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Abstract

Adsorptive removal of toxic metals from water using materials with high removal capability and sufficient environmental
degradability is of great importance. In this study, a novel nanocomposite adsorbent was synthesized by reinforcing poly(vinyl
alcohol)/alginate (PVA/Alg) hydrogel using cysteine-modified bentonite (Cys-BNT). The synthesized composite was char-
acterized using XRD, FTIR, and TEM techniques and subsequently used to remove Pb from aqueous solutions. The factors
that affect the Pb adsorption of the composite, including solution pH, Pb concentration, and time were also evaluated. The
XRD and TEM results revealed the coexistence of exfoliated and intercalated BNT layers in the polymer matrix. The Pb
removal was pH-dependent with the highest Pb removal efficiency at pH 5.0. The incorporation of Cys-BNT significantly
(P <0.05) enhanced the maximum Pb adsorption capacity of PVA/Alg hydrogel from 480 to 995 pmol g~!. The Elovich
model was the best to fit the Pb adsorption kinetic data, and the adsorption equilibrium time was 4 h. The Pb removal rate
was also significantly (P <0.05) increased through embedding the Cys-BNT into the PVA/Alg hybrid. Overall, the prepared
Cys-BNT/PVA/Alg nanocomposite exhibits a great adsorption efficiency and a rapid adsorption behavior, making it a suit-
able material to remove Pb from polluted waters.
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Introduction

Water pollution is a worldwide crisis caused by various
chemicals released from agricultural, industrial, and munici-
pal activities, leading to enormous economic, environmen-
tal, and human health problems [1]. Lead (Pb) is among
the most hazardous metals commonly found in polluted
waters, affecting human health worldwide by inducing det-
rimental health disorders such as damage to the nervous,
renal, and reproductive systems [2, 3]. According to the US
Environmental Protection Agency (EPA), the maximum
permissible limit of Pb in drinking water is 0.015 mg/L
[4]. Lead concentrations in industrial wastewaters approach
200-500 mg/L; this concentration is very high in water qual-
ity standards, and the Pb concentration of wastewaters must
be reduced to a level of 0.05-0.10 mg/L before discharging
to waterways or sewage systems [5]. Hence, developing effi-
cient purification technologies to remove Pb from water is
critically required [6].

Several separation technologies such as membrane pro-
cess, distillation, electro-dialysis, flotation, photo-catalysis,
and chemical coagulation have been applied to remove Pb
and other toxic metals from water [7]. Nevertheless, most
of these methods show some disadvantages, including
excessive operation and maintenance costs, low selectivity,
insufficient removal capacity, creating secondary sludge,
and persistent requisition for chemicals [8]. Therefore, it is
crucial to develop efficient, eco-friendly, and inexpensive
treatment methods to remove metals from water. As a highly
efficient, easily operated, and affordable technique, adsorp-
tion has been extensively used for removing Pb from aque-
ous solutions [9—-11]. Some extensively used adsorbents for
the Pb removal include activated carbons [12], clay minerals
[13], biomass and lignocellulosic materials [14], industrial
byproducts [11], and polymers [15].

Natural and synthetic polymers, containing numerous
coordinating groups on their backbones and side-chains,
are effective adsorbents for metal removal from water [15].
Polyvinyl alcohol (PVA) is a hydroxyl-rich, non-hazardous,
and biodegradable synthetic polymer that strongly inter-
acts with metals [16]. However, pure hydrogels made from
PVA are mechanically unstable and should be blended with
other polymers or clay fillers to form more mechanically
robust hydrogel networks [17]. Alginate (Alg) is a natural,
highly hydrophilic biopolymer containing 1,4-linked p-D-
mannuronic and a-L-guluronic acid residues [18]. Alginate
contains abundant carboxyl groups which can potentially
react with polyvalent cations through unidentate or biden-
tate coordination [19, 20], making it a suitable material for

water purification purposes. Nevertheless, the application
of Alg-based hydrogels in water treatment practices is lim-
ited by their low mechanical strength and high solubility in
water [21]. Combination of Alg with PVA forms hydrogels
[22] which have been successfully applied for cell immobili-
zation and controlled release of agrochemicals and pharma-
ceuticals [23-26]. However, Alg/PVA hydrogels have been
scarcely used for the adsorptive removal of metal ions from
polluted waters. High dissolution rate and weak mechanical
strength are potential limitations of PVA/Alg hydrogels for
use in water treatment practices. Hence, these hydrogels are
often reinforced by various fillers like expandable clays to
form nanocomposites [27, 28].

The expandable clay minerals, especially montmorillon-
ite, are usually considered fillers in nanocomposite prepa-
ration because of their excellent structural stability, great
surface area, non-toxicity, and low cost. Bentonite (BNT)
is a geological material that mainly consists of montmoril-
lonite (MMT) clay. The crystal units (layers) of MMT are
constituted by an octahedral sheet sandwiched between two
tetrahedral sheets. [somorphic substitution in the octahedral
sheet (Mg** for AI*") results in an overall negative charge,
which is counterbalanced by interlayer cations such as Na™,
Ca’*, etc. [29]. BNT has been extensively used to produce
clay-polymer nanocomposites, given its outstanding phys-
icochemical properties [30-33]. Strong interfacial interac-
tion between the clay filler and polymer matrix is crucial to
obtain the required dispersion of the filler. Hence, surface
modification of the clay particles using coupling agents,
such as amino acids, is usually performed to introduce func-
tional groups on the clay surfaces, enhancing the interaction
between the phases [15].

Recently, nanocomposites containing PVA and BNT
exhibit promising results in metal and metalloid remov-
als from water. For example, Wang et al. [33] prepared a
chitosan—poly (vinyl alcohol)/bentonite nanocomposite
showing a high adsorption capacity for Hg as 460 mg g~'.
Baigorria et al. [34] used PVA/Alg hydrogel beads contain-
ing natural BNT for As removal from polluted water and
showed that clay incorporation played a crucial role in the
As removal efficiency. Sanchez et al. [35] also developed
novel eco-friendly hydrogel adsorbents based on PVA and
an acid-treated BNT. They reported that the presence of
acid BNT was beneficial for improving the removal capac-
ity of PVA-based hydrogels. Although considerable studies
have been carried out on the different aspects of PVA-clay
nanocomposites, there is still a necessity to develop new
nanocomposites that possess high adsorption potentials for
toxic metals.

In this paper, we prepared and characterized a novel poly-
mer/clay nanocomposite by dispersing a cysteine-modified
BNT in a PVA/Alg matrix. The cysteine amino acid modi-
fier was used to functionalize the BNT surface and make it
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Table 1 Results of elemental Si0, ALO, Fe,0; CaO Na,0 Cl SO, MgO K,0 SO TiO, ZrO, MnO CuO
decomposition of natural - - -

bentonite sample used in this 7293 1030 228 225 202 139 139 127 038 027 0040 0029 0.024 0.013

study

more interactive with PVA and Alg polymers. The synthesized
nanocomposite was further utilized for the removal of Pb from
aqueous solutions. To the best of our knowledge, no previ-
ous research has been conducted using this starting materi-
als’ combination to synthesize adsorbent for Pb removal from
aqueous solutions.

Materials and Methods
Materials

All applied chemicals were analytical grade, and distilled
water was used in all experimental processes. The PVA
with a polymerization degree of 1500 (molecular weight:
66,000 g mol~!) and L-cysteine (99%, Mw =121.15 g mol ™)
were supplied by Dae-Jung Chemicals and Metals Co., Korea.
Sodium alginate (Alg) was obtained from Sigma—Aldrich with
a mannuronate/guluronate ratio of 39/61 and a molecular
weight of 120190 kDa. The natural BNT from the Mehredjan
mine (33° 36’ 7" N, 55° 10" 4" E) was applied in the study. The
elemental analysis of the BNT sample was performed using
X-ray fluorescence spectrometry (XRF) and is represented in
Table 1. The cation exchange capacity (CEC) of the BNT was
66.0 cmol kg™~! as measured by the ammonium acetate method
[36]. A stock solution containing 1000 mg Pb L™! was pro-
duced by dissolving PbNO; (>99%, Merck) in distilled water
and subsequently used for preparing the dilutions.

Surface Modification of BNT with Cysteine

Bentonite (3.0 g., dry basis) was added to 75 mL distilled
water and agitated for 2 h at 60 °C. Subsequently, 30 mL of
0.2 M L-cysteine was slowly added to the suspension and
stirred for another 3 h. The suspension was centrifuged, and
the resulting modified clay (Cys-BNT) was separated using
filter paper [37]. Finally, the Cys-BNT was freeze-dried and
stored at room temperature.

Synthesis of Cys-BNT/PVA/Alg Nanocomposites

Three grams of PVA and 0.3 g of Na—Alg were mixed with
100 mL distilled water and stirred for 3 h with a magnetic
stirrer at 60 °C. After 2 h, 10 mL boric acid 6% was added to
the solution for developing chemical bonds between the two
polymers. Subsequently, the final solution was undergone a
freezing-melting period (24 h under — 20 °C and then 4 h
under room temperature) to create a physical bond between
these components. Subsequently, a 10% Cys-BNT suspension
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(10 mL) was added to the PVA/Alg solution and stirred for
2 h. The mixture was then placed at room temperature for 42 h
to cause more interaction between the various components.
Finally, the produced Cys-BNT/PVA/Alg composite was
sediment by adding 100 mL of acetone. The nanocomposite
was washed with distilled water, dried at 100 °C for 12 h, and
powdered in liquid nitrogen. The same procedure was carried
out to prepare the BNT/PVA/Alg composite except that BNT
instead of Cys-BNT was used.

Characterization

X-ray diffraction (XRD) analysis was performed using a
Philips PW1730, (Philips, Eindhoven, Netherlands) X-ray dif-
fractometer with Cu-Ka radiation (1=1.54056 A) operated at
40 kV and 30 mA. The data were collected in the 26 range of
2°-80° with a step size of 0.05° and a counting time per step
of I's.

Fourier transform infrared (FT-IR) spectra were obtained
between 4000 and 400 cm™! on an IR spectrometer (JASCO-
680, Tokyo, Japan) using the standard KBr pellet disc tech-
nique. Each IR spectrum was an accumulation of 32 scans at
aresolution of 4 cm™".

The morphology of the nanocomposites was observed
using a transmission electron microscope (TEM) (Philips,
CM120, Eindhoven, Netherland) with an accelerating voltage
of 100 kV.

Lead Adsorption Kinetics

To determine the equilibrium time and rate of Pb adsorption
on the composites, kinetic experiments were performed. Sam-
ples (0.02 g) of the adsorbents were weighed in polyethylene
containers in triplicates. Subsequently, 10 mL of a solution
containing a Pb concentration of 100 pmol L™ was added to
each container. The suspensions were shaken in an incubator
shaker (30 °C, 180 rpm) for different time intervals of 0.25
to 9 h. Then, the suspensions were centrifuged for 10 min at
3500 rpm, and the resulting supernatants were analyzed for
Pb concentration by atomic absorption spectroscopy (AAS)
performed with a Perkin-Elmer A Analyst 200 model.

The adsorbed Pb per mass unit of the sorbents was calcu-
lated according to the following formula:

(Cy—-CH)Vv

“= ey
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Table 2 Kinetic models tested to describe time-dependent Pb adsorption data

Kinetic model Equation Nomenclature
Pseudo-first order q, = q,(1 —e7ht g, and g, (umol g™ are the amounts of the Pb adsorbed at equilibrium and at any time (h),
respectively; and k; (h™') is the rate constant of the pseudo-first-order model
Pseudo-second order g, = kygyt ky (g pmol ™! h™") is the rate constant of the pseudo-second-order equation; q, (pmol g ~1) is the
P kgt equilibrium adsorption capacity; q, (umol g ~') and ¢ (h) were defined above
The “initial adsorption rate” (p) (umol g~ h™!) was determined using the parameters of the
pseudo-second-order equation as follows:
p= kz‘lg
Elovich q, = 713 In(ap) + (ll?) Inz @ (umol g~ h~") and B (g pmol™") are model constants related to the initial adsorption rate and

surface coverage, respectively, and ¢, (umol g 1) and 7 (h) were defined above

Power function q,=at’

a and b are the model constants, and g, and ¢ were described above. The “ab” function is

termed as the "specific adsorption rate at the unit time"

Intra-particle diffusion ¢, = K dl.ftl/Z +C

K i (pmol g ~1'h~'2) is the intra-particle diffusion rate constant, C is the model intercept, and

¢, (umol g 71y and ¢ (h) were defined above

where ¢, is the amount of Pb adsorbed on the adsorbent at
time t (umol g~1), C,, and C, are Pb concentrations (umol
L_l) at times 0 and t, respectively, V is the volume of the
solution (L), and W is the mass of the adsorbent used (g).
Finally, the pseudo-first-order, pseudo-second-order,
Power function, Elovich, and parabolic diffusion models
(Table 2) were used to describe the experimental data.

Lead Adsorption Isotherms

Lead adsorption isotherms by PVA/Alg, BNT/PVA/Alg,
and Cys-BNT/PVA/Alg composites were determined using
the batch method. Samples (0.02 g) of each composite were
added to 15 mL of solutions containing Pb with concen-
trations ranging from 25 to 1200 pmol L~'. The mixtures
were shaken for 4 h, as determined in the preliminary kinetic
test, in an incubator shaker (30 °C, 180 rpm). A control
sample without adsorbent was also considered for each Pb
concentration. After equilibration, the suspensions were cen-
trifuged for 10 min at 4500xg and the supernatants were
separated and analyzed for Pb concentration by the AAS.
The adsorbed amount of metal in the systems was calculated
according to Eq. 2:

(Cy—C)HV

=W @)
where ¢, is the Pb adsorbed at equilibrium (pmol g, Cy
and C, are Pb concentrations (umol L") at initial and equi-
librium conditions, respectively, V is the solution volume
(L), and W is the adsorbent mass (g).

The Langmuir and Freundlich models were fitted to the
Pb adsorption equilibrium data. The parameters of the iso-
thermal models are described in Table 3.

Table 3 Isothermal equations used to fit the equilibrium Pb adsorp-
tion data

Isotherm  Equation Nomenclature

Langmuir q, = ImaK1.Ce

q, is the equilibrium Pb concentration
14K, C,

adsorbed by the composite (pmol g™1),
C, is the equilibrium Pb concentration
in solution (umol L™Y), g, is the Pb
adsorption capacity of the composite
(umol g™1), and K; is the Langmuir
constant (L pmol’l) related to the
adsorption energy

Ky (umol' ™ L" g71) is the Freundlich
constant relating to the adsorption
capacity and N is a coefficient showing
adsorption strength and surface het-
erogeneity. The g, and C, were defined
above

Freundlich ¢, = K.CV

Effect of pH on Pb Removal

The Pb adsorption experiments were carried out at different
pH values to determine the optimum range for Pb adsorp-
tion. For this purpose, 15 mL of Pb solution (97 pmol L")
and 0.02 g adsorbent were added to each container. After-
ward, the pH values of the suspensions were adjusted from
2 to 7 either by 0.1 M HCl or 0.1 M NaOH before they were
shaken in an incubator-shaker for 4 h. The suspensions were
then centrifuged for 10 min at 3500 rpm and passed through
a filter paper. Finally, the Pb concentration in the solution
was measured by the AAS.

The PHREEQC geochemical model (version 2.18.00) was
applied to estimate the dominant Pb species in solutions.
The saturation index (SI) was also calculated according to
Eq. (3), to determine if the solutions were supersaturated
with respect to the Pb minerals:

@ Springer
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Fig. 1 X-ray diffraction patterns
of natural bentonite (BNT),
cysteine-bentonite (Cys-BNT),
poly (vinyl alcohol)/alginate 3500
(PVA/Alg) composite, and
cysteine-bentonite/poly (vinyl
alcohol)/alginate nanocompos- 3000
ites (Cys-BNT/PVA/Alg) (M
montmorillonite, Cr cristobalite,
Q quartz) 2500
= 2000
=]
]
1500 dgo=14.48
1000
500 4y =12.07
0
0 10
IAP
SI =log | — 3)
K p

where JAP is the ion activity product and K|, is the solu-
bility product constant of the mineral. A negative SI value
indicates under-saturation, while a positive one represents
super-saturation, with respect to a given mineral.

Model Fitting and Statistical Analysis

Kinetic and isothermal models were fitted to the Pb adsorp-
tion data using the nonlinear regression method in Graphpad
Prism 8.4.2 software (GraphPad Software, Inc., CA, USA).
The goodness-of-fit of the models for describing the Pb
adsorption data was assessed using the determination coef-
ficients (R?), and the standard errors of estimate (SEE) were
calculated as follows:

n11/2
n—2
where g and ¢’ are measured and predicted Pb adsorbed val-
ues, respectively, and n is the number of measurements.
Statistical comparison between the model parameters was
performed using the extra sum-of-squares F test in Graphpad

Prism 8.4.2 (GraphPad Software, Inc., CA, USA).

@ Springer
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Results and Discussion
X-ray Diffraction Patterns

Figure 1 represents the XRD diffractograms of the compos-
ites prepared in this study. The XRD pattern of the PVA/
Alg composite exhibited only one broad peak at 26 =19.5°.
This peak corresponds to the semicrystalline PVA structure,
consistent with previous reports [38—40].

Figure 1 also shows that the raw BNT sample mainly con-
sisted of montmorillonite (MMT), quartz (QTZ), and cris-
tobalite (CST). The MMT characteristic peak was observed
at 20="7.25°, attributed to basal spacing (d 001) of 1.21 nm,
which is consistent with a Na-MMT. The diffraction peak
of MMT shifted to a lower 20 value of 6.09° as a result of
the clay treatment with Cys (Fig. 1), which indicates that
the basal spacing of MMT was increased to 1.45 nm due
to the intercalation of Cys molecules into the MMT lay-
ers. This weakens attractive forces and lowers the energy
barrier needed to exfoliate the clay lamellae into the poly-
mer matrix. The results are consistent with that reported by
Oztiirk et al. [37], showing that the Cys molecules diffused
into the BNT interlayers spaces as the dOO1 peak shifted
from 1.27 nm to 1.40 nm after Cys intercalation. Ahmad and
Mirza [30] also reported that L-methionine amino acid suc-
cessfully penetrated the MMT internal spaces and increased
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Fig.2 Low angle X-ray dif- 4500
fraction patterns of natural
bentonite (BNT), cysteine-

4000

bentonite (Cys-BNT), poly
(vinyl alcohol)/alginate (PVA/
Alg) composite, and cysteine-
bentonite/poly (vinyl alcohol)/
alginate nanocomposites (Cys-
BNT/PVA/Alg)

3500

3000

Cys-BNT/PVA/Alg

g 2w N PVA/Alg
o
“ 2000
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the distance between the clay layers, as revealed by an XRD
analysis.

The XRD analysis was used to investigate the exfolia-
tion/intercalation of the clay in the polymer matrix. Based
on the wide angle (Fig. 1) and the low angle (Fig. 2) XRD
diffractograms, the d,, diffraction peak on the XRD pat-
tern corresponding to basal spacing of MMT disappeared for
the Cys-BNT/PVA/Alg nanocomposite, suggesting that the
parallel arrangement of the clay layers was not maintained
due to the exfoliation of clay layers within the PVA/Alg
matrix. Jose et al. [41] reported that BNT nanoclays were
intercalated in the PVA matrix at lower concentrations and
exfoliated at higher concentrations. Exfoliation of BNT in
kappa-carrageenan/PVA and chitosan/PVA composites have
also been reported by Hosseinzadeh et al. [42] and Wang
et al. [33], respectively. Nevertheless, Morgan and Gilman
[43] stated that the absence of a peak is not proof of exfolia-
tion, and the configuration of the clay within the polymer
should be confirmed using TEM techniques.

The PVA characteristic peak at 20 =19.5° was broader
in the Cys-BNT/PVA/Alg diffractogram than in the PVA/
Alg diffractogram, indicating the crystallinity of the PVA
polymer reduced with the clay addition.

TEM Images
TEM analysis was adopted to further validate and confirm

the structure, which was presumed through XRD meas-
urements. The TEM images of the Cys-BNT/PVA/Alg

5 7 9
20

nanocomposite is shown in Fig. 3. The images showed
regions where intercalated tactoids of clay present. However,
in some parts, the bentonite layers are discrete and dispersed
within the polymer matrix accompanied by the formation of
exfoliated structure, which was confirmed by the XRD anal-
ysis. Hence, a nanocomposite with a mixture of intercalated
and exfoliated microstructures was formed. Using XRD and
TEM techniques, Hosseinzadeh et al. [42] also showed that
both intercalated and exfoliated structures of k-carrageenan/
poly(vinyl alcohol) nanocomposite hydrogel were produced
after montmorillonite incorporation. Generally, a completely
exfoliated structure on a polymer—clay nanocomposite is
scarce and difficult to obtain, and the majority of the nano-
composites have mixed structures [44].

FT-IR Spectra

The FT-IR spectra of BNT, Cys-BNT, PVA/Alg, BNT/PVA/
Alg, and Cys-BNT/PVA/Alg are shown in Fig. 4. The peaks
at 3434 cm~! and 3630 cm™! were assigned to asymmet-
ric stretching vibrations of O—-H in the Si—~OH and Al-OH
groups of the MMT, and water molecules, respectively
[45-47]. The peak at 1638 cm™! can be related to the bend-
ing of OH groups in water molecules [48]. The bands at
1087 cm™" and 1041 cm™" are related to Si—-O-Si or Si-O
stretching in the bentonite structure. The characteristic
bands at 795 cm™', 621 cm™', 518 cm™!, and 469 cm™! are
related to Si—O in quartz and silica structures, Al-O and
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Fig.3 Transmission electron microscopes (TEM) images of the cysteine-bentonite/poly (vinyl alcohol)/alginate (Cys-BNT/PVA/A) nanocom-
posites at two different magnifications. a Exfoliated single layers and b small intercalated clay tactoids were present

Cys-BNT/PVA/Alg

12621036% 47}
1435,
1723657 1353 1120 413
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BNT/PVA/Alg

3420

ICys-BNT

Transmittance (%)

BNT
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|
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Wavenumber (cm )
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Fig.4 FT-IR spectra of the natural bentonite (BNT), cysteine-ben-
tonite (Cys-BNT), poly (vinyl alcohol)/alginate (PVA/Alg) compos-
ites, bentonite/poly (vinyl alcohol) composites/Alginate (BNT/PVA/
Alg), and cysteine-bentonite/poly (vinyl alcohol)/alginate (Cys-BNT/
PVA/A) nanocomposite
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Si—O out-of-plane vibration, Si-O—Al bending, and Si—O-Si
bending, respectively [41].

The modification of BNT with cysteine noticeably
changed the FT-IR spectrum of BNT (Fig. 4). For instance,
several new bands in the 2900-3420 cm™' range corre-
spond to the -NH, group, 1550-1600 cm™! range, and
1382 cm™! related to —COO~ group, 1294 cm™! associated
with C-H bending, and 600-800 cm™' range attributed to
C-S groups [49, 50] appeared on FT-IR spectrum of BNT
after Cy’s adsorption. The existing IR absorption bands
of -COO™ and —NH, in the Cys-BNT spectrum confirm
that the surface modification of the BNT by Cys was suc-
cessfully achieved.

The FT-IR spectrum of the PVA/Alg composite shows the
characteristic peak of —~OH in the 1350-3550 cm™', which
is attributed to the OH stretching vibration of the intermo-
lecular and intramolecular hydrogen bindings [51]. The
band at 2924 cm™' is related to the symmetric, and asym-
metric stretching vibrations of the CH, group, and the one
at 1735 cm™! is associated with the acetate groups from
polyvinyl acetate [52]. The peak at 1628 cm™! can be attrib-
uted to symmetrical vibration or deformation of H-OH. The
1429 and 1383 cm™! bands are attributed to the vibrations
of the C-H groups. The symmetric stretching vibration of
—COOH has also been reported at this wavenumber [53].
The band centered at 1258 cm™! is related to the symmetric
C-C or C-O stretching as a part of the polymer chain [52,
54]. The peak at 1093 cm™' is due to, C—O and O-H stretch-
ing and C—H deformation in PVA/Alg composite [55]. The
band at 831 cm™" is related to —CH, vibration, and that at
603 cm™! is assigned to C—C—O and C—C—H groups. The
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peak of 415 cm™' can be attributed to the vibration of the
C-OH bond.

When BNT was added to the PVA/Alg composite, some
changes occurred in the IR spectrum. For example, the
1258 cm™! peak shifted to 1262 cm™!, the 415 cm™! peaks
moved to 423 cm™!, and the 831 and 603 cm™! peaks disap-
peared, reflecting the interaction between PVA/Alg and clay
particles.

When Cys-BNT was added to the PVA/Alg composite,
the peak at 3420 cm™' was shifted to 3434 cm™!, probably
due to increased hydrogen bonding in the Cys-BNT/PVA/
Alg in the presence of the —-NH groups of the Cys amino
acid. Incorporation of Cys—BNT eliminated the peak at
1429 cm™! in the PVA/Alg spectrum related to vibration
of the C—H bands. The peak at 1429 cm™! in the PVA/Alg
spectrum related to vibration of the C—H bands was elimi-
nated after the incorporation of Cys—BNT. Instead, a band
at 1458 cm™! appeared in the Cys-BNT/PVA/Alg spectrum,
which may be related to the NH-induced vibration caused by
the presence of Cys-BNT. Moreover, the peak at 1903 cm™!
in the PVA/Alg composite shifted to 1120 cm™" in the pres-
ence of Cys-BNT, and its intensity decreased consequently
(Fig. 4). This peak may be due to the presence of C-N,
indicating a proper interaction of Cys-BNT and PVA/Alg.
Also, the peak at 831 cm™! was shifted to 849 cm™", and its
intensity decreased, which can be attributed to the -CH; and
C-S band vibrations [56]. Moreover, in the spectrum of this
nanocomposite, the peak of 603 cm™! disappeared.

Lead Adsorption Isotherms

The Langmuir and Freundlich isotherm constants, determi-
nation coefficients, and standard errors of estimates are listed
in Table 4. The results indicate that both models adequately
explained the experimental data, but the Langmuir model
fits the equilibrium data better (Table 4, Fig. 5). Shooto et al.
[57] and Ren et al. [58] also successfully used the Lang-
muir model to describe Pb adsorption on poly (vinyl alcohol)
hydrogel strengthened with nanofibers and alginate/carboxy-
methyl cellulose gel, respectively. Similarly, adsorption of
heavy metals by poly (vinyl alcohol)/carboxymethyl starch-
grafted poly(vinyl imidazole) composite beads obeyed the
Langmuir equation [59].

The maximum Pb adsorption capacity (g,,,,) of PVA/Alg,
BNT/PVA/Alg, and Cys-BNT/PVA/Alg composites were
480, 724, and 995 pumol g™, respectively, indicating a sig-
nificant improvement in Pb adsorption potential of PVA/Alg
hydrogel after modification by BNT and particularly Cys-
BNT. The Freundlich K}, parameter, an adsorption capacity
factor, also increased from 578 for the PVA/Alg to 979 and
1395 for the BNT/PVA/Alg and Cys-BNT/PVA/Alg, respec-
tively (Table 4). The increased Pb sorption capacity of PVA/
Alg after BNT addition is probably due to the development

Table 4 Constants, determination coefficients (R?), and standard
errors of estimates (SSE) resulted from fitting Langmuir and Freun-
dlich models to the lead adsorption data on the poly(vinyl alcohol)/
alginate (PVA/Alg), bentonite/poly(vinyl alcohol/alginate (BNT/
PVA/Alg) and cysteine-bentonite/poly (vinyl alcohol)/alginate (Cys-
BNT/PVA/Alg) adsorbent

Model parameter Adsorbent
PVA/Alg BNT/PVA/Alg Cys-
BNT/
PVA/Alg
Langmuir
Qpmax (pmol g71) 480.3° 724.3° 995.1°
K, (L pmol™) 20.85¢ 16.50° 9.760°
R? 0.990 0.994 0.979
SEE 17.27 18.78 39.64
Freundlich
Kg (umol' NLNg™l)  578.5¢ 979.1° 1395°
N 0.360° 0.426° 0.501%
R? 0.913 0.937 0.948
SSE 50.61 59.58 61.90

of new sorption surfaces as a result of the expansion or
exfoliation of the MMT layers. The more significant role of
Cys-BNT than BNT in enhancing the sorption capacity of
PVA/Alg hydrogel might be due to the higher surface func-
tional groups of Cys-BNT, as confirmed by FT-IR analysis.
Faghihian and Nejati-Yazdinejad [60] also found that the
Pb adsorption capacity of Cys-BNT was higher than that
of natural BNT. Table 5 compares the Pb sorption capaci-
ties of various polymer-based composites reported in previ-
ous articles with those of the Cys-BNT/PVA/Alg and BNT/
PVA/Alg composites attained in this study. Even though it is
somewhat rough to compare the sorption capacities obtained
under dissimilar experimental setups, the Cys-BNT/PVA/
Alg synthesized in the current study has a relatively high
Pb sorption capacity.

The Langmuir K, constant was 20.85, 16.50, and 9.76 L
mmol~! for the PVA/Alg, BNT/PVA/Alg, and Cys-BNT/
PVA/Alg samples, respectively, indicating that the overall
affinity of the PVA/Alg active sites for Pb binding is higher
than those of the BNT/PVA/Alg, and Cys-BNT/PVA/Alg.
The value of the Freundlich N parameter was 0.36 for PVA/
Alg, which increased to 0.42 and 0.50 after the incorpora-
tion of BNT and Cys-BNT (Table 4), confirming that PVA/
Alg functional groups form stronger bonds with Pb ions as
the smaller Freundlich N parameter suggests the formation
of stronger bonds [61].

Effect of pH on Pb Removal

The solution pH is a significant factor regulating the adsorp-
tion of heavy metals. The impact of solution pH on Pb
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Fig.5 Lead adsorption isotherms of the poly (vinyl alcohol)/algi-
nate (PVA/Alg), bentonite/poly (vinyl alcohol)/alginate (BNT/PVA/
Alg), and cysteine-bentonite/poly (vinyl alcohol)/alginate (Cys-
BNT/PVA/A) composites fitted by the Longmuir (a) and Freundlich
(b) models. (T: 30 °C; sorbent dosage, 1.33 g L™!; agitation speed:
180 rpm; contact time: 4 h; Cy: 25 to 1200 umol Pb LY

adsorption was explored by ranging the pH value of the
metal solution from 2.0 to 7.0. The results showed that the
adsorption was maximum at pH 5.0 and decreased as the
solution pH was raised or lowered (Fig. 6). The maximum
removal efficiency of Pb ions by the PVA/Alg, BNT/PVA/
Alg, and Cys-BNT/PVA/Alg composites at the optimum pH
value were about 50%, 61%, and 75%, respectively. Free
Pb** ions were the dominated Pb species in solutions in the
pH range of 2-7 (Table 6). At the low pH values, the H*
concentration is far higher than that of the Pb ions; therefore
H™ ions compete with the Pb ions for chemisorption on the
surface functional groups [62, 63]. Moreover, the protona-
tion of amino groups on the composite surfaces produces
positive charges, preventing the metal cations from mov-
ing toward the adsorbent surface through repulsive forces
[64]. Formation of hydrolyzed species Pb(OH)* and Pb
precipitate (Pb(OH),), as revealed from speciation calcula-
tions (Table 6), could be possible factors reducing the Pb

@ Springer

removal efficiency past the optimum pH value [65]. Anitha
et al. (2015) also found that the maximum removal of Pb
by poly (vinyl alcohol)/chitosan was obtained at pH 5. The
same pH values were also reported by Jamnongkan et al.
[66] as the optimum pH value for Cu removal by poly (vinyl
alcohol) hydrogels.

Kinetics of Pb Removal

The Pb adsorption process by the composites was rapid and
reached equilibrium in almost 4 h (Fig. 7). The fast adsorp-
tion might be due to plenty of high-energy empty sites acces-
sible for binding Pb ions, which give rise to immediate Pb
adsorption. Over 60% of the Pb adsorption occurred within
the first hour, indicating a high binding affinity between Pb
ions and active sites on the composite surfaces. The avail-
able active sites on the composites were gradually occu-
pied over time, and the adsorption rate gradually decreased.
Abraham et al. [67] reported the equilibrium time of 8 h
for Pb adsorption by Poly (vinyl alcohol)-based MWCNT
hydrogel.

The time-dependent Pb adsorption onto the composites
significantly (P <0.01) fitted by the pseudo-first-order,
pseudo-second-order, Elovich, power function, and intra-
particle diffusion models. The Elovich model was superior
in describing the kinetic data according to the R? values pre-
sented in Table 7. Based on the kinetic results, incorporation
of Cys-BNT significantly (P <0.05) increased the amount
and rate of Pb adsorption by the PVA/Alg hydrogel, while
the increases induced by BNT addition were not statistically
significant at P <0.05 (Table 7).

The determination coefficients for the first-order kinetic
model were 0.69-0.90 (Table 7). The calculated g,; val-
ues were 29.7, 30.3, and 33.5 mmol kg_l for the PVA/
Alg, BNT/PVA/Alg, and Cys-BNT/PVA/Alg composites,
respectively, which agreed well with the experimentally
measured Pb adsorption at equilibrium. The Pb adsorp-
tion rate constant k; was found to be 0.917, 1.088, and
1.552 h~! for the PVA/Alg, BNT/PVA/Alg, and Cys-BNT/
PVA/Alg, respectively (Table 7), indicating the shortest Pb
adsorption reaction time on Cys-BNT/PVA/Alg if a fixed
amount of Pb is present in the system.

The pseudo-second-order parameters, qe, and k,,
obtained from the pseudo-second-order plots are pre-
sented in Table 7. The R’ values (0.84-0.95) were higher
compared to those of the pseudo-first-order model. The
estimated q,., values (34.0, 34.2, and 36.9 mmol kg‘l
for PVA/Alg, BNT/PVA/Alg, and Cys-BNT/PVA/Alg,
respectively) also agree with the results obtained from the
pseudo-second-order kinetics. The k, value increased from
0.035 for PVA/Alg to 0.044 and 0.062 g pmol~' h™! for
the BNT/PVA/Alg and Cys-BNT/PVA/Alg, respectively.
The calculated initial Pb adsorption rates (p) for the PVA/
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Table 5 Comparison of Pb
adsorption capacity of the
poly(vinyl alcohol)/alginate/

Adsorbent

Adsorption capac-  References

ity (pmol g™

Cysteil.le—bentonite and. Cysteine-bentonite/poly(vinyl alcohol)/alginate 995.1 Current work
Ezrll}t,é\rllliltle}:llce(l)lr(;:;)}:)(;li)tgilbntztii/e d Bentonite/poly(vinyl alcohol)/alginate 724.3 Current work
in the present research and those Polypyrrole/multi-walled carbon nanotube 120.6 [70]
of different polymer matrix Polypyrrole (PPy)/silica 530.4 [71]
c.omposites reported in the Polypyrrole coated oxidized multiwalled carbon nanotubes 127.0 [72]
literature Carboxymethyl-p-cyclodextrin modified Fe;0, 311.3 (73]
Polyaniline nanofibers coated millimeter-scale calcium alginate gel 1212 [74]
poly(ethyleneimine)-silica gels 398.8 [75]
poly(aniline-co-3-aminobenzoic acid)-based magnetic core—shell 667.5 [76]
Polyvinyl butyral/potassium polytitanate 661.2 [77]
Poly-methacrylic acid grafted chitosan-bentonite 535.7 [78]
80 Alg were 41.0 pmol g ~! h™! which increased to 51.1 and
70 _O_]l;;?j[;;gA/Alg 83.9 pmol g Tl h~! after incorporation of BNT and Cys-
60 —4— Cys-BNT/PVA/Alg BNT, respectively.
The Elovich model fitted the Pb adsorption better than
—E 50 the pseudo-first-order, and the pseudo-second-order mod-
&E, 40 els with R? values ranged from 0.91 to 0.95 (Table 7). The
< 3 Elovich o and f constants, related to the initial adsorption
20 rate and surface coverage, respectively [68], were found
to increase with the addition of BNT and Cys-BNT to the
10 PVA/Alg. Therefore, the incorporation of BNT and Cys-
0 h ; ; . 5 BNT increased the rate of Pb adsorption as well as the

pH

Fig. 6 Effect of pH on Pb removal by the poly (vinyl alcohol)/alginate
(PVA/Alg), bentonite/poly (vinyl alcohol)/alginate (BNT/PVA/Alg),
and cysteine-bentonite/poly (vinyl alcohol)/alginate (Cys-BNT/PVA/
Alg)

available adsorption surface for Pb ions (Table 7). How-
ever, only the enhancing effects of Cys-BNT were statisti-
cally significant (P <0.05).

The power function model was also able to describe
the adsorption kinetics of Pb by all adsorbents and was
the best-fitted model for BNT/PVA/Alg nanocomposite
Pb adsorption kinetic data (Table 7). The addition of BNT

Table 6 The dominant soluble Pb species and saturation indices (SI) with respect to Pb(OH), in solutions of different pH values equilibrated
with the composites as calculated by PHREEQC speciation program. Values in parentheses represent the percentage of total soluble Pb

pH
Composite 2 3 4 5 6 7
PVA/Alg Dominant species ~ Pb** Pb** Pb** Pb** Pb>* (98.2%)  Pb**
(100%) (100%) (100%) (100%) (84.9%)
Pb(OH)* Pb(OH)*
(1.73%) (14.5%)
SI Pb(OH), —17.88 -5.77 —3.70 -1.78 0.28 2.46
BNT/PVA/Alg  Dominant species ~ Pb?* (100%)  Pb>* (100%)  Pb** (100%)  Pb* (100%)  Pb**(98.1%)  Pb** (84.7%)
Pb(OH)* Pb(OH)*
(1.74%) (15.0%)
SI Pb(OH), -17.73 —5.69 —3.69 -1.79 0.24 2.20
Cys-BNT/PVA/  Dominant species ~ Pb>* (100%)  Pb** (100%)  Pb** (100%)  Pb** (100%)  Pb>* (98.2%)  Pb** (84.5%)
Alg Pb(OH)* Pb(OH)*
(1.74%) (14.9%)
SI Pb(OH), -17.78 -5.75 —3.82 -1.97 0.23 221
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Table 7 Constants, determination coefficients (R?), and standard
errors of estimates (SSE) for the kinetic models fitted to the lead
adsorption data on the poly(vinyl alcohol)/alginate (PVA/Alg), ben-
tonite/poly(vinyl alcohol/alginate (BNT/PVA/Alg) and cysteine-ben-
tonite/poly(vinyl alcohol)/alginate (Cys-BNT/PVA/Alg) adsorbents

Model parameter Adsorbent

PVA/Alg BNT/PVA/Alg Cys-BNT/PVA/Alg

Pseudo first order

q. (pmol g~ 29.70° 30.28° 33.55?
k, (h™h) 0.917°  1.088° 1.522%
R? 0.905 0.779 0.678
SEE 2080  3.030 3.523
Pseudo second order
q, (umol g~ 1) 34.02°  34.20° 36.91°
k, (g pmol™' h™h)  0.0354°  0.0437° 0.0616
h(umol g7'h™)  4097° 51.11%® 83.92%
R? 0.952 0.890 0.842
SEE 1.486 2.136 2.465
Elovich
o (pumol g~ h™Y  119.5¢  175.5° 437.8*
B (g pmol™") 0.1572° 0.1661° 0.1753
R? 0.953 0.939 0.909
SEE 1.457 1.594 1.868
Power function
a 18.35°  19.84° 24412
b 02766  0.2540° 0.2030°
ab (umol g ' h7Y)  5.075*  5.039° 4.955*
R? 0.927 0.937 0.904
Parabolic diffusion
K (umol 8.336°  8.068" 7.562
g—l h—l/Z)
C 9.745°  11.55° 16.61%
R? 0.881 0.907 0.860
SEE 2.330 1.962 2323

All R? values are significant at P <0.01

Different letters in the same row denote a statistically significant dif-
ference (P <0.05)

and Cys-BNT to the PVA/Alg composite significantly
increased the specific Pb adsorption rate at the unit time
(ab).

Finally, the kinetic data were adequately
(R?=0.86-0.91) described by the Weber and Morris intra-
particle diffusion model (Table 7). The calculated intrapar-
ticle diffusion coefficient (k) and intercept (C) constants
for the Pb sorption on the composites are listed in Table 7.
The C constant, which reflects the boundary layer effect,
significantly (P <0.05) increased from 9.7 for the PVA/
Alg to 11.5 and 16.6 for the BNT/PVA/Alg and Cys-BNT/
PVA/Alg, respectively, suggesting a higher contribution of
surface adsorption reactions in the rate-controlling step in

Pb retention after modification of the PVA/Alg by BNT
and Cys-BNT [69].

Conclusions

A poly(vinyl alcohol) (PVA)/alginate (Alg) hydrogel contain-
ing cysteine-functionalized bentonite (Cys-BNT) was devel-
oped, characterized, and evaluated as a potential device for Pb
removal from aqueous solutions. Morphological studies using
TEM revealed the excellent dispersion of the clay particles into
the polymer matrix, producing both exfoliated and intercalated
regions. These results agree well with those obtained in the
XRD analysis.

The synthesized nanocomposite was successfully used for
Pb removal from aqueous solutions. The incorporation of Cys-
BNT caused a significant increase in both the capacity and
the rate of Pb adsorption by the PVA/Alg hydrogel. The Cys-
BNT/PVA/Alg nanocomposite showed a high Pb adsorption
capacity of 995 pmol g~! in a short equilibrium time. The
estimated maximum adsorption capacity of the nanocomposite
was considerably higher than those of many polymer-based
composite adsorbents reported in the literature. Therefore, the
synthesized Cys-BNT/PVA/Alg nanocomposite can be effec-
tively used as a suitable adsorbent material for effective and
fast removal of Pb from aqueous solutions.
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