to
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remove undesirable metals remains a challenging task for
scientists. Continuing research efforts have resulted in the
development of diverse methods for heavy metal removal
including chemical precipitation, ion exchange, adsorption,
electrochemical technologies, etc. [5S—7]. Among these meth-
ods, adsorption has shown high efficiency and flexibility in
its application mostly due to the several controllable param-
eters such as diverse chemical structure, surface modifica-
tion, and film forming. For maximal utilization, high adsorp-
tion as well as simple, effective desorption conditions are
generally preferred and should be optimized, and all under
mild conditions. In the case of desorption, this is to enable
repeated use of the adsorbents, thereby reducing economic
costs.

Among the vast varieties of existing adsorbents, poly-
mer-based nanocomposites have recently been the subject of
interest from researchers stemming from the high potential
they show. This new class of hybrid materials called PNCs is
typically obtained via a combination of organic polymer and
inorganic nanofillers. Unique properties of polymers such
as flexibility, ductility, and processability in addition to the
advantages of inorganic nanofillers such as rigidity, and ther-
mal stability [8] are combined in the PNCs. Interestingly,
nanofillers can alter the macroscopic properties of polymers
even at very low concentrations [9]. One such property over
which they exert a strong influence is the large surface area
typically associated with PNCs, thereby making them a great
candidate for adsorption studies [8, 10, 11].

This review summarizes the recent studies on metal ion
removal by focusing on PNCs as adsorbents based on the
published papers.

Application of PNCs in the removal of metals
Lead ions adsorption

Being a ubiquitous toxic metal, lead largely presents a wide-
spread environmental issue due to its tendency of accumu-
lating in bone, liver, brain, kidney, and muscle. Since it can
cause severe problems such as mental retardation, anemia,
and kidney diseases, the World Health Organization (WHO)
has proposed limiting the concentration level of lead in water
to 10 pg L™! [12]. Thus, efforts have been made to find a way
to adequately remove lead from water.

Lead is typically found in its Pb** and Pb** forms in solu-
tion media. As a result of its possession of positive charges
in aqueous media, the extractant phase must have functional
groups on its surface that contain negative charges as the pH
increases, in order to attract the lead ions.

The discovery of the triblock copolymer-templated
SBA-15 has opened up avenues to perform fascinat-
ing experiments within the resulting channel structures.
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SBA-15 with its large, tunable pore sizes, and highly
ordered hexagonal topology has also been frequent subject
material of interest in these groups of studies [13, 14]. In
an investigation carried out by Cheraghali et al., SBA-15
with alginate (ALG) [(C4HgOs),] was utilized as a new
PNC adsorbent. Since alginate possesses carboxylic and
hydroxyl groups within its structure, sufficient negative
charge can be generated via pH adjustment of the solu-
tion. It has been generally observed that during pH modi-
fication, a sudden increase in the adsorption of lead ions
between pH 2 and 3 takes place. Subsequently, the authors
proposed specific reactions occurring at the different pH
values, which are summarized as follows:
Acidic medium:

HOOC-ALG-OH + H* - HOOC-ALG* + H,0,

SBA-OH + H* - SBA™ + H,0.

Basic medium:

HOOC-ALG-OH + 20H™ —»~ OOC-ALG-O" + 2H,0,

SBA-OH + OH™ — SBA-O™ + H,0.

From the above, a satisfactory conclusion is that pH adjust-
ment plays an important role in the adsorption of metal ions
and of lead in particular. Increasing the pH leads to the func-
tional groups occurring mainly in their negative forms. In
addition, this reduces the competition between the Pb** and
H* ions on adsorption sites, resulting in an increase in lead
adsorption. It must, however, be noted that lead can pre-
cipitate or form complexes in solutions at high pH values,
which interferes with the extraction process. In this specific
study, the optimized pH value was estimated and reported
tobe 5.6 [15].

One way to enhance adsorption is by altering func-
tional groups in the structure of the sorbents. In this
way, Wang et al. used SiO,—NH, and PAM (polyacryla-
mide) to prepare the sorbent via radical polymerization.
The adsorption ability of the resulting adsorbent toward
Cu(Il), Cd(II), and Pb(Il) ions was then studied. The
most important point in this study is the prominent role,
which the SiO,—NH, functional group plays and it was
found that increasing the number of SiO,—-NH, units in
the PNCs not only helped the polymerization, but also
enhanced the adsorption ability. It is thus safe to conclude
that Si0,—NH, performs a more important function in the
adsorption capacity compared to pure PAM. As previ-
ously mentioned, pH adjustment plays a crucial role in
the adsorption of metal ions. Therefore, in this particu-
lar instance, pH increase allows the metal ions to form
chelates with the -NH, units present in the SiO,—-NH,

functional groups [16]. On a supplementary note, experi-
mental evidence supports increased adsorption capacity of
lead compared to the theoretical data. This would suggest
observation of a synergistic influence of PAM, aside from
the fact that it does not have proper functional groups to
adsorb metal cations [17, 18]. As noted earlier, reusability
of a sorbent offers great economic advantages and this
greatly depends on the extent of desorption of the extract-
ant, thereby avoiding the memory effect. In the aforemen-
tioned article, metal desorption was performed using HCI
solution. Wang et al. [16] were able to desorb the metal up
to 97 percent, implying that the sorbent can be assumed as
economically suitable for utilization.

Jiang et al. [19] prepared a suitable sorbent with diverse
functional groups. They activated attapulgite nanorods
(ATP) and magnetic fly ash and then modified them using
KH-570 (which is a coupling agent, y-methacryloxyprop
yltrimethoxysilane). Subsequently, the product was used
as a cross-linker for the in situ inverse suspension copo-
lymerization of acrylic acid (AA) and acrylamide (AM).
SEM image of prepared ATP/FA/Poly(AA-co-AM) ternary
nanocomposite and applying an external magnetic field on
the PNC is shown in Fig. 1. This sorbent could then adsorb
metal ions such as Pb, Zn, Cd, Cu and Ni through two dif-
ferent processes, chelate formation and ion exchange. Spe-
cifically, this sorbent showed a high adsorption capacity for
lead ions, because of two reasons: first, the formation of
stable chelates between Pb ions and nitrogen-containing
functional groups and second, the electrostatic attraction
between Pb and carboxylic functional groups [20]. In addi-
tion, the balanced presence of carboxyl and amido groups
in the prepared adsorbent has enhanced water adsorption,
thus enabling better metal extraction. Increasing the pH
also boosted the extraction of lead cation due to the charge
alteration of functional groups present on the walls of the
adsorbent [21-23]. It was also observed to lead to decreas-
ing the chloride concentration while extra non-chelated
lead cations could be found in the extraction solution [24].
Finally, a pH around 6 was estimated as the optimal value.
In this article, the effect of extraction time was also studied
and two growing trends became apparent. The first trend is
seen from the adsorption of Pb on the surface functional
groups, while the second one is related to the permeation
of Pb from the surface to the inner sorbent layers according
to the osmotic effect. The process of desorption was also
studied using an optimized concentration of HCI1. Here, the
hydronium ion replaces Pb>" and saturates carboxylic func-
tional group [25], while CI~ reacts with Pb>* and aids the
desorption process. Reusability tests also showed decreases
of less than 2 mg g~! and 2% during five cycles of adsorption
and desorption, respectively, which would suggest that the
ATP/FA/Poly(AA-co-AM) microgel is reusable.
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Fig. 1 SEM image of ATP/
FA/Poly(AA-co-AM) ternary
nanocomposite and beside
application of external magnetic
field on it [19]

In 2014, Liu et al. were able to synthesize an adsorbent,
which showed structural similarities to that already reported
by Jiang et al. [19]. In their study, they also utilized ATP as
the substrate and the activation process was performed by
immersion in 0.1 M HCI for 24 h. Afterward, the activated
substrate was kept in liquid paraffin combined with Span-
80 and Tween-60. They also used KH-570 as a surfactant.
The modified ATP (ATP-C=C) was utilized in the suspen-
sion polymerization of AA and AM to make the final sorb-
ent, ATP/Poly(AA-co-AM). The effect of (A) ATP-C=C/
AA-AM, (B) Span-80/Tween-60, (C) % APS (ammo-
nium persulfate), and (D) oil-water ratio was studied in an

X3,000 WD 7.9mm 1um

5.0kV

orthogonal experimental design (Table 1), with a total of
nine samples being prepared [26]. The adsorption potential
of all prepared nine ATP/Poly(AA-co-AM) PNCs was then
studied using Cu as model metal. Low copolymer percentage
and high amount of initiator/cross-linking agent in samples
8 and 5, respectively, resulted in a low percentage of graft-
ing (%PG), and accordingly, they exhibited the lowest metal
uptake [27]. Also, it was possible to infer from the extraction
potential of the prepared PNCs that surfactant use was the
most effective while oil-to-water ratio was the least effec-
tive parameter on the adsorption of Cu®*. Finally, sample 1
was chosen as the optimized PNC sorbent and its selectivity

Table 1 L9(34) Orthogonal experiment design for the ATP/P(AA-co-AM) nanocomposite hydrogels [26]

Level Variables

A ATP-C=C/(AA+AM) B? Span-80/Tween-60 C APS% (%) D oil-water ratio
Arrangements for orthogonal test of four-variable three-level variables
1 1:5 1:0 0.5 2:1
2 1:7 1:1 1.0 3:1
3 1:9 0:1 1.5 4:1
Serial number Variables

A B C D
Array of the four-variable three-level orthogonal experiments
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

#The total amount of Span-80 and Tween-60 is 5% of water
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was studied using five metals including Ni, Cu, Cd, Zn, and
Pb. The obtained results illustrate a clear selectivity of this
sorbent for Pb?* [28] and Cu** [29]. The presence of AM
within the structure of sorbent facilitated its chelation with
Cu?* through amide groups.

As usual, the effect of pH was investigated and incre-
ment of metal adsorption was observed to accompany pH
increase. At values higher than 6, lead forms PbCl42_ and
PbCl;™ and precipitates as PbCl, which is unfavorable. Thus,
optimized pH for Cu and Pb metal ions was reported 4 and
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0
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Ho__—P\\\O o_/,Sl
T \Sn/ OH €—— Mr+
N
HO—__ / \ __—~OH <——M"*

WALY

Mo T
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Fig.2 Heavy metal removal mechanism by PANI-SnSiP [30]

Fig.3 Schematic presentation
of CM-B-CD polymer grafting
on Fe;0, nanoparticles [31]

6, respectively. Desorption time and acid concentration were
also optimized. A 100% desorption can be expected by a
0.2 M HCl and 2 h of desorption time. Therefore, sample 1
can be used several times according to its sufficient adsorp-
tion and desorption ability. But unfortunately, the cyclability
of this sorbent was not considered [26].

In 2014, Anees Ahmad and his co-workers prepared an
adsorbent using Sn(IV) silicophosphate inorganic precipi-
tate (made from orthophosphoric acid, sodium silicate, and
stannic chloride) utilizing PANI (polyaniline) as the sub-
strate (PANI-SnSiP). The suggested steric structure of this
sorbent is illustrated in Fig. 2. Interestingly, the sorbent
showed selective extraction of Pb, Hg, and Co ions due to
the adequate functional groups present in its structure, but
surprisingly no optimization was performed by the authors.
As an optional factor, it was reported that PANI-SnSiP has
shown good performance in dye adsorption and antibacterial
activity [30].

Simultaneous adsorption of Pb, Ni, and Cd ions was
studied in an interesting article in 2013 [31]. In this
study, Badruddoza et al. synthesized a carboxymethyl-f-
cyclodextrin (CM-B-CD) polymer modified with Fe;O,
nanoparticles (CDpoly-MNPs) (Fig. 3). Afterward, they
investigated the effect of pH on adsorption of Pb, Cd, and Ni
ions and stated that the enhancement of metal ion adsorption
by pH is related to zero point charge pH (pHp). The pHp
for this sorbent is 4.4, and at values greater than this point,
carboxylic groups typically adopt a negative form and have
a strong electrostatic attraction toward positive metal ions.
At lower pH values, carboxylic groups are present in their
protonated forms and this can lead to competition between
metal ions and H*, thereby diminishing their metal uptake
capacities. In spite of enhanced metal adsorption accompa-
nying pH increment, hydroxylation of metal ions occurs in
pH greater than 6. Therefore, the optimized pH was reported
to be 5.5 [32].

CM-B-CD polymer .,

HOOC
CICH,COOH COOH
|
NaOH 00
HOOC
COOH
7
* COOH
CM-B-CD
CM-B-CD polymer _~ polymer
Fed* + Fe?* =y
NH,OH, 90°C '» Magnetic core
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Lim et al. prepared a nanocomposite using polypyrrole
(PPy) and silica in 2012 in order to investigate the adsorp-
tion of several metal ions including Pb**, Cd**, Cu**, Ni**,
Cr**, Ag*, and Hg?*. The authors reportedly used colloi-
dal silica (Ludox SM-30, average particle size 7 nm) as a
template in preparing the PPy/silica nanocomposite while
its surface was modified using chlorodimethylvinylsilane
(CDVS). The polypyrrole polymerization was initiated
using FeCl;. Finally, the silica particles were eliminated
using NaOH solution revealing a cratered surface (Fig. 4)
[33]. As seen from the TEM images of the polypyrrole
(PPy)/silica nanocomposites (Fig. 4), the structure contains
well-arranged holes, which presents proof of its accessible
surface and eventually its adsorption capability. They also
observed that the nanocomposite’s tendency to adsorb Hg*",
Ag*, and Pb>" was greater than Cu>*, Ni**, Cd**, and Cr’",
an observation which was explained using hard and soft
acid and bases (HSAB) theory. Since Hg**, Ag*, and Pb>*
are considered as soft Lewis acids, they easily form stable
complexes with soft bases like secondary amines present
in polypyrrole structure. In adsorption competition between

o @
® ® coVS
@ .. o » overnight
e ©® g

SM-30 Silica Sol Surface-modified Silica
Polymerization
FeCl3

RT, anr

% etching “ .

PPy/Silica nanocomposites

(a)

50 nm

Fig.4 An illustration of PPy/silica nanocomposites preparation and
TEM images of PPy/silica nanocomposites synthesized with a 0, b 2,
c 4, and d 6 mL SM-30 silica sol solution [33]
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these three soft Lewis acids, an order of Ag* > Hg** > Pb**
was observed [34, 35]. Desorption with HCI solution was
also studied, and a capacity of 95% was observed that could
be beneficial for the nanocomposite’s usage in practical
wastewater recycling. Since no optimization of adsorption
and desorption conditions through pH adjustment was per-
formed in this article, the optimal extraction potential of this
sorbent is still unknown.

Nanocellulose (NC) is a new class of cellulose material,
which has excellent physicochemical properties and an eco-
friendly nature with wide application prospects that have
attracted much attention in recent years. In 2012, Suman
et al. prepared a novel reusable cost-effective water purifi-
cation device for complete removal of dyes, heavy metals,
and microbes, using NC and silver nanoparticles (AgNPs)-
embedded pebbles-based composite. They filled a column
and used it for separation and simultaneous removal of dye
(methylene blue), heavy metals (lead and trivalent chro-
mium) and microbes (Escherichia coli). They observed
that the column could adsorb heavy metals sufficiently for
6 tandem extractions and desorption processes without any
significant decrease in adsorption efficiency [36]. It has been
revealed that the NC part of the column is responsible for
heavy metal adsorption due to its carboxylic and hydroxyl
functional groups [37—40]. Also, the pH was justified and an
increase in heavy metal adsorption from 2 to 4 was observed,
which correlates with the appearance of anionic functional
groups as the pH increases. Through their studies, they were
able to determine the optimum pH to be around 6, which is
the highest possible pH without heavy metal precipitation
[41,42].

High surface area, availability, and cheapness have made
the nanostructural MnO, an auspicious nominee for energy
storage, catalysis, NCs fabrication, and so on [43]. Mallak-
pour et al. were able to perform comprehensive studies on
PNCs using MnO, as filler during 20162018 and investi-
gated their metal adsorption capability with lead as the tar-
get analyte. Different linkages of the octahedral MnOg units
can lead to «, B, vy, and & MnO, types. Among them is the
a-type, which is assembled from double chains octahedrals,
thereby forming 2 X2 tunnels and making it practical for
intercalation processes [44—46]. Modifying polymers with
neat a-MnO, can, therefore, enhance PNCs characteristics
although interparticle connections, i.e., hydrogen bonding
between nanoparticles, can lead to their agglomeration, a
fact which could undermine the resulting films’ properties
by disrupting the homogenous dispersion of fillers. Thus,
it is necessary to modify the nanofiller prior to their uti-
lization. In 2016, Mallakpour et al primarily synthesized
MnO, by the solvothermal method and then functional-
ized a-MnO, nanorods with y-aminopropyltriethoxysilane
(KH550). Chitosan (CS) as a biodegradable, cheap, and the
non-toxic polymer was used for preparing the PNC by the
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ultrasonic-assisted technique with the expectation that the
amine groups present on CS surface can aid metal adsorp-
tion properties of the resulting composites. Due to the
solubility of CS under acidic conditions (pH < 3), varying
quantities of glutaraldehyde (GA) (0, 0.125, 0.25, 0.5, and
1%) were used as cross-linkers not only to stabilize CS in
acidic conditions but also to enhance its mechanical proper-
ties. Nevertheless, utilization of GA can result in the amine
groups being cross-linked, thus reducing the associated
PNC’s metal extraction capacity. Even though adsorption
studies were performed at neutral pH, they were able to
prove that using KH550-modified-a-MnO, as a filler beside
GA-cross-linked CS ignores the detrimental effect of amine
group deactivation and results in increasing Pb(II) adsorp-
tion [47]. In another study [48], they used KH550-modi-
fied MnO, (1, 3, and 5 wt%) along with polyvinylchloride
(PVC), which enhanced the latter’s thermal and mechani-
cal properties while improving the PNC’s lead adsorption
capability. Expectedly, the prepared adsorbent showed an
extraction capacity of 100 mg g~!, which is quite reasonable.
Poly(vinyl alcohol) (PVA), as a non-carcinogenic, biode-
gradable, and remarkable water-soluble polymer, has also
found usage beside MnO,-KH550-modified nanofiller (1,
3, and 5 wt%) by Mallakpour et al. The resulting NC had an
adsorption extraction of 32.4 mg g~!, which was reported to
be higher than that obtained from neat PVA (26.4 mg g')
[49].

They also modified a-MnO, by L-valine (LVA) and used
it alongside PVA for preparing the desired nanocompos-
ite. LVA is an eco-friendly amino acid with the carboxylic
acid functional group, which then reacts with the OH-rich
external surface of the a-MnO, nanorods (NRs), thereby
improving dispersion. PVA/a-MnO,-LVA metal adsorption
behavior was investigated using Pb(II) and Cd(II) in their
respective salt solutions at neutral pH. According to their
report, the present amine (LVA) and hydroxyl (Mn—OH)
functional groups act as chelating agents and enable good
metal extraction by a metal chelation mechanism [50]. They
also used LVA-modified-a-MnO, (1, 2, and 3 wt%) with CS
and investigated its lead extraction capability [51]. As the
CS was unmodified in this instance, adsorption studies were
performed in neutral pH. They found that LVA—a-MnO,/CS
displayed greater metal adsorption ability (163.93 mg g™1)
compared to other proposed PNCs including those they
already reported in previous studies (16.45 mg g~!) [50].
In addition, varying the amount of LVA-modified a-MnO,
processed with PVC and PNC led to an optimal content
of 5 wt% being determined, wherein the best thermal and
mechanical properties were observed, which was then used
for further metal adsorption studies. For their metal extrac-
tion studies, the effect of pH (value range 3-7), quantity
of adsorbent (20-100 mg) and primary Pb(II) concentra-
tion (20-100 mg L") was considered and a final extraction

ability of 50 mg g~! was estimated under optimum condi-
tions [52]. Eventually, these results indicate that synchro-
nized usage of the aforementioned polymers in conjunction
with modified a-MnO, can increase lead adsorption while
compensating for the polymers’ mechanical and thermal
defects.

Carbon nanotubes (CNTs) possess a high aspect ratio as
well as strong van der Waals forces. However, this can cause
strong attractions between the nanotubes, which could result
in them being poorly compatible with polymers. To this end,
Mallakpour et al. modified the surface of multi-walled CNTs
(MWCNT) using bovine serum albumin (BSA), which is
one of the most widely studied proteins and is present in the
body fluids of vertebrates. Recycled polyethylene terephtha-
late (rec-PET) was then used as the substrate, and characteri-
zation of the prepared 2 wt% PNC showed a good dispersion
of nanofiller within the polymer matrix. Metal adsorption
investigations on rec-PET/MWCNT-BSA 2 wt% revealed a
maximum extraction capacity of 22.47 mg g~! [53].

Recently, Malakpour et al. also reported ultrasound-
assisted preparation of a new PNC-hydrogel nanocomposite
(HNC), containing calcium carbonate nanoparticles (CC) as
filler and tragacanth gum (TG) as substrate. Just as expected,
improved thermal stability, H-bonding breakage, and sub-
sequent dissociation of aggregated NPs were observed.
According to the BET results, TG/CC HNC 5 wt% was
classified as a mesoporous material arising from the pore
size estimated at 7.85 nm. Additionally, the prepared nano-
composite showed the best performance for removal of lead
ions at pH =5 with an extraction time of 180 min and Pb(II)
concentration level of 70 ppm using 0.015 g of biosorbent,
which gave a removal efficiency of 192 mg g~! [54].

Mercury ion adsorption

Mercury is one of the most potentially hazardous trace heavy
metals commonly found in the global environment [55].
The natural outgassing of mercury from the earth’s crust
through volcanoes is the primary source of its introduction
into the surface environment. Interestingly, mercury’s toxic-
ity strongly depends on its oxidation state, and the common,
most toxic, and highly reactive form of this heavy metal is
Hg(II). Since mercury causes injurious disorders, especially
in the transmission of nerve impulses, US EPA (the United
States Environmental Protection Agency) has included it in
the list of priority pollutants with an obligatory limitation
of 10 mg L™! for wastewater [56]. Therefore, proposing an
efficient sorbent to selectively adsorb mercury from water
and wastewater is extremely crucial and necessary.
Production of nanofibers using electrospinning is cur-
rently a novel technique in preparing an adsorbent with
the high surface area. In 2011, a selective sorbent was pre-
pared using this method by Teng et al., and in their report, a

@ Springer



1266

Journal of the Iranian Chemical Society (2020) 17:1259-1281

mesoporous polyvinylpyrrolidone composite, (PVP)/SiO,,
was functionalized with thioether groups and the nanofib-
ers were supplied by electrospinning. They then used a
controlled and optimized amount of BTESTPS ((CH;CH,
0),Si(CH,);S-S-S-S(CH,);Si—-(OCH,CH,);), and TEOS
(tetraethyl orthosilicate) to functionalize the polymer. Its
ability for heavy metal adsorption was then examined by
immersion in aqueous solutions containing certain amounts
of Hg(NO3),.0.5H,0, Cu(NO3),3H,0, Cr(NO3);, Pb(NO;),,
and Zn(NO;), 6H,0. According to the reported data, the
sorbent exhibited a specific tendency to adsorb Hg(II) [57].
This was attributed to the sulfur atoms present on the sur-
face of the sorbents, which are soft donor atoms. As such
they eagerly adsorbed mercury, which is the softest acceptor
metal among the heavy metals tested in this work. They also
observed that increasing the BTESTPS amount led to an
increase in the extraction of Hg, which supports the selectiv-
ity in mercury extraction displayed by this sorbent.

In 2011, Li et al. reported a new adsorbent incorporat-
ing PAN (polyacrylonitrile) and MPTS (3-mercaptopropyl
trimethoxysilane). In their work, they electrospun PAN
solution that was then immersed in a solution containing
ethanol, 37% HCI, and MPTS several times to form a thiol-
functionalized silica layer. Afterward, the PAN nanofiber
templates were dissolved to obtain zonal mercaptopropyl
silica nanofibers. (The procedure is shown in Fig. 5.) The
SEM image of the sorbent completely showed higher surface
area upon PAN removal (Fig. 6d). Metal adsorption was
then investigated using Hg?*, which can be taken up on the
surface of the material by electrostatic interactions or che-
late formation (coordination of lone-pair electrons from the
matrices to metal ions). While optimal adsorption time was
established at 30 min, other parameters affecting adsorption
were unfortunately not optimized in this research [58].

In 2013, a hexagonal mesoporous silica nanoparticle
(HMS) was prepared using the method first described by
Tanev and Pinnavaia [59], and this was combined with a
PAN polymer, prepared by in situ polymerization, in the
synthesis of a PAN/HMS nanocomposite. The authors chose
mercury to examine the prepared nanocomposite’s ability to
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PAN fiber HS-SiO, i
swelling of PAN

Fig.5 Fabrication procedure of zonal mercaptopropyl silica nanofib-
ers obtained by dissolution of the PAN nanofiber templates with
DMF [58]
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Fig.6 SEM micrographs of various fibers: a, ¢ mercaptopropyl sil-
ica@PAN fibers before removal of PAN and b, d zonal mercaptopro-
pyl silica fibers after removal of PAN. The fibers were obtained at
the concentrations of MPTS at 180:1:1 (v/v/v) for a and b and 30:1:1
(v/vIv) for ¢ and d, respectively. Insets: contact angles of correspond-
ing fibers [58]

take up heavy metal and to establish optimal parameters for
its extraction. For this purpose, the pH was optimized and
obtained data unsurprisingly revealed that increasing the pH
led to the enhancement of the extraction. This reason for
this observation is that increasing pH is accompanied by an
elimination of the competition between the metal ion and
hydronium ion in adsorption on PAN/HMS. The optimal
contact time was also determined to be 8 min. Expectedly,
the amount of Hg(II) adsorbed on the PAN/HMS nanocom-
posite correlates strongly with the nanocomposite amount,
which was reported to be 800 ppm in this instance. Further-
more, optimizing the initial metal ion concentration showed
that higher initial metal concentration results in a decrease in
the extraction efficiency. This is mainly due to the confine-
ment of the total existing adsorption sites at high initial con-
centrations. Additionally, it was seen that by increasing the
extraction temperature, adsorptive forces between the active
sites of the adsorbents, adsorbate species, and nearby mol-
ecules of the adsorbed phase were concomitantly increased
with an overall improvement in the extraction efficiency.
The reported data also showed more than 88% of desorp-
tion and reusability of the adsorbent for three cycles, which
makes the nanocomposite suitable one for Hg(II) extraction.
Finally, the optimum extraction condition was performed
on water samples from wastewater disposals of chlor-alkali
(CA) units obtained from a petrochemical industry (Bandar
Emam Petrochemical, Iran) from which an appreciable
amount of mercury was removed [60].
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In 2014, Wang et al. prepared a mesoporous nanocompos-
ite using chitosan—poly(vinyl alcohol)/bentonite (CTS—PVA/
BT) and studied its adsorption ability with Hg(II), Cu(Il),
Cd(II), and Pb(II) metal ions [61]. Bentonite is clay with
the large surface area, high cation exchange capacity, and
negative surface charge, which makes it a good candidate for
metal extraction goals. Digital and SEM images of prepared
CTS-PVA/BT nanocomposites are shown in Fig. 7.

From their study, the researchers found that many of the
interesting characteristics of bentonite (BT) were transferred
to the nanocomposite. Some of them included increasing
average pore radius size (from 2.4 to 6.9 nm with increasing
the BT content from 0 to 50%) or decrease in weight loss
in thermogravimetric analysis (TGA) analysis (because BT
acts as a heat barrier in nanocomposite structure) [62, 63].
Also, the CTS—-PVA/BT nanocomposite showed selective
adsorption for Hg(II) compared to Cu(II), Pb(II), and Cd(I).
The selectivity of the sorbent in the extraction of Hg(II) was
evaluated using the selectivity coefficient (k) using Eq. 1:

k= kd(Hg)/kd(M) 1)

where k,;(Hg) and k,(M) represent the distribution coef-
ficients of Hg(I) and another metal M, respectively
[64-67]. According to the data reported in Table 2,

adsorption selectivity for the three left metal ions is as fol-
lows: Cu(II) > Pb(II) > Cd(II). It was also observed that
increasing the BT content from O to 50% led to an initial
increase in Hg(II) adsorption followed by a slight decrease.
Likewise, the experimental extraction ability was much
higher than the total theoretical adsorption capacity of
BT and CTS-PVA polymer. It was then suggested that the
obvious enhancement of mercury adsorption is related to
the presence of BT in the structure of the nanocomposite.
Furthermore, several mercury salt solutions with varying
pH values were studied and no significant change in metal
extraction was detected [61].

In 2014, another composite was prepared by S. K. Singh
et al., which displayed an impressive potential to take up
mercury. This sorbent was obtained by hydrolysis and
dehydroxylation—polymerization of silica precursors within
a PVA matrix. They chose Hg(Il) to investigate the sorb-
ent’s capacity for heavy metal removal as well as the various
parameters affecting metal adsorption such as pH, salt effect,
adsorbate initial concentration, temperature, and quantity
of adsorbent. According to the data obtained from pH drift
experiments (pHypc), the PVA/silica composite was found
to have a positive surface at pH <4.23, a neutral surface at
pH=4.23, and a negative surface in pH > 4.23. Therefore,
optimal pH was estimated to be 6.5 wherein the mercury

Fig.7 a CTS-PVA/30%BT nanocomposite digital image. b CTS-PVA/BT nanocomposites SEM images with various BT contents [61]

Table 2 Selectivity coefficients

Metal ions &
of the CTS-PVA/BT

nanocomposites toward Hg(II)

CTS-PVA CTS-PVA/5%BT CTS-PVA/10%BT CTS-PVA/30%BT CTS-PVA/50%BT

in the presence of other metal

species [61] Pb(I) 456.25 567.44
Cddr) 575.11 725.06
Cu(II) 1.84 1.56

586.80 670.86 719.21
734.92 1354.38 1438.42
1.68 1.70 3.65
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adsorption was increased from 17.34 to 91.13% with an
increase in pH from 1 to 6.5. It was also possible to opti-
mize the adsorbent quantity, and through this, an increase
in adsorption was observed up till 50 mg of used adsor-
bent, which gave a 91% mercury adsorption capability. This
increase in adsorption can easily be credited to the enhanced
binding sites with increased adsorbents quantity. While opti-
mizing adsorbate concentration, it was observed that increas-
ing the initial mercury concentration resulted in an increase
in adsorption. Additionally, enhancement of adsorption was
found to accompany increasing extraction temperature from
10 to 30 °C, which proves that Hg(II) adsorption on PVA/
silica composite is endothermic in nature. However, the
decrease in adsorption at temperatures higher than 30 °C
indicates that slight desorption can occur in high tempera-
tures. Interestingly, the ionic strength of the extraction solu-
tion was studied in this project. To this end, they used two
different salts including NaCl and Na,SO, and investigated
their effect on extraction efficiency in various concentration
levels. The data clearly indicated that electrolyte ions have
an adverse effect on extraction efficiency stemming from
the competition in adsorption between Hg(II) and Na* ions
present in the mentioned salts. Consequently, Na,SO, had a
greater influence on the adsorption than NaCl as it contains
more sodium ions when compared to the latter [68].
Hierarchical zeolites, which combine both microporosity
and mesoporosity, have been synthesized in recent years,
to exploit the shape selective properties of microporous
zeolites while decreasing the diffusion and accessibility
limitations of larger molecules in biomass upgrades [69]. In
2014, Javadian et al. synthesized Beta/MCM-41 hierarchi-
cal zeolite and then thiol-functionalized it by post-synthetic
grafting using 3-mercaptopropyltrimethoxysilane. Finally,
they prepared the polypyrrole/thiol-functionalized Beta/
MCM-41 (PPy/SH-Beta/MCM-41) nanocomposite by in situ
polymerization method. In studying its Hg(II) adsorption,
several parameters including pH, adsorption time, initial
concentration, and temperature were optimized. The synthe-
sis pathway of PPy/SH-Beta/MCM-41 nanocomposite and
possible Hg(II) adsorption mechanism is shown in Fig. 8.
As usual, increasing pH enhanced the adsorption efficiency
unless at pH values higher than 8 (because of metal pre-
cipitation). The optimal adsorption time was found to be
10 min, which was remarkably shorter than usual optimum
contact times. In a bid to justify the short optimum contact
time, fast saturation of possible active adsorption sites was
suggested. With respect to the endothermic nature of Hg(Il)
adsorption, an increase in temperature could have both posi-
tive and negative impacts on the sorption process. While on
the one hand, increasing temperature could enhance adsorp-
tion efficiency, on the other hand it could have an inverse
effect on desorption. Also, initial metal ion concentration
had both beneficial and damaging effects on adsorption
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Fig.8 PPy/SH-Beta/MCM-41 nanocomposite synthesis pathway and
the possible mechanism of Hg?* adsorption [70]

and desorption efficiency, respectively. In their desorption
studies, they obtained a 90% desorption efficiency using
0.5 M H,SO, solution. Additionally, they reported that the
nanocomposite (PPy/SH-Beta/MCM-41) can be used in five
adsorption/desorption cycles with little loss in extraction
capacity (until 93.5%).

To investigate the applicability of the polymer nanocom-
posite, they used it to remove Hg(II) in an industrial waste-
water sample from a CA Unit from Bandar Emam Petro-
chemical, Iran. The initial mercury ion concentration was
reported 43 mg L™, and they could remove it using 0.11 g of
adsorbent and attained a removal efficiency of 99.52% [70].

Cadmium ion adsorption

Cadmium is an extremely hazardous metal, which has no
known necessity in the human body. Cadmium toxicity
contributes to a large number of health conditions, includ-
ing major killer diseases such as cancer, diabetes, and heart
diseases [71], when in the body, it can displace zinc, result-
ing in the latter’s deficiency, while also accumulating in the
kidney, liver, and other organs. This way it is able to cause
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toxicity up to ten times higher when compared to lead and
even mercury [72].

In 2009, Singh et al. synthesized a nanocomposite by
guar-grafted poly(acrylamide)-templated dehydroxylation
polymerization of TEOS [73]. Primarily, the purified guar
gum was grafted with poly(acrylamide) (GG-g-PAM). Then,
the nanocomposite was prepared using varying ratios of
H,O/TEOS/ethanol (EtOH). The optimal ratio between the
three materials was found to be 16:2:1. Finally, the nano-
composites were used for Cd(II) adsorption and the param-
eters affecting its uptake were optimized. As expected, an
increase in adsorbent amount, contact time, agitation speed,
and metal ion initial concentration resulted in a higher
adsorption efficiency and the optimal value for each param-
eter was found to be 20 mg, 6 h, 120 rpm, and 500 mg L,
respectively. In optimizing pH of the adsorption solution, the
highest adsorption efficiency was observed at pH=_8. It was
then suggested that the surface of the adsorbent has a nega-
tive charge and like previously discussed in other studies,
low pH values lead to competition between hydronium and
cadmium cations. Furthermore, in acidic conditions, Cd(IT)
forms hydrated species like Cd(H,0)?" and Cd(H,0)7",
which cannot pass through nanocomposite pores.

By increasing pH, Cd(II) adsorption on the surface of
the nanocomposites improves, but at pH values higher than
9, precipitation of cadmium ion is observed. To this end,
pH =28 was chosen as the optimal pH value. The results
obtained from the desorption studies were also quite inter-
esting. Only a slight decrease in adsorption efficiency was
observed from the first up to the sixth cycles with a final
decrease in removal and desorption efficiency up to 56%
and 38%, after the tenth cycle, respectively. This observation
supplies good evidence for the adsorbent to have economic
advantages [74].

Fig.9 Illustration of MCM-41
surface modification following
preparation of APTS-MCM-41/
PMMA and APTS-MCM-41/
PS NCs for Cd(II) ion adsorp-
tion [81]

MCM-41 is a remarkable mesoporous silica with uniform
honeycomb structure, which has been found to be benefi-
cial in various applications including electronic [75], optics
[76], catalysis [77], adsorption [78], and so on. In 2017, two
amines modified MCM-41 PNCs using common industrial
polymers including poly(methyl methacrylate) (PMMA)
(whose modification has been studied in our research team)
[79] and polystyrene (PS) were prepared. Primarily, syn-
thesized MCM-41 [80] was modified by (3-triethoxysilyl)-
1-propane amine as the silane coupling agent. The modi-
fied material was then added to the PMMA and PS polymer
solutions and finally, NCs films were formed upon casting.
A schematic of APTS-MCM-41/PMMA and APTS-MCM-
41/PS is shown in Fig. 9. The modified NH,-MCM-41/PS
and NH,~MCM-41/PMMA were used for Cd(II) removal,
and adsorption parameters including pH, contact time,
and metal ion initial concentration were optimized conse-
quently. Stemming from the high concentration of H* and
its higher mobility toward Cd** in low pH values, efficient
adsorption could not be obtained. However, by increas-
ing pH, the total charge of present functional groups such
as hydroxyl and amine was made negative. In addition, at
neutral to basic pH hydronium concentration is low com-
pared to the Cd>*. Therefore, optimal pH value and time for
highest adsorption efficiency were estimated to be 5.0 and
240 min, respectively, for both modified NCs. Under optimal
adsorption conditions, the maximum adsorption capacity for
NH,-MCM-41/PS and NH,~MCM-41/PMMA was found
to be 26.81 mg g~! and 10.59 mg g!, respectively. Interest-
ingly, it has been observed that the mechanical character-
istics of NCs were enhanced compared to the net PMMA
and PS [81].

In another study in 2017, we represented a new NC for
Cu(I) and Cd(II) adsorption based on aminated MCM-41
and nylon-6 (NY6). NY6 is one of the most important types

APTS-MCM-41/PMMA

APTS-MCM-41/PS
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of aliphatic polyamide that has been a subject of great atten-
tion in recent years in PNC studies due to their superior
film-forming ability, mechanical/chemical properties, and
high thermal stabilities [82, 83]. We synthesized MCM-
41 and modified it by (3-triethoxysilyl)-1-propane amine.
Finally, the modified material was then mixed in NY6 solu-
tion and a brittle film was achieved by evaporation of formic
acid. The adsorption efficiency of NH,~-MCM-41/NY6 was
then examined by the extraction of Cu(II) and Cd(II) as two
sample metal ions. The optimal removal conditions were
also obtained by studying solution pH, contact time, metal
ion initial concentration, and adsorbent dosage. A typi-
cal enhancement in metal adsorption by pH increase was
observed, and optimum pH values were found to be 6.0 and
5.5 for Cu(Il) and Cd(II), respectively. The optimized adsor-
bent dosage was also estimated to be 25 mg with a maximum
adsorption percentage of Cu(II) and Cd(II) to be 99.5% and
76.6%, respectively. It is noticeable that the optimal contact
time was reported 75 min for Cu(Il) and 90 min for Cd(II),
which is somehow faster than other similar studies. This fast
metal removal may be attributed to the finite adsorption sites
and their availability. Also, it was found that the adsorption
capacity of NH,—~MCM-41/NY6 for Cu(Il) is spectacularly
higher than that of Cd(I). Under optimal extraction condi-
tions, the adsorption capacities for Cu(Il) and Cd(II) were
found to be 35.8 and 27.6 mg g~!, respectively, which was

Vicinal Silanol

(a)

Terminal Silanol
g < (Isolated or Free Silanol)

Fig. 10 Schematic illustration for fabrication of the m-MCM-41/
PVOH NC for Cd(IT) adsorption: a four types of silanol groups on the
surface of MCM-41; b surface modification of MCM-41 with KH550
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asserted to be more efficient in comparison with most adsor-
bents [84].

In one of the most recent studies on Cd(II) removal, we
prepared NCs of an amino-modified MCM-41 and PVA
using the ultrasonic-assisted synthetic procedure. A sche-
matic representation of the synthesis procedure is shown
in Fig. 10. Adsorption efficiency of the NCs was studied
by Cd?* initial concentration and optimized. The expected
effect of pH alteration on metal ion adsorption was observed
leading to the choice of pH=6.0 as the optimum pH value.
It is noteworthy that under optimal extraction conditions,
adsorption capacity of 46.73 mg g~! was achieved, which is
acclaimed to be the highest Cd(II) adsorption capability for
any silica-based NC reported to date (Table 3). The authors
asserted that using ultrasonication during the synthesis pro-
cedure led to a fine dispersal of the amine and hydroxyl
functional groups within the materials, thereby making them
more accessible for metal ions adsorption. This suggests that
ultrasonic-assisted NC synthesis may be a good procedure
for future metal adsorption studies [85].

Mallakpour et al. have also carried out extensive
research on the application of various modified PNCs on
Cd(II) removal since 2016. In 2016, they prepared a PNC
using PVC as the matrix and modified a-MnO, with stearic
acid (SA) as the nanofiller. The low flammability, low
cost, and biological activity of PVC have made it a useful
polymer in metal extraction studies [48, 52]. However,

A \
H\O,,s,é\ NH, S,é’\
. O“S'Z\‘\\ /v <‘,,O—5"\1\nl
HO. \ \ HN = O\ \
Geminal Silanol i) EtO—Si—OEt oet_si|
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OEt si<]
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(Siloxane) Sicd _ 4 \S,A:;‘
J . . H;N
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S|<§,’/j bEL SIV
W IAF A M-MCM-41
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(a silane coupling agent); ¢ preparation of m-MCM-41/PVOH NC via
casting solution method with water as solvent; d adsorption of Cd(Il)
from aqueous media [85]
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Table 3 Comparison of the adsorption capacity of m-MCM-41/
PVOH NC toward Cd(II) ions with other adsorbents [85]

Adsorbent® Qﬂ, (mgg™ pH References
M-MCM-41/PVOH NC 46.73 6.0 [85]
NH,-MCM-41/NY6 NC  27.59 5.5 [86]
APTS-MCM-41/PMMA  24.75 5.0 [81]
APTS-MCM-41/PS 10.42 5.0
NH,-MCM-41 18.25 5.0 [87]
SNHS 20.82 4.5 [88]
Si-NH, 31.89 4.5

NH,—-SNHS 40.73 4.5

Si-DHB ~3.60 60t07.5 [89]
Si-DHAQ ~8.10 7.0 [90]
Si-APTS-EDTA 23.67 55 [91]
HMS-NH, 28.10 - [92]
HMS-SH 14.61 -

Si silica; DHB 3,4-dihydroxybenzene; DHAQ 1,8-dihydroxyanth-
raquinone; APTS 3-aminopropyltriethoxysilane; EDTA ethylenedi-
aminetetraacetic acid; HMS hexagonal mesoporous silica

4SNHS: silica nano hollow sphere

®The maximum adsorption capacity

PVC requires modification due to some of its defects that
limit its application such as poor impact toughness and
low thermal stability. They have already noticed the spe-
cial properties of a-MnO, [47, 49-51]; nevertheless, it
needs to be modified to reduce its agglomeration in PNC
structure. SA is a saturated fatty acid with a hydrophilic
head and a hydrophobic tail, which can act as a surfactant
and enable fine dispersal of a-MnO, nanorods in the poly-
mer chain. They prepared the a-MnO,—SA nanorods via
a simple solvothermal process and dispersed it at differ-
ent amounts in PVC. Eventually, they investigated the
Cd(II) removal ability of PVC/a-MnO,-SA NC 5 wt% in
10 mL of neutral metal ion solution at room temperature
for 180 min. According to the reported data, the adsorp-
tion capacity of PVC/a-MnO,-SA NC is 178.5 mg g™/,
which was clearly greater than the value obtained from
neat PVC (74.6 mg g_l) [93]. In another study, Mallak-
pour et al. used PVA instead of SA in order to modify
a-MnO, nanorods surface and observed that PVA could
improve miscibility and subsequently enhance the interfa-
cial bonding between the a-MnO, and PVC matrix. Cd(II)
adsorption studies revealed that PVC/a-MnO,—PVA 5 wt%
attained a maximum adsorption of 32.6 mg g~! [46]. In
2017, they reported two other studies on SA-modified
a-MnO,; in the first one, they used this modified nano-
filler in PVA matrix using a green ultrasonic-assisted
technique similar to their other studies. Ultrasonication
time has also been optimized and 60 min has been cho-
sen, because technically no changes were observed in the

dispersion of modified nanorods with increasing time
from 60 to 75 min. Hydroxyl functional groups present
on the PVA/a-MnO,—SA nanocomposite that is related to
both PVA and the a-MnO, (Mn—OH) nanofiller enable
adsorption of Cd(II) through chelation and ion exchange
mechanisms. Adsorption equilibrium was attained in 24 h,
which is believed to be the equilibrium state for PVA/a-
MnO,-SA NC 5 wt%, with the adsorption capacity of
15.46 mg g~ ' [94].

PVP has a lactam ring with a proton-accepting car-
bonyl group, while PVA with its abundant hydroxyl groups
can form hydrogen bonds with carbonyl groups. It is thus
expected that the introduction of PVP in the PVA-NC can
enhance the latter’s properties such as adsorption of heavy
metals, physical, and thermal properties. Mallakpour et al.
used this specific polymer combination while still modifying
it with a-MnO,—SA and subsequently utilized it in Cd(II)
adsorption studies [95]. The amide and hydroxyl groups
in the backbone of the prepared PNC were able to adsorb
Cd(II) by chelation and also ion exchange mechanism due to
the lone pairs of nitrogen/oxygen atoms and surface Mn—OH
groups, respectively. Finally, the 5 wt % blend of PVA/PVP/
a-MnO,—SA NC revealed a maximum metal removal capac-
ity of 47 mg g~!, which is about threefold higher than their
previous study with PVA/a-MnO,—SA PNC [95].

They have also reported a modification of a-MnO, with
other compounds; for example in 2017, biofunctionalized
a-MnO, nanorods with different amino acids including ala-
nine, leucine, isoleucine, methionine, LVA, and phenyla-
lanine were prepared and characterized by FTIR and XRD
techniques. Cd(II) adsorption studies for a-MnO,-LVA in
neutral metal solutions exhibited the maximum adsorption
capacity of 28.4 mg g~!, which is surprisingly lower than
neat a-MnO, (38.2 mg g~!). However, they claimed that
the metal adsorption property of a-MnO,~LVA-modified
nanorods is comparable with other PNCs [96].

Layered double hydroxide (LDH) materials are hydrotal-
cite-type solids with layered structures possessing positive
charges balanced by anionic interlayer materials. It is then
possible to design a variety of 2D nanosheet materials by
simply incorporating various anionic compounds within the
expandable interlayer space of LDH. Accessibility, easy and
cheap preparation, and high level of anion exchange capacity
in the purification of the aqueous solution [97] have made
LDH an appropriate material for different applications. Mal-
lakpour et al. prepared and characterized a diacid (having
L-phenylalanine segment)-intercalated LDH (I-LDH)/PVC.
The structure of LDH is polar and full of electronegative
hydroxyl clusters, which can increase positive interaction
of this material with the matrix of PVC. According to the
observed data, the specific surface area, pore volume, and
pore diameter for I-LDH were higher in comparison with
those obtained from pure LDH. This was then asserted to be
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due to the presence of the organic molecules in the structure
of I-LDH, which aided pore expansion resulting in its higher
porosity in comparison with the non-modified material. As
LDH is unstable in the acidic condition, it was, therefore,
necessary to perform a pH adjustment raising it up to a
value of 7 during the Cd(Il) adsorption studies. They also
reported that high pH values were also unfavorable because
of Cd(OH), precipitation and also LDH capacity reduction
due to the high concentration of negatively charged hydroxyl
groups. Consequently, 0.10 g of I-LDH/PVC NC 15 wt% in
10 mL of 50 mg L™ of neutral cadmium solution and shak-
ing at room temperature for 120 min has been reported as
the optimal conditions Cd(II) extraction. From this, a value
of 31.51 mg g~! was determined for the maximum adsorp-
tion capacity. The uptake capacity of I-LDH/PVC NCs for
cadmium could be seen to correlate with the PVC functional
groups [98].

Mallakpour and co-workers also investigated other PNCs
potential for Cd(IT) removal whose compositions, extraction
conditions (they were all performed in pH=6 and ambient
temperature), maximum capacities, and highlights are sum-
marized in Table 4.

Chromium ion adsorption

Chromium is a metal that is usually found in two oxidation
states in aqueous solutions; Cr(III) and Cr(VI) with the lat-
ter being its most dangerous form due to the serious risks
that it can pose to human health. Within the human body,
Cr(VI) is reduced to Cr(III), which then forms stable com-
plexes with nucleic acid and proteins. Therefore, Cr(VI) is
regarded as a carcinogenic metal as its ingestion can cause
skin irritation, lung and kidney cancer, and gastric damage.
In fact, chromium contamination is so dangerous that the
maximum allowable concentration of Cr(VI) in drinking
water is a reported value of 0.05 mg L=! by the WHO [104].

In 2015, Wilson et al. used SBA-15 and modified it
with ferulic acid (FA), thereby yielding an adsorbent with
high porosity due to the presence of SBA-15 as well as an
enhanced hydrophobic surface stemming from the use of FA.
The desired nanocomposite was then synthesized by in situ
radical polymerizations of vinyl monomers in the presence
of FA-functionalized ordered mesoporous silica (SBA/FA).
Afterward, the SBA/FA nanocomposite capability as an
adsorbent was examined for Cr(VI) extraction. It has been
reported that SBA-15 did not show any significant Cr(VI)
adsorption and FA has the major function that makes SBA/
FA nanocomposite suitable for Cr(VI) adsorption. Various
percentages of styrene and FA were used to prepare the
nanocomposite, and then, their extraction efficiencies were
studied with their best adsorption capacities being obtained
with 50% of each. Interestingly, the optimal pH value and
contact time were determined to be 4 and 6 h, respectively,
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both of which were chosen as optimum extraction condi-
tions. It is also worth mentioning that the SBA/FA nano-
composite could be reused for three cycles with only a 5-8%
reduction in adsorption efficiencies [105].

Another heavy metal ion that can be perilous for human
health is Cu(II). Excessive intake of this metal ion has been
found to result in liver and kidney damage, gastrointestinal
problems, nausea, and headaches [106]. In 2015, Chavez-
Guajardo et al. prepared maghemite nanoparticles using
chemical co-precipitation methods and prepared PPY/y-
Fe203 and PANI/y-Fe203 MNCs by emulsion polymeri-
zation of pyrrole and aniline, respectively. They used these
MNC:s for extraction of Cu(Il) and Cr(VI) and optimized
three parameters effecting extraction efficiency namely—pH,
initial heavy metal ion concentration, and contact time. An
illustration of their metal extraction process and magnetic
behavior is shown in Fig. 11. An important advantage of
magnetic adsorbents is their ease of separation via a magnet
with suitable power, which allows sufficient separation with
no centrifugation step. Table 5 shows the optimized adsorp-
tion conditions obtained for the MNCs.

As can be understood from data shown in Table 5, the
optimized pH value for Cr(VI) is much lower than those
obtained for other similar metal adsorption studies. This
observation can be attributed to the use of K,Cr,0; as the
Cr(VI) source in this study, which is known to form various
ionic structures depending on the pH. For instance, CrO,*" is
main ion in pH > 6.0, while Cr,0,?~ and HCrO,~ are the
dominant species at pH 2.0-6.0 and H,CrO, at pH< 1.0
[108]. Therefore, in the pH range of this study, Cr(VI) is
mostly in either or both of its Cr,0,>~ and HCrO,~ forms.
Consequently, a protonated surface at low pH values with
good electrostatic interaction to the negative chromate ions
can display high adsorption efficiency. Also, it has been
found that at low pH values, PANI undergoes oxidation
while Cr(VI) is reduced to Cr(III), thus allowing the forma-
tion of chelates that can aid Cr(VI) extraction. But for Cu(II)
ion, the usual pH effect is observed and pH values higher
than 5.5 were not discussed due to the precipitation of Cu(II)
in pH>5.5. Concerning the reusability of the adsorbents,
both of them showed good performance over four cycles,
except for PANI/y-Fe,0; with respect to Cu(II) removal
whose adsorption dropped to 84% after three cycles [107].

In one of the most recent studies on Cr(VI) adsorption,
we prepared a series of novel, modified mesoporous silica
MCM-41/polymer matrix nanocomposites. MCM-41 and its
(3-aminopropyl)triethoxysilane-modified form were synthe-
sized and then 2 wt% of the modified NCs in PVA, PS, NY6,
and PMMA polymer solutions were prepared via sonication
(Fig. 12).

The prepared PNCs were also characterized by XRD,
FTIR, SEM, and TEM techniques, while their adsorption
efficiencies were studied using Cr(VI) as the target metal
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Table 4 Summary of some recent studies on Cd(II) adsorption
PNC (adsorbent) Filler (wt%) Adsorption condition 0,, (mg g’l) Highlights References

t (h) Stirring speed (rpm)

PVA/CaCO;-DA*

rPET/MWCNT-ZnO QD**

Chit/starch—-MWCNT-LVA
(CSMV)

rPET/MWCNT-LDH

rPET/CMWCNT***

3,5,8

1,2,4

30, 50, 70

1,2,4

1,2,4

3

1.5

12

17

150

180

150

170

Not mentioned

PNC 5 (wt%)=20.70

PNC 8 (wt%)=25.19

rPET =35

tPET/-MWCNT = 13
PNC 4 (wt%)=56

CSMV 70 (wt%)=16.63

rPET=11.35

PNC 4 (wt%)=38.91

rPET=10

PNC 2 (wt%)=22

Bioactive DA has enhanced
CaCO; surface from hydro-
phobic to hydrophilic

Cd(II) is adsorbed through [99]
complexation mechanism

The PNC is a combination of
zero-dimensional (0D) QDs
and one-dimensional (1D)
CNTs

[100]

Cd(IT) metal ion is adsorbed
by —-OH, -COOH and -C=0
functional groups

Ambient presence of hydroxyl [101]
and carboxylic functional
groups on CSMYV surface
and thus effective metal
extraction ability is obtained

The pHyp, was found to be
7 and in pH < pHPZC, the
PNC’s surface is proto-
nated and has low metal
adsorption ability, but in
pH>pHPZC PNC’s surface
is negatively charged

[102]

Increased ionic strength has
improved Cd(II) adsorption,
due to dissociation promo-
tion of functional groups
by salt

PNC has shown high selective
removal efficiency toward
Cd(II) among Ni(II) and
Pb(II) metals

Two pathways were suggested
for Cd(Il) removal: 1) inner
complexation of metal
with —-OH and -COOH
(mono- and bidentate), 2)
outer complexation (main
pathway)

PNC can be used for three
adsorption cycles.

The electrical conductivity
of PNC has been greatly
enhanced (at a concentration
of only 1 wt% PNC electri-
cal conductivity increased
by nine orders of magnitude
compared to that of the pure
PET)

[103]

* Diacid

*#*Quantum dot

***Recycled PET/carboxylated multi-walled carbon nanotube composite
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Before

® Heavy metal ions

£ PPYHy-Fe,0, MNC or PANIY-Fe,0, MNC

Fig. 11 Extraction process and magnetic behavior of PPY/y-Fe,05 and PANI/y-Fe,O; PMNCs [107]

Table 5 Optimized adsorption

-~ . Parameter PH The initial metal ion concentration Contact time
condition obtained for PPY/y- (min)
Fe,0; and PANI/y-Fe,05 [107]
Heavy metal ion Cr(VD Cu(II) Cr(VD Cu(II) Cr(VD) Cu(II)
PPY/y-Fe,0, 2.0 55 Above 75 mg L 15 15°
PANI/y-Fe,0; 2.0 5.5 15 15

“PPY/y-Fe,0; adsorbs Cr(IV) faster than PANI/y-Fe,Oy; in fact, it can adsorb 50% of Cr(IV) in 5 min

"PPY/y-Fe,0, adsorbs Cu(Il) faster than PANI/y-Fe,O;, but its adsorption speed is less than Cr(IV)
adsorption

\h() /_OMe

? on mm/ on 9 §

S~0Me

/ )) OH (/

iBfon

m-MCM/PVA MCM-41 g o m-MCM/PS

Fig. 12 Schematic illustration of the m-MCM-41/polymer matrix nanocomposites (PMNCs) formation: (step 1) preparation of m-MCM-41 by
silane modification of MCM-41 pristine; (step 2) m-MCM-41/PMNCs formation [109]

ion. As usual, solution pH was optimized and instead an ~ As shown in Fig. 13, there is a sudden increase in Cr(VI)
inverse relationship between pH and adsorption efficiency  removal in the pH range of 1-2. However, at pH values
was observed, which runs contrary to the normal trend.  higher than 2, all four NCs showed a decrease in adsorption
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Fig. 13 Effect of solution pH values on Cr(VI) removal percentage by
m-MCM-41/NCs [109]

leading to the choice of 2 as to be optimum for metal adsorp-
tion study. This behavior was adduced to the pH variation
in the forms, which Cr(VI) can adopt in solution, in par-
ticular, its occurrence as Cr,0,%~, HCrO,~, CrO,>~ and
Cr30102_ at low pH and mainly HCrO,™ at pH range 2-5.
At a pH greater than 5.5, the main form of Cr(VI) becomes
the CrO,>~ ion. As it is expected that at low pH values, the
existing functional groups on the surface of NCs such as
hydroxyl, ketone, amine, and phenyl tend to be protonated—
OH,*, -C=0H", -NH,", and -NH;*. These are unsurpris-
ingly perfect for adsorption of Cr(VI) stemming from the
ease of interaction of these oppositely charged species with
each other. Therefore, any increase in the pH should result in
the positive charges of functional groups becoming negative,
thereby leading to the observed decrease in Cr(VI) removal
for all of the aforementioned NCs. Contact time and Cr(VI)
initial concentration were also optimized, and adsorption
capacity of 20, 18.5, 17.9, and 15 mg g~' was reported for
m-MCM-41/PMMA, m-MCM-41/PVA, m-MCM-41/NY6,
and m-MCM-41/PS, respectively. The removal efficiency
of Cr(VI) was found to be in the range of 61.78-85.71%,
but unfortunately, the reusability of prepared PNCs was not
investigated in this study [109].

Other metals

Nickel is one of the heavy metals that play an important role
in the human body including ureolysis, hydrogen metabo-
lism, methane biogenesis, and acidogenesis [110]. If the Ni
level in the human body exceeds its beneficial value, it can
cause diseases such as skin dermatitis, lung cancer, gas-
trointestinal disorder, and renal edema. In order to remove
this heavy metal from aqueous real samples, Javadian et al.

HMS

(NH),8,0¢
H,SO,

HOA-O+-0—O
33 B
HoO- OO0

Fig. 14 PANI/HMS synthesis pathway [111]

+ZT >

>z 4

suggested a nanocomposite prepared from PANI and HMS.
They synthesized the PANI/HMS nanocomposite by in situ
chemical polymerization process by utilization of ammo-
nium peroxodisulfate (APS) as an oxidant (a schematic of
PANI/HMS preparation is shown in Fig. 14) and studied its
adsorption ability for removing Ni(I) from aqueous solu-
tions as a heavy metal model sample. Interestingly, the opti-
mum pH for this adsorption was 8, which is similar to the
adsorbent prepared by Singh et al. [74]. The optimum pH
has been attributed to the Ni oxidation state and the behavior
of functional groups present in the PANI/HMS NCs in the
pH range of 2—-8. Under acidic conditions, nitrogen (N) con-
taining groups become protonated and can no longer adsorb
the metal cation sufficiently. Working under alkaline condi-
tions, however, results in the polymer transforming into its
deprotonated emeraldine base, thereby leading to the amine
or imine groups in the polymer being available for metal
chelating, which is accompanied by increased Ni(II) sorp-
tion. Other extraction parameters including contact time,
adsorbent dosage, solution volume, and metal initial con-
centration were likewise optimized, and a trend similar to
other studies was observed. Finally, an extraction condition
with 0.05 g of PANI/HMS nanocomposite in a 50 mL of
Ni(IT) aqueous solution with pH =28 for 16 min was reported
as the optimal condition. Also, 0.1 M H,SO, was utilized
for Ni(II) desorption from the PANI/HMS, which showed
86% of maximum desorption efficiency. The recycled sam-
ple shows substantial removal efficiency with less than 10%
reduction. Finally, a real sample from wastewater disposals
of plating manufactory, Isfahan, Iran, was extracted using
the nanocomposite and good performance was observed
[111].

In 2015, an interesting study was done by Borai et al.,
which focuses on three rare heavy metals including cesium

@ Springer
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(Cs(I)), cobalt (Co(I)), and europium (Eu(III)) that all
have different charges and radiuses. For this purpose,
they prepared two nanocomposites, one of which is the
TiO,/poly (acrylamide—styrene sodium sulfonate) [TiO,/
(P(AAm-SSS)] prepared by in situ intercalative polym-
erization of poly(acrylamide) (PAAm) and styrene sodium
sulfonate (SSS) in the presence of TiO, nanoparticles as
inorganic filler. In this polymerization, y-radiation and
N-methylenebisacrylamide (MBA) were used as reaction
initiator and cross-linker, respectively. The second nano-
composite was PS/TiO, that was prepared by the ionic
polymerization method. The prepared NCs were used for
adsorption of the aforementioned metal ions after their
characterization by XRD, TGA, FTIR, etc. Increasing the
pH values had an expectedly positive effect on adsorption
with maximum removal obtained at pH 5, 6, and 8 for Eu’*,
Co**, and Cs™, respectively. It was also revealed that the
TiO, content played an important role in removal efficiency,
i.e., a decrease in adsorption was observed in more or less
than 0.06 g of TiO,. Upon decreasing the nanoparticle con-
centration, an increase in the water-soluble fragment of the
nanocomposite was expected, which resulted in lower Co**
and Eu** removal. For higher concentration of nanoparticles
(>0.06 g), the density of cross-linking in the NC was con-
siderably increased. Consequently, a decrease in accessible
structural network spaces led to less adsorption of Co**
and Eu**. PS-TiO, and TiO, nanoparticles showed simi-
lar trends in the optimization of shaking time that could be
related to either PS degradation at high temperature or the
coverage of PS functional group by TiO,, which impedes
the removal process. The maximum adsorption capacities
were reported as 120, 100.9, and 85.7 mg g~ for Cs*, Co?™,
and Eu®™, respectively. Cs(I), unsurprisingly, had the high-
est adsorption capacity because of its small hydrated radius
and high electropositivity compared to the other two metal
ions [112].

Copper accumulation in living organisms over time can
cause serious gastrointestinal problems, kidney and liver
damage, headaches, and nausea, which made EPA announce
the maximum safe Cu(II) concentration limit in drinking
water to be 1.3 mg L' [113]. Therefore, Cu(II) can be a
good target compound to be adsorbed using PNCs. Nano-
boehmite with remarkable characteristics has already been
a material of interest in our studies for the preparation of
modified boehmite (mB)-PA6 NCs [114]. It can be also
merged with PMMA, which is a hydrophilic polymer, to
prepare a good candidate for Cu(Il) extraction [115]. Fas-
cinating properties of silane-modified nano-boehmite with
hydrophilic polymers such as high surface area have been
studied previously [114]. We used this combination while
enhancing nano-boehmite properties by silane coupling
agents. According to FE-SEM characterizations, the AIOOH
flake-like morphology underwent a change to a spherical

@ Springer

form after modification, which was also preserved in the
corresponding NC. Finally, the resultant PMMA/m-AIOOH
NC with 1, 2, and 3% of modified filler was obtained using
an in situ polymerization technique. Cu(Il) adsorption
capacities of aforementioned PNCs were investigated by
introducing 10 mg of modified nano-boehmite and PMMA
(MBNC:s) to 10 ppm solution of Cu(Il) while shaking at
150 rpm at room temperature. Two important adsorption
factors including pH and adsorption time were also opti-
mized. As it was expected, higher pH is favorable due to less
competition between H* and the target analyte. Additionally,
higher pH values allow the existence of abundant hydroxyl
functional groups on modified nano-boehmite. It was found
that the nanocomposite with 3% of modified boehmite dis-
played Cu(Il) adsorption greater than 94% (120 min and
pH=4.0), indicating that the material would be a good fit for
use in copper removal. A schematic of Cu(II) adsorption by
PMMA/m-AIOOH NC is shown in Fig. 15 [115].

Recently, we have also report the synthesis and charac-
terization of m-MCM-41/PMMA nanocomposites [116]. In
this study, MCM-41 was synthesized and then functional-
ized using 3-aminopropyl triethoxysilane. In the following,
m-MCM-41/PMMA nanocomposites were prepared through
in situ polymerization with different weight percentages
of m-MCM-41 (1, 2, and 4 wt%). The prepared PMNCs
showed a good thermal stability, but the 2% PMNC was
chosen overall after various characterizations and used for
adsorption studies of Cu?*. Langmuir isotherm model sug-
gested to be well fitted with the experimental data and the
maximum value of adsorption capacity toward copper(Il)
ions was found to be 41.5 mg g~! (pH=4, adsorbent dose
10 mg, temperature 25 °C, stirring speed 180 rpm, and time
140 min).

Mallakpour et al. have also performed Cu(II) adsorption
experiments on PNCs with diverse chemical compositions
since 2017. The highlights of their studies are summarized
in Table 6.

Conclusion

In this review, we have tried to abridge PNCs metal
adsorption studies with an emphasis on their special high-
lights. As already mentioned, nanofillers are a group of
valuable materials, whose fascinating properties can be
reinforced when combined with polymers. Since nano-
fillers are mostly inorganic materials, they need to be
modified by a surfactant, thus reducing the possibility of
agglomeration while enhancing the adsorption properties
of their corresponding PNC. Although the porosity of
PNCs can have a direct effect on its adsorption efficiency,
their chemical structures and functional groups should be
considered carefully for compatibility with the chemical
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Fig. 15 Schematic representation of Cu(Il) removal by MB/PMMA hybrids [115]. Reproduced by permission of the royal society of chemistry
(RSC) on behalf of the Centre National de la Recherche Scientifique (CNRS) and the RSC

Table 6 Summary of some recent studies on Cu(II) adsorption

PNC (adsorbent) Time (h) Q,, (mg g_l) Highlights References

PVA/CaCO;-KH550 3 PVA=2132 Metal adsorption was performed in pH=6.5 [117]

Formation of hydrogen bonds and van der Waals forces
between ATS amino and PVA (-OH) groups prevents
agglomeration

PNC 5 (wt%)=45.45 High removal efficiency is due to the coordination interaction
between Cu2 + and -OH, -C=0 and —NH2 functional groups
CS/CaCO5-DA 3 PNC 5 (wt%) for Cu(Il)=21.74 L-phenyl aniline (2-8 wt%) was used as DA. [118]

Adsorption experiments were carried out for both Cu(II) and
Cd(II)

PNC 5 (wt%) for Cd(II)=29.41 Both metals were adsorbed by PNC through complexation
with oxygen and nitrogen present in functional groups on the
PNC'’s surface

PNC has shown a great tendency toward Cu(II) compared to
Cd(II) because: a) Cu(Il) has higher electronegativity than
Cd(II). b) Oxygen in filler’s functional groups is known as a
hard base which mostly adsorbs the harder metal (Cu(II))

Starch/MWCNT-LVA 0.5 Not reported (removal effi- The most prevalent interaction between starch and MWCNT-  [119]
ciency =66% in optimum LVA is hydrogen bonding
condition)

Short adsorption time equilibrium is due to a large number of
unoccupied surface sites

Cu(Il) adsorption was performed through chelation (consider-
ing amide and carboxylic acid as chelating agents)
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Table 7 Summary of PNCs with highest adsorption efficiency for
heavy metal removal

Metal Ion PNC Q, (mgg™h References
Hg PAN/HMS 843 [60]

Cd GG-g-PAM-silica 2000 [74]

Cr PPY/y-Fe,04 209 [107]

Cs TiO,/P(AAm-SSS) 120 [112]

Eu TiO,/P(AAm-SSS) 85.7 [112]

Co TiO,/P(AAm-SSS) 100.9 [112]

Ni PANI/HMS 253.17 [111]

Pb ALG-SBA-15 222.22 [15]

Cu PVA/CC-ATS 45.45 [117]

properties of the target metal. Moreover, metal extraction
conditions can dramatically effect adsorption efficiency;
for example, adsorbent amount, extraction time, pH, ionic
strength, temperature, and concentration of metal solu-
tion are some of the parameters that should be optimized
and accurately controlled. In all of the studies described
in this review, the PNCs with highest adsorption capacity
(Q,,) for each metal are shown in Table 7, thus revealing
the most efficient PNC for the removal of hazardous heavy
metals. In spite of the fascinating data obtained from the
metal adsorption studies performed until date, the hunt for
new and more efficient adsorbents continues.
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