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Abstract Novel nanocomposite hydrogels based on
wheat bran-g-poly(methacrylic acid) and nano-sized
clinoptilolite have been successfully utilized for the
removal of Pb(II), Cu(II), Cd(IT), and Ni(IT) cations from
their aqueous solution. The experimental results were
investigated using Freundlich, Langmuir, Temkin, and
Dubinin—Radushkevich isotherm models. The pseudo-
first-order, pseudo-second-order and interparticle diffu-
sion kinetic models were studied in order to analyze the
kinetic data. The kinetic data indicated that the rate of
cation adsorption on nanocomposite hydrogels was fast
that more than 80 % of the equilibrium adsorption
capacity occurs within 15 min. The maximum mono-
layer adsorption capacity of the nanocomposite hydro-
gel, as obtained from the Langmuir adsorption isotherm,
was found to be 166.7, 243.9, 175.4, and 166.6 mg gf1
for Pb(Il), Cu(Il), Cd(II), and Ni(Il), respectively.
Thermodynamic parameters such as free energy
(AG®), enthalpy (AH®), and entropy (AS°) change
were determined; the sorption process was found to be
endothermic. The results of five times sequential ad-
sorption—desorption cycle showed high adsorption effi-
ciency and a good degree of desorption.
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1 Introduction

Metals are unique among pollutants that can be extreme-
ly harmful to the soil, water, and human beings (Lee
et al. 2009; Lee and Kim 2010; Max Roundhill 2004).
Regardless of how metals are used in consumer products
or industrial processes, the improper disposal of these
chemicals can cause serious environmental problems
(Tavakoli and Yoshida 2005; Yoshizaki and Tomida
2000). An increase in the intake of Cu(Il) may increase
the risk of serious diseases such as vomiting, hypoten-
sion, melena, gastrointestinal distress, and kidney failure
(Kayaalt et al. 2010) while high Ni(II) intake can lead to
nasopharynx, lung, and dermatological diseases and
birth defects (Xu et al. 2011). On the other hand,
Pb(IT) and Cd(IT) have no immediate effect on the hu-
man body but have cause several serious problems such
as kidney damage, disruption of the nervous system, and
chronic metabolic disorders (Bannon et al. 2009; Matz
and Krone 2007). Therefore, it is essential to do further
research on finding new methods for controlling these
heavy metals in the water and/or waste water to mini-
mize or even eliminate their environmental impact
(Giannopoulou and Panias 2007).

Filtration (Molinari et al. 2008), electrochemical
treatment (Akbal and Camc 2011; Gupta et al. 2007a),
solvent extraction (Ramachandra Reddy and Neela
Priya 2005), oxidation—reduction (Gupta et al. 2007b;
Gupta et al. 2012; Karthikeyan et al. 2012), reverse
osmosis (Qdais and Moussa 2004), membrane separa-
tion (Pospiech and Walkowiak 2007), and adsorption
(Gupta et al. 2006a; Gupta et al. 2006b; Ghaee et al.
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2012; Gupta et al. 2010; Mittal et al. 2010a; Mittal et al.
2005; Saleh and Gupta 2012) are the main traditional
treatment methods that can be used for metal laden
effluents. Because of the high operation cost and low
metal ion retention capacity of these methods, using
low-cost adsorbents is an effective and more economical
method to adsorb and remove the variety of contami-
nants (Gupta et al. 2006a; Gupta et al. 2007c; Gupta
et al. 2011a; Gupta et al. 2011b; Gupta and Rastogi
2009; Uguzdogan et al. 2010).

Recently, the adsorption process with strong affinity
and high loading capacity for targeted metal ions has got
much attention, which leads to modification of
hydrogels (Demirbilek and Ozdemir Ding 2012).
Hydrogels are loosely cross-linked hydrophilic poly-
mers that can absorb and retain water up to hundred
times their weight (Barati et al. 2010).

Natural hydrogels based on polysaccharides such as
starch, flour, and agricultural waste grafted on biode-
gradable polymers are more favored than the synthetic
polymers in making absorbent. This is simply because
of the several advantages of natural hydrogels such as
being cheaper, biodegradable, and leaving low polymer
residues in the ecosystem (Gupta et al. 2007d; Gupta
etal. 2009; Gupta etal. 2011c; Jain et al. 2003; Jain et al.
2004; Mittal et al. 2008; Mittal et al. 2010b; Reis et al.
2008; Salam et al. 2010).

Some attempts have been made to modify/optimize
the properties of hydrogels; for example, the incorpora-
tion of nanoparticles or microparticles of inorganic ma-
terials such as clinoptilolite (Hua et al. 2010), kaolin
(Pourjavadi et al. 2008), mica (Limparyoon et al. 2011),
bentonite (Shirsath et al. 2011), laponite (Li et al. 2009),
attapulgite (Zhang et al. 2007a), copper (Pourbeyram
and Mohammadi 2014), silver (Jovanovi¢ et al. 2011),
and zeolites (Bhardwaj et al. 2012) into polymer net-
works has been recently investigated.

Although many works have focused on the improve-
ment of the swelling ability (Zhang et al. 2009), gel
strength (Xu et al. 2010), and mechanical and thermal
stability (Huang et al. 2007) of composite hydrogel,
only few works have focused on improving the adsorp-
tion and removal capacity of heavy metals by the com-
posite hydrogels (Hou et al. 2012; Niiket Tirtom et al.
2012; Yan et al. 2012).

Therefore, on the basis of our previous work on the
preparation and ability to remove Pb(II) and Cd(Il) by
poly(acrylamide-co-acrylic acid) modified with porous
materials (e.g., zeolites) (Zendehdel et al. 2011) and
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removal of Cu(Il) and Ni(Il) by poly(methacrylamide-
co-acrylic acid)/montmorillonite nanocomposite (NC)
(Barati et al. 2013), the adsorption capacity of low-cost
novel NC hydrogel based on wheat bran and
clinoptilolite for heavy metal cations (Pb(Il), Cd(Il),
Cu(Il), and Ni(Il)) was studied in this paper. Fourier
transform infrared (FTIR) spectroscopy, scanning elec-
tron microscopy (SEM), X-ray diffraction (XRD), and
thermogravimetric analysis (TGA) techniques were
used to characterize as-prepared NC hydrogels. The
effect of clinoptilolite and wheat bran content (weight
percent), contact time with solution, pH, temperature,
and initial concentration of the cation solutions (Cj)
were investigated. In addition, the regeneration and
reusability of the adsorbents were also evaluated.

2 Materials and Methods
2.1 Chemicals

Methacrylic acid (MAAc, Merck, Germany) was dis-
tilled under reduced pressure before use. Lead nitrate
(Pb(NOs),), cadmium nitrate (Cd(NO3),), copper nitrate
(Cu(NOs),), and nickel nitrate (Ni(NOs),) were supplied
by Merck, Germany. Sodium hydroxide (NaOH) and
N,N"-methylene bisacrylamide (Bis) were supplied by
Merck, Germany. Ammonium persulfate (APS, analyti-
cal grade, Merck, Germany) was recrystallized. The
zeolite used was a clinoptilolite (CLI) obtained from
Pars Kansar Shargh Co, Khorasan, Iran. The material
was 73 % CLI, 13 % feldspar, and 13 % quartz, with
traces of clay minerals. The particle size of zeolite ag-
gregates ranges between 200 and 400 pm. Nano-sized
CLI (with the average particle size of 70 nm measured
by a particle size analyzer (Microtrac, Bluewave, USA))
was performed by wet milling of CLI aggregates using a
planetary ball mill (PM 100, Retsch, Germany) for 2 to
4 h. Zirconium oxide balls of 3 mm were utilized for
milling. Wheat bran (WB, Molaee flour mill industries,
Iran) was used in experiments after treatment. Other
agents were all of analytical grade, and all solutions
were prepared with distilled water.

2.2 Preparation of Wheat Bran-g-Poly(Methacrylic
Acid)/Clinoptilolite Nanocomposite Hydrogel

A series of NC hydrogels with different amounts of WB,
neutralized MAAc, and CLI were prepared using the
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one-step method via in situ intercalated polymerization.
Typically 10 g of WB powder and 120 mL of distilled
water were put in a 250-mL four necked flask equipped
with a stirrer, a condenser, a thermometer, and a nitrogen
line. The slurry was heated to 95 °C for 30 min under
nitrogen line. In a 50-mL beaker, 14 mL of MAAc was
partially neutralized by 21 mL NaOH (50 wt% aqueous
solution) in an ice bath and then mixed with 5 mg of Bis
as cross-linking agent. Different amounts of CLI (1 to
10 wt% based on MA Ac) were loaded into the monomer
solution and dispersed by an ultrasonic (Hielscher,
UP400S, Germany) for 1 h at room temperature. The
obtained suspension in the beaker was slowly added to
flask when the temperature reached 60—65 °C. The
obtained suspension was mixed by a 300-rpm mechan-
ical stirrer for 30 min. After removal of oxygen, the
initiator APS (60 mg) was then added, and temperature
was raised to 80 °C and kept for 3 h to complete the
polymerization reaction. Then, the resulting product
was taken out of the flask, washed several times with
hydro ethanol solution and soaked in distilled water, and
dried at 70 °C to a constant weight. The dried product
was milled and screened. All samples used had a particle
size in the range of 60—80 mesh.

2.3 Characterization

FTIR spectra of WB, wheat bran-g-poly(methacrylic
acid) (WB-g-PMAAc), and WB-g-PMAAc/CLI NC
hydrogel were recorded (PerkinElmer, Spectrum 100)
using KBr pellets. XRD patterns were obtained using a
Philips X’Pert PRO Alpha-1 diffractometer (Cu K radi-
ation, A=1.54056 A, 40 kV, 40 mA) scanning from 2 to
25° at 2°/min. The morphology of the samples was
observed on a SEM instrument (XL30, Philips
Company, Netherlands), using secondary electron im-
aging, after sputter coating with gold under vacuum.
TGA was performed using a PerkinElmer (TGA 4000)
Thermal Analyzer in air at a heating rate of 15 °C/min in
the temperature range of 25-600 °C.

2.4 Adsorption Experiment

Adsorption experiments were performed in batch equi-
librium mode. A 100 mL of metal solution with known
concentration containing 0.1 g of synthetic NC hydrogel
in a 250-mL Erlenmeyer flask was agitated in an orbital
shaker (THZ-98A) at 300 rpm in a temperature-
controlled water bath (298 K) for a given contact time

(5 to 180 min). The pH values of initial solutions were
adjusted with 0.1 mol L™ HCI or NaOH solutions by
using a pH meter (Metrohm-744). The solution is
filtered using a Whatman #40 filter paper. The filtrate was
analyzed using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) PerkinElmer Optima™ se-
ries using wavelength 220.35, 226.5, 231.6, and
324.75 nm for Pb(Il), Cd(Il), Ni(I), and Cu(Il), respec-
tively (Futalan et al. 2011; Lara et al. 2001).

Ten different concentrations of metal ions between
25 and 700 mg L™ were chosen as the initial concen-
tration of cations solutions for isotherm studies. The
effects of pH were studied in the pH range of 2—
11 at an initial concentration of 25 or 100 mg L'
for cations and contact time of 60 min. The adsorp-
tion capacity was calculated according to the follow-
ing equation:

g = (G €V )

m

where ¢, is the adsorption capacity, the amount of
solute sorbed at equilibrium (mg g '), C, and C, are
the initial and final or equilibrium cation concen-
tration (mg L"), m (g) is the mass of adsorbent
used, and V is the volume of cation solution (mL).
The calibration of the instrument was performed
every time and prior to the sample analysis. The
instrument calibrated with the standard solution of
fluoride purchased from Merck, Germany. All the ex-
periments were done in triplicate, and average values are
reported.

2.5 Desorption and Regeneration

Desorption experiments were done in batch equilibrium
mode by dispersing used (loaded) adsorbent (adsorbent
dose in adsorption experiment=100 mg/100 mL; tem-
perature=298 K; contact time=60 min; pH=6.8; CLI
content=3 wt%) into two different volumes (10 and
20 mL) of 1 mol L™" HCI solution at eluent (10 and
20 mL) and agitating at 298 K for 90 min in the orbital
shaker. The desorbed cations were obtained and mea-
sured (using ICP-OES PerkinElmer Optima™ series).
Then, the sample was treated three times in 0.1 mol L™
NaOH solution at 300310 K for 2 h under stirring.
Subsequently sample was washed, filtered, and dried to
obtain a regenerated NC hydrogel.
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3 Results and Discussion
3.1 Fourier Transform Infrared Spectral Analysis

The FTIR spectra of (a) WB, (b) WB-g-PMAACc hydro-
gel, and (c) WB-g-PMAACc/CLI NC hydrogel contain-
ing 3 wt% CLI are shown in Fig. 1. As shown in Fig. la,
the peak at 3,394 cm ' is related with the hydrogen-
bonded —OH stretching vibration. The absorption at
2,918 cm ' arises from the -C=C—H stretching. The
absorption at 1,734 cm ™' is caused by carbonyl group
in carboxyl and esters. The peaks at 1,635 and
1,433 cm ! are attributed to aromatic skeletal vibration
and >N—H stretching, respectively. Furthermore, one
can see the bands at 779, 470, and 397 cm™ ! related to
—C-H deforming, Si—O—Ca bending, and Fe—O, respec-
tively (Dupont and Guillon 2003).
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The absorption bands in Fig. 1b at 1,666 and
1,602 cm ' are ascribed to —COOH stretching and
COO™ asymmetric stretching, respectively. It con-
firms that a part of MAAc was neutralized by
KOH solution. Some peaks corresponding to WB
cannot be differentiated due to overlapping. As
shown in Fig. lc, the characteristic absorption
bands of WB and WB-g-PMAAc are still there,
but weakened in the FTIR spectrum of the WB-g-
PMAAc/CLI NC hydrogel, compared to the
Fig. 1a, b. The peaks of carbonyl shifted to lower
frequency. This may be because of the formation
of hydrogen bonding between COOH and hydrox-
yl group of Al-OH and Si-OH in CLI. In addition;
two bands at about 1,022 cm ! are due to Si-O
and 418 cm ™' related to AI-OH in the NC hydrogel
(Al et al. 2008).
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Fig. 1 FTIR spectra of a WB, b WB-g-PMAAc, and ¢ WB-g-PMAAc/CLI
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3.2 X-ray Diffraction Analysis

The XRD patterns of CLI and of WB-g-PMAACc/CLI
NC hydrogel (containing 3 wt% CLI) are plotted in
Fig. 2 in the spectral range of 26=2-25°. The corre-
sponding dg; diffraction signal of the CLI was detected
at 20=7.02°, correspondent to dyp;=12.58 . This reflec-
tion intensity was reduced four times in the pattern of

NC hydrogel, which indicated that exfoliation was oc-
curred between CLI and matrix system. The d-spacing
of CLI increased from 12.58 to 13.38 after polymeri-
zation, indicating the intercalation of CLI. Hence, a
broad peak observed at 20=16° is due to polymer com-
posite matrix (WB-g-PMAAc). This is in line with
finding of Rashidzadeh and his co-workers who studied
the swelling properties of hydrogel NC based on
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Fig. 2 X-ray diffraction patterns of a CLI and b WB-g-PMAACc/CLI
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alginate-g-poly(acrylic acid-co-acrylamide)/CLI and its
application as slow release fertilizer hydrogel. They
concluded a similar result, due to the deposition of
hydrogel on the outer and inner surfaces of CLI lattice
channels, and the intensity of peaks was related to the
CLI decreases (Rashidzadeh et al. 2014).

3.3 Scanning Electron Microscopy Analysis

The SEM micrographs of cross-linked WB-g-PMAAc
and WB-g-PMAACc/CLI NC hydrogels containing 1 and
3 wt% are depicted in Fig. 3a—c, respectively, and after
being swollen up to water equilibrium. It can be ob-
served from Fig. 3a that the WB-g-PMAAc hydrogel
only exhibits a smooth and dense surface, while the NC
hydrogel which containing CLI shows a relatively
coarse and undulant surface (Fig. 3b, c¢). The degree of
dispersion of zeolite nanopowder in the polymer matrix
is more important for an organic—inorganic NC. As

@ Springer

shown in Fig. 3b, c, the CLI particles are more finely
dispersed in the matrix, and no agglomeration of CLI
particles was observed. Diffusion of water-bonded sili-
cate toward the outside of matrix results in dispersion of
CLI particles at the exterior surface of a porous polymer
matrix after its immersion in water (Bortolin et al. 2013).

3.4 Thermogravimetric Analysis

In general, thermal decomposition of WB-g-PMAAc
follows the processes that include desorption of
physically adsorbed water, removal of structural wa-
ter (dehydration reactions), scissions of C-O, and C—C
bonds in the ring units resulting in the evolution of CO,
CO,, and H,O and finally the formation of coke
structures (Zhang et al. 2007b). From the TGA
of WB-g-PMAAc and WB-g-PMAAc/CLI NC hy-
drogel (containing 3 wt% CLI), which are shown in
Fig. 4a, b, respectively, it can be observed that the initial

Mag= §0.00K X
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Fig. 4 TGA thermograms of a WB-g-PMAAc and b WB-g-PMAACc/CLI (3 wt% of CLI)

decomposition temperature was at 293.1 and 297.8 °C
and final decomposition temperature was observed at
613.2 and 615.2 °C for WB-g-PMAAc and WB-g-

PMAAC/CLI, respectively. The incorporation of CLI
in WB-g-PMAACc matrix slightly increased the thermal
stability of the formulation, i.c., WB-g-PMAAc/CLINC
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hydrogel. This can be attributed to the high thermal
stability of the zeolites and to the interaction between
the zeolite particles and the polymer matrix (Zhang et al.
2007a). Further, it is observed that maximum loss in
cross-linked polymer occurred after the first stage of
decomposition where the temperature range was usually
corresponding to the depolymerization process.
However, the proposed NC hydrogel is intended to be
used for the adsorption of heavy metal cations from the
aqueous solution, and the removal process is normally
carried out at ambient temperature. Our test shows that
the prepared NC polymer is totally stable in the ambient
temperature.

3.5 Adsorption Capacity

Figure 5 shows the effect of contact time on the adsorp-
tion capacity of single metal solution. The same trend
was observed for Pb(Il), Cd(II), Cu(Il), and Ni(II),
where the initial stage is linear and indicated by a steep
increase in capacity. The adsorption increases with time
up to 60 min for Pb(Il), Cd(II), and Cu(Il) and up to
30 min for Ni(Il) and then saturates. This rapid adsorp-
tion rate is consistent with results derived from the SEM
analysis, which revealed NC hydrogels porous micro-
structure. This makes it more attractive for the solution
accommodation.

The adsorption data at different initial cation concen-
trations is shown in Fig. 6. A higher initial metal ion
concentration results in an increase in the diffusion of
ions into the polymeric network as a result of an increase
in the driving force, provided by the concentration
gradient. However, by further increasing the initial

concentration of cations (higher than 200 mg L), the
amount of ions adsorbed remains nearly constant due to
saturation of the adsorption sites at the adsorbents.
However, NC hydrogel can adsorb about 38.1, 33.4,
27.5, and 20.1 mg g ' of Pb(Il), Cd(Il), Cu(II), and
Ni(II), respectively.

Figure 7 shows the adsorption capacity of metal ions
at different CLI levels in as-prepared NC hydrogel. The
result shows that by increasing the CLI content from 0 to
5 wt%, the adsorption of cations increased by three to
four times. According to the FTIR analysis, Fig. 1b, —
OH bond of CLI participated in the copolymerization
and the formation of the intercalated nanostructure in
WB-g-PMAACc/CLI, which may improve the polymeric
network strength and hence enhance the adsorption
capacity. But, any further increase in CLI content of
NC hydrogel had a negative effect on the adsorption of
metal ions, and the adsorption capacity decreased by 1
to 1.5 times based on NC hydrogel with CLI content=
5 wt%. Because of —OH bond of hydrated CLI, interac-
tion between CLI and neutralized MAAc became inten-
sive. This means that more chemical and physical cross-
link bonds were formed and elasticity of the polymer
chains decreased. Consequently, the osmotic pressure
between the polymeric network and the external solution
for water permeation decreased which results in the lower
adsorption capacity of WB-g-PMAACc/CLI NC. This is
in line with finding of Wang and co-worker who studied
the adsorption performance of chitosan-g-poly(acrylic
acid)/montmorillonite NC hydrogels for methylene blue
(MB) in which they concluded a similar result that an
appropriate montmorillonite content was critical for im-
proving the adsorption rate for MB (Wang et al. 2008).

Fig. 5 Influences of contact time 201
on the adsorption capacity of 15 4 x x x x x x
nanocomposite hydrogel for metal o
ions with different amounts of C, 4; 16 1
(pH=6.8, temperature=298 K, 20 4y * *Po (Il = 25 mgl
adsorbent dose=100 mg/100 mL, = X 0 © © o o o < ° m Cu(ll) = 25 mgiL
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3.6 Adsorption Equilibrium Isotherms

The interaction between the adsorbate and the adsorbent
was investigated by fitting the adsorption data (see
Fig. 8a—d) to the Langmuir, Freundlich, Temkin, and
Dubinin—Radushkevich (D-R) isotherm models.

The Langmuir isotherm is the simplest isotherm the-
oretical model and is valid for monolayer sorption due to
a surface of a finite number of adsorption sites of uni-
form energies of adsorption with no transmigration of
adsorbate in the plane of the surface. The Langmuir
equation is expressed in the linear form as Eq. 2.

o @)

qe B quax CC qmax

200 300 400 500 600 700 800
Initial concentration (mg L'l)

where ¢, is the amount of adsorbed ions at equilibri-
um (mg g 1), ¢max is the monolayer adsorption capacity
of the adsorbent (mg g ), C. is the equilibrium concen-
tration of ion solution (mg L"), and 4 is the Langmuir
adsorption constant (L mg ") and is related to the free
energy of adsorption.

The Freundlich expression describes the heteroge-
neous surface energies by multilayer adsorption and is
expressed in a linear form as Eq. 3.

1
logg, = logKr + ;logCe (3)

where K includes adsorption extent (mg g ') and n
is an empirical parameter related to the intensity of

Fig. 7 Effect of clinoptilolite 251
content on adsorption capacity of
nanocomposite hydrogel . "
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Fig. 8 Adsorption isotherms of a Pb>*, b Cu®", ¢ Cd**, and d Ni** on nanocomposite hydrogel at different temperatures (contact time=
60 min, pH=6.8, adsorbent dose=100 mg/100 mL, CLI content=3 wt%)

adsorption, which varies with the nonlinearity between
solution concentration and adsorption.

The Temkin isotherm (Alyiliz and Veli 2009) is an
early model describing the adsorption of metal ions onto
adsorbents. The isotherm contains a factor that explicitly
takes into account the adsorbent—adsorbate interaction
and is based on the assumption that the free energy of
sorption is a function of the surface coverage. The
Temkin isotherm in the linear form is expressed as
follows:

RT RT
q¢. = —1Indr + | — |InC, (4)
br br

where Ar is the equilibrium binding constant
corresponding to the maximum binding energy
(L mg_l), bt is the Temkin isotherm constant, T
is the temperature (K), and R is the ideal gas constant
(8.314 Jmol ' K™).

@ Springer

The D-R isotherm is more generally used to distin-
guish between physical and chemical adsorption and is
given by the following equation (Argun et al. 2007):

Ing, = Ingyye + Ke* (5)

where ¢ is the Polanyi potential and equals to R7'In

(1 + C%) and K is related to the mean free adsorption

energy per mole of adsorbate, E (kJ mol ). E denotes
the energy required to transfer 1 mole of fluoride to
adsorbent sites from infinite in a solution medium. £
provides information about chemical and physical ad-
sorption (Nguyen and Do 2001) and can be obtained
using the following relationship:

o 6)
V2K (
The conformity between the experimental data and

the model-predicted values was expressed by the
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coefficient of determinations (R%). R* values close or
equal to 1 indicate that the model describes the iso-
therms of cation adsorption more accurately.

The isotherm constants and the determination coeffi-
cient, R?, were calculated and summarized in Table 1.
By comparing the linear regression values, it is clear that
the Langmuir and Freundlich isotherms are capable of
representing the data more satisfactory (R*=0.98-0.99)
than the Temkin and D-R isotherms (R*=0.79-0.98).
All of the investigated heavy metals in this study
have high determination coefficient (R*>0.99) with
Langmuir isotherm. Pb(II) having the maximum b value
at ambient temperature means the highest affinity to
bind to the functional and pendant groups, resulting to
maximum adsorption capacity over Cu(Il), Cd(II), and
Ni(Il). The essential characteristics of the Langmuir
isotherm (b) can be described by a dimensionless con-
stant separation factor or equilibrium parameter, Ry,
which is defined by Eq. 7 (Jin and Bai 2002):

1

R =———
L 1+ bCy

(7)

where C, (mg L") is the initial concentration of
metal ion. The separation factor Ry indicates whether
the isotherm is unfavorable (Ry <1 or Ry >1), linear
(R.=1), favorable (0<R;<1), and irreversible (R; =0)
(Jin and Bai 2002). The Ry values at concentrations 25—
600 mg L' (7=318 K) for Pb(II) (0.14-0.79), Cu(II)
(0.11-0.79), Cd(II) (0.08-0.69), and Ni(II) (0.12-0.76)
are between 0 and 1 indicating a highly favorable
adsorption.

It is known that the magnitude of £ is very common
for evaluating the type of adsorption and if this value lies

in between 8 and 16 kJ mol ', the adsorption can be
explained by ion exchange (Guibal et al. 1998). As
presented in Table 1, the £ values of D-R isotherm
obtained lie between 8.46 and 10.28 kJ mol !, indicat-
ing that ion exchange mechanism governs the metal ion
uptake. According to Kamari and Wan Ngah (2009),
ions with higher electronegativity are preferentially
adsorbed. The electronegativity of Pb(Il), Cd(Il),
Cu(Il), and Ni(I) are 2.33, 1.90, 1.09, and 1.91, respec-
tively, thus corroborating the adsorption profile of these
metal ions.

3.7 Adsorption Kinetics

The two main types of sorption kinetic models, namely,
reaction-based and diffusion-based models were
adopted to fit the experimental data. These models also
describe the solute uptake rate, and evidently, this rate
controls the time of adsorbate uptake at NC hydrogel
interface. Three kinetic models, namely, pseudo-first
order, pseudo-second order, and interparticle diffusion
were utilized to describe the adsorption rate of the model
cations on the NC hydrogel and expressed as follows
(Ho 20006):
Pseudo-first-order model,

kot
log(¢e=¢,) = logg.—5 5 (8)

Pseudo-second-order model,

t 1 t
q; k2qez qe ( )

Table 1 Parameters of kinetic models of metal cation adsorption onto nanocomposite hydrogel

Metal ion Ci(mgL™")  Pseudo-first order Pseudo-second order Interparticle diffusion
ky@min) g R by (gmg 'min) g R kia Ce R
Pb** 25 0.0677 5864 0983  0.0073 6.998 0.991 0.6965 0209  0.955
100 0.0592 17.21 0.995  0.0028 23.04 0.997 22738 2058  0.927
cu? 25 0.0599 3.885 0998  0.0137 5.118 0.999 04979 0939  0.939
100 0.0791 1246 0994  0.0062 15.698  0.994 14915 2983  0.855
cd* 25 0.0587 2468 0973  0.0293 3.609 0.997 03292  0.861 0.861
100 0.0675 9.251 0.979  0.0081 12.953 0.997 1.1846  2.885  0.865
Ni** 25 0.1199 1.829 0956  0.0869 2.569 0993 02819 0.799  0.799
100 0.1591 7.927 0989  0.0221 8.741 0.992 1.0124 2279  0.842
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Interparticle diffusion model,

q, = kidto's + G (10)

where & (mg g min ') is the pseudo-first-order
kinetic constant; &, (g mg71 min~") is the pseudo-
second-order kinetic constant; kg (mg g ' min *) is
the interparticle diffusion kinetic constant; C; is the
thickness of the boundary layer (mm); and ¢, is the
amount of solute sorbed at equilibrium (mg g "), while
g, is the amount of solute sorbed at time ¢ (mg g ')
before reaching equilibrium.

Table 2 shows the kinetic constant as well as
the determination coefficients, R?. Based on the
correlation coefficients, the adsorption of the cations
is best described by the second-order equation. Table 2
data indicate that the ¢ values for the second-order
model are closer to g&™® values (6.998, 5.118, 3.609,
and 2.569 mg g~ for Pb(II), Cd(IT), Cu(II), and Ni(II),
respectively, for Co=25 mg L") in comparison to first-
order values. Therefore, it can be concluded that the
cation sorption on to the NC hydrogel seems to be
dominantly pseudo-second order. This means that the
chemisorption is the rate-controlling mechanism for
adsorption of the cations to the studied adsorbents.

3.8 Effect of Temperature on Metal Cation Adsorption

The adsorption behavior of NC hydrogel is affected by
the temperature of the adsorption medium in many

ways. With increasing the temperature, the adsorption
of’heavy metal ions increased (shown in Fig. 9a—d). This
reveals the endothermic nature of the adsorption (Zhao
et al. 2010). The increase in the temperature of the
adsorption medium is usually accompanied by the en-
hancement of the solution intake rate due to increased
kinetic energy of solvent molecules. The activation en-
ergy of the solution intake process (swelling process)
was determined by fitting the experimental data to the
Arrhenius equation given below:

Ink = In(4) - (%)

where E, (J mol') is the apparent activation
energy for the adsorption process, k the rate constant
(s 1), 4 the Arrhenius constant (s '), R the gas constant
(8.314 I mol ' K™"), and 7' (K) is the solution tempera-
ture. The activation energies for the NC hydrogel (de-
termined from the slope of the linear plot between the
logarithm of & (k,; Table 3) and 1/T (see Fig. 10)) have
been found to be 16.8,22.2, 23.1, and 28.1 kJ mol ! for
Pb(Il), Cd(Il), Cu(Il), and Ni(Il), respectively. It is
known that the magnitude of E, is very common for
evaluating the type of adsorption. Some of the assigned
values of E, (kJ mol ') include 8.0-25.0 to physical
adsorption, less than 21.0 to aqueous diffusion, and
20-40 to pore diffusion (Wu et al. 2012). It was obtained
from this result that the adsorption involved both phys-
ical adsorption and pore diffusion processes.

(11)

Table 2 Estimated adsorption isotherm parameters for metal cation adsorption

Metal ion  Temperature  Langmuir Freundlich Temkin D-R
K
® Gmax ~ bx10°  R? Ky n R? Ar br R Gmax  Kx10'0  R2
Pb>* 298 166.7 1.64 0996 0374 1.118 0995 0.062 177.7 0936 252 -1.1 0.837
308 76.3 6.06 0.997 0.823 1297 0999 0079 1735 0961 294 —0.7 0.811
318 66.7 10.1 0998 1.641 1542 0989 0.111 1889 0981 328 —0.5 0.867
cu? 298 2439 082 0.998 0.225 1.044 0994 0054 199.7 0921 21.1 -13 0.808
308 103.1 271 0.996 0423 1173 0991 0.064 2025 0988 236 -—1.0 0.831
318 52.6 13.4 0999 1961 1.707 0985 0.131 2259 099 298 —04 0.875
cd* 298 1754 083 0.997 0.177 1.068 0995 0.054 2773 0937 157 -14 0.828
308 48.5 542 0998 0509 1322 0993 0.072 280.5 0958 186 —09 0.831
318 344 17.3 0992 1729 1.836 0994 0.129 3043 0969 223 —05 0.823
Ni#* 298 166.6  0.57 0.997 0.082 0954 0989 0.046 3089 0902 127 -1.7 0.796
308 31.6 8.68 0.994 0.629 1472 0998 0.082 3491 0973 159 —08 0.815
318 31.6 11.9 0998 1.087 1.691 0992 0.108 3599 098 18.1 —0.6 0.863
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Fig.9 Effect of temperature on the adsorption capacity of nanocomposite hydrogel for a Pb**, b Cu®*, ¢ Cd*", and d Ni** (Co=100mg L™,
pH=6.8, adsorbent dose=100 mg/100 mL, CLI content=3 wt%)

The variation in the extent of adsorption with respect of thermodynamic parameters. The free energy (AGY),
to the temperature has also been explained on the basis enthalpy (AH?), and entropy (AS®) change for the

Table 3 Parameters of kinetic models of metal cation adsorption onto nanocomposite hydrogel in different solution temperatures

Metal ion ~ Temperature ~ Pseudo-first order Pseudo-second order Interparticle diffusion
K
" ky(min) gt R ko(gmg'minh) g R ia Ce R?
Pb** 298 0.0592 1721 0995  0.0028 23.04 0997 22738  2.058 0927
308 0.0782 2698 0965  0.0034 2881 0992 21757  5.693 0.825
318 0.1025 31.75 0992 0.0043 3205  0.99 10.098 226 0974
Cu®* 298 0.0791 1246 0994  0.0062 15.69 0994 14915 2983 0.855
308 0.0953 1458 0984  0.0087 19.56  0.991 1.7643 5292  0.758
318 0.1232 2854 0995  0.0109 30.77 0993 28532  7.124 0816
cd** 298 0.0675 9.251 0.979  0.0081 1295 0.997 1.1846  2.885 0.865
308 0.0995 1415 0991  0.0111 1639  0.991 14579 4.655 0.763
318 0.1345 2071 0955  0.0145 21.19  0.999 1.8821 5259  0.891
Ni** 298 0.1591 7927 0989  0.0221 8.74 0.992 1.0124 2279  0.842
308 0.1704 2381  0.893  0.0321 2075 0995 26824  —037 0974
318 0.1856 2129 0978  0.0451 19.53 0992 24473  3.004  0.905
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Fig. 10 Plot of pseudo-second-
order kinetic constant (In 4) vs. 2 1
temperature (1/7). The activation

. . -25
energies of the adsorption process
are determined from this graph 3
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-45 1 R’ =0.9993 x Ni
y=-2678.2x + 3.9194
57 R’ = 09907

-6.5 1
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47 R =0.9945
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0.0031 000315 0.0032  0.00325 0.0033 0.00335 0.0034

interaction of the cations—NC hydrogel was evaluated
by using the following equation (Chen et al. 2010):

AG’ = RTInb (12)
dinb  AH°

dT  RT? (13)
AG’ = AH-TAS° (14)

It is obvious that the negative values of free energy
change (AGY), as shown in Table 4, were an indication
of feasible and spontaneous nature of the adsorp-

Table 4 Thermodynamic parameters of metal cation adsorption
onto nanocomposite hydrogel in different solution temperatures

Metal Temperature AG° AH° AS°
ion  (K) (KJmol™) (kImol™") (kJmol K™
Pb>" 298 -15.88 72.03 56.15
308 -13.08 58.96
318 -12.13 59.90
cu®*" 298 -17.59 109.71 92.11
308 -15.14 94.56
318 -11.39 98.31
cd* 298 -17.58 119.12 102.33
308 -13.36 106.55
318 -10.73 109.18
Ni?* 298 -12.77 26.36 13.58
308 -12.15 1421
318 -11.69 14.66
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tion process. The positive values of AH” suggest the
endothermic nature of the process. The positive values
of the AS° show the increased randomness at the solid—
solution interface during the adsorption process and also
reflect the affinity of the adsorbent material for the metal
ions under consideration (Ai et al. 2011).

3.9 Effect of pH on Metal Cation Adsorption

The anionic feature and adsorption capacity of hydrogel
strongly affects by variation in pH. This effect can be
seen from Fig. 11 that the adsorption capacity of Pb(II)
increased from 3.4 to 18.2 mg g ' when pH of solution
media increased from 2.1 to 6.8, but further increase of
pH from 6.8 to 11.5 decreased the adsorption capacity of
metal ions. This is because when the pH of the medium
is low (pH=2), the carboxylic groups of poly(sodium
methacrylate) are almost in an undissociated state, and
therefore, these polymeric chains are closely packed
through hydrogen bonding. When pH of the adsorbing
medium increases from pH=2, the carboxylic groups
dissociate into COO™ and result in relaxation of the
networks by breaking the hydrogen bonds. Also, in this
situation, more mobile ions (Na" ions) exist in the
hydrogel which may make the ion exchange reaction
between metal ions and exchangeable cations existing in
the composite easy. This in turn increases the diffusion
of water molecules into the network, therefore, increas-
ing the adsorbing capacity. When the pH of the
adsorbing medium is greater than 7, where the number
of carboxylate anions reaches the maximum level, no
more repulsion could be expected in the cross-linked
hydrogel. This causes expulsion of water molecules
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from within the hydrogel into the media due to the
weakening of the hydrogen bonds formed between wa-
ter molecules and cross-linked hydrogel chains. The
formation of metal hydroxide (i.e., Pb(OH), or
Cu(OH),) precipitation is another cause, but with the
same importance of the decrease in the adsorbing ca-
pacity when the pH value of adsorbing medium is in the
alkaline range (Li and Bai 2005).

3.10 Desorption and Regeneration Study

Desorption studies are necessary in order to elucidate
the nature of the adsorption process of metal ions onto
NC hydrogels. Desorption of Pb(II), Cd(II), Cu(Il), and
Ni(II) was obtained using 1 mol L' HCI solution

(Wang et al. 2009; Kamari and Wan Ngah 2009) with
desorption ratios of 96, 96.5, 98, and 98 %, respectively.

Reusability of an adsorbent by a regeneration process
is an important parameter. In this study, adsorption—de-
sorption cycles of metal ions were repeated five times
using the same adsorbent. Figure 12 shows the adsorp-
tion capacities of the adsorbents for metal ions over five
successive adsorption—desorption cycles. It can be ob-
served that the adsorption capacity of the adsorbents
slightly decreased with an increase in adsorption—desorp-
tion cycles. As shown in Fig. 12, more than 90 % of the
initial adsorption capacities were obtained after fifth cy-
cle of desorption for the metal ions. Therefore, WB-g-
PMAAC/CLI NC hydrogel is a good reusable adsorbent
and could be successfully utilized for the recovery of
heavy metal ions from water and/or wastewater.

Fig. 12 Regeneration studies of 6
WB-g-PMAAC/CLI after five
cycles 5 1

]

Adsorption capacity (mg g'l)
w
[

Number of cycles
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4 Conclusions

This study has shown that the novel WB-g-PMAAc/CLI
NC hydrogel can be an extremely viable adsorbent for
application in the remediation of metal ions in industry
effluent due to its excellent and attractive features such
as nontoxic and good chemical stability and high capac-
ity and rate of adsorption, and reusability. It should be
noted that introduction of CLI and WB reduces the
production cost of the adsorbent. Some important fac-
tors such as solution pH, contact time, initial metal
concentration, and temperature were studied. The equi-
librium capacity of metal cations correlated well with
the Langmuir isotherm model, while the pseudo-
second-order kinetic model showed the best fit to the
kinetic data. Thermodynamic studies indicated that the
adsorption process was feasible, spontaneous, and en-
dothermic. The high adsorption capacity and average
desorption efficiency during the consecutive five-time
adsorption—desorption processes of WB-g-PMAAc/CLI
NC hydrogel implied that the NC hydrogel possesses
the potential of regeneration and reuse.
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