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ABSTRACT: A fundamental investigation of the removal
of cadmium ions from aqueous solutions by synthesized
sulfonated poly(glycidyl methacrylate) (SPGMA) was con-
ducted under batch conditions. The kinetic and equilib-
rium results obtained for cadmium sorption with different
initial cadmium concentrations onto synthesized SPGMA
were analyzed. Kinetic modeling analysis with four differ-
ent types of kinetic sorption models (pseudo-first-order,
pseudo-second-order, simple Elovich, and intraparticle dif-
fusion rate models) was applied to simulate the cadmium-
sorption data. The analysis of the kinetic data indicated
that the sorption was a second-order process and was
pore-diffusion-controlled. An ion-exchange mechanism
may have existed in the cadmium-sorption process with
the synthesized SPGMA. The cadmium uptake by SPGMA
was quantitatively evaluated with equilibrium sorption
isotherms. To describe the isotherms mathematically, the
experimental data of the removal equilibrium were corre-
lated with the Langmuir, Freundlich, Temkin, and Dubi-

nin-Radushkevich (D-R) isotherm models, and the
applicability of these isotherm equations to the sorption
systems was compared on the basis of the correlation coef-
ficients. The applicability of the equilibrium isotherm
models followed this order: Freundlich > Langmuir >
Temkin > D-R. The maximum sorption capacity, deter-
mined from the Langmuir isotherm, was 555.55 mg/g at
25°C. Thermodynamic parameters, including changes in
the enthalpy, Gibbs free energy, and entropy, were calcu-
lated. Positive values for the change in enthalpy and nega-
tive values for the change in the Gibbs free energy
showed the endothermic and spontaneous nature of sorp-
tion, respectively. The relatively small value of the activa-
tion energy (32.12 kJ/mol) confirmed that the cadmium-
sorption process was diffusion-controlled. © 2010 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 118: 3111-3122, 2010
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INTRODUCTION

The discharge of heavy metals into watercourses is a
serious environmental problem that significantly
affects the quality of the water supply. Increasing
concentrations of these metals in the water constitute
a severe health hazard because of their toxicity, per-
sistence in nature, and nonbiodegradability, particu-
larly when they exceed the permissible limits."?
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Heavy metals do not degrade into harmless end
products by metabolism; they accumulate in the
food chain (water to plants to animals to humans)®
and therefore pose the greatest threat to living
organismes.

Cadmium is introduced into the water from smelt-
ing, metal plating, cadmium-nickel batteries, phos-
phate fertilizers, mining, pigments, stabilizers, alloy
industries, and sewage sludge.* The harmful effects
of Cd(Il) include acute and chronic metabolic disor-
ders, such as itai-itai disease, renal damage, emphy-
sema, hypertension, and testicular atrophy.”

Generally, the techniques employed for the effec-
tive removal of heavy metals from aqueous solutions
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are reduction and precipitation, coagulation, flota-
tion, adsorption, ion exchange and reverse osmosis,
electrodialysis, and so forth.” However, the broad
applicability of ion exchange to the separation of
heavy metals has made it a powerful and versatile
tool for chemical separation. The technique origi-
nally used nonsynthetic or natural compositions as
ion-exchange media, such as cellulose, clay, and
other minerals, which contained mobile ions that
could be exchanged with ionic materials in the sur-
rounding solute phase. Because of the low ion-
exchange capacity of such natural compositions,
which limited their use, synthetic organic ion-
exchange polymers were developed. Ion-exchange
resins were among the first generation of synthetic
ion-exchange materials. The fundamental structure
of ion-exchange resins is an elastic three-dimensional
hydrocarbon network comprising ionizable groups,
either cationic or anionic, chemically bonded to the
backbone of a hydrocarbon framework. The network
is normally fixed, insoluble in common solvents, and
chemically inert. The ionizable functional groups
attached to the matrix carry active ions that can react
with or can be replaced by ions in the solute phase.
Therefore, the ions in the solute phase can be easily
exchanged for the ions initially bound to the poly-
meric resins. Cation-ion exchangers have fixed ani-
onic functional groups, such as —CO,—MT,
—S0;—M", and —P0;=H,". Anion-ion exchangers
have fixed cationic functional groups, such as —NH,
—NRH, and —N;—N+R3X—. Many researchers have
concentrated on metal-ion recovery with chelating
polymers because they are reusable, are easy to han-
dle, and have higher adsorption capacity and effi-
ciency as well as high selectivity to some metal
ions.">"® Hence, numerous chelating resins have
been prepared through the polymerization of con-
ventional chelating monomers such as acrylic acid,'*
allylthiourea,15 vinyl pyrrolidone,16 and vinyl imid-
azole."” Additionally, the modification of a synthetic
polymer'®'®2* or a natural polymer matrix'"*2* b

functionalization reactions has also been used to
form a chelating polymer. Among the vinyl mono-
mers, glycidyl methacrylate (GMA) is a commercial
industrial material that is cheaper than any other
vinyl monomer possessing an epoxy ring in the side
chain. Thus, nowadays the use of chelating resins
that have suitable functional groups capable of inter-
acting with metal ions is one of the promising meth-
ods for the removal of metal ions. In our laboratory,
a nanoscale chelating resin derived from GMA was
synthesized and then functionalized with sulfo
groups, and it was investigated for the removal of
cadmium metal ions from aqueous solutions. Ki-
netic, equilibrium, and thermodynamic aspects of
cadmium sorption with synthesized sulfonated pol-
y(glycidyl methacrylate) (SPGMA) were examined.
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Theoretical models for describing both the kinetic
and equilibrium data were investigated.

EXPERIMENTAL
Reagents and equipment

All the necessary chemicals used in this study, such
as cadmium chloride (Pangalore, India), were analyt-
ical-reagent-grade and were used without further
purification. Distilled water was used during the
preparation of the polymer and the synthetic aque-
ous solution.

A selective ion electrode (Denver Instrument Co.,
United States) was used for the determination of the
Cd(II) content in standard and treated solutions. The
batch experiments were carried out with a digital
heating-controlled magnetic stirrer (J.P. Selecta,
Spain). The pH of the solution was measured with a
pH meter (Denver Instrument).

Preparation of the SPGMA nanocation exchanger

Two steps were followed to prepare the SPGMA
nanocation exchanger. The first step was the poly-
merization process of GMA, which was followed by
the second step of sulfonation of poly(glycidyl meth-
acrylate) (PGMA). The details of the two steps were
determined from previous results and are discussed
in the following sections.*

Polymerization process

Polymerization was carried out with a monomer
concentration of 10% (v/v) through the dissolution
of GMA in an alcohol solution (1 : 1 ethanol/water)
of potassium persulfate (0.010M). Polymerization
was carried out at 55°C in a water bath for 4 h.

Sulfonation process

The epoxy group of the PGMA chains reacted with
different concentrations of sodium sulfite (Na,SOs)
dissolved in an alcohol solution (30% v/v ethyl alco-
hol) in a water bath at 80°C for 2 h.

Preparation of the Cd(II) standard

A stock solution of cadmium (Pangalore, India;
1000-5000 mg/L) was prepared through the dissolu-
tion of 0.179-0.895 g of CdCl;-H,O in 200 mL of dis-
tilled water. After dissolution, the solution was
diluted to 1000-5000 mL with double-distilled water
in a 1000-mL volumetric flask. The concentration
range of cadmium prepared from the stock solution
varied between 100 and 5000 mg/L. Before the syn-
thesized SPGMA sorbent was mixed, the pH of the
last solution was adjusted to the required value with
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dilute solutions of 0.1N HCl and 0.1IN NaOH. Batch
adsorption experiments were performed after the
proper dilution of the stock solution.

Batch-mode sorption studies

Batch sorption tests were performed in a stoppered
100-mL glass cone to determine the cadmium sorp-
tion with the synthesized SPGMA. Metal solutions
of various initial concentrations (100-5000 ppm)
with a known volume (50 mL) were shaken for a
specified period of contact in a digital heating-con-
trolled magnetic stirrer. All the experiments were
carried out in duplicate, and the mean values are
presented. Then, kinetic studies of cadmium sorp-
tion were carried out: the extent of sorption was
investigated as a function of the contact time, which
varied from 15 to 300 min. However, the equilibrium
studies were performed at 120 min.

Thermogravimetric analysis (TGA)

The thermal degradation behaviors of poly(vinyl
chloride) (PVC) were studied with a thermogravi-
metric analyzer (TGA-50, Shimadzu, Japan) in the
temperature range of 20-600°C under nitrogen at a
flow rate of 20 mL/min and at a heating rate of
10°C/min.

Morphological characterization [scanning electron
microscopy (SEM)]

The surface morphology of PVC and modified PVC
was observed with SEM (JSM 6360LA, JEOL, Japan)
at an accelerated voltage of 25 kV. The fracture
surfaces were vacuum-coated with gold for SEM.

Fourier transform infrared (FTIR) spectroscopic
analysis

The structure of the PVC membranes and modified
PVC membranes was analyzed on the basis of FTIR
spectra. Samples were mixed with KBr to make pel-
lets. FTIR spectra in the absorbance mode were
recorded with an FTIR spectrometer (FTIR-8400 S,
Shimadzu) connected to a personal computer, and
the data were analyzed with IR Solution software
(version 1.21).

Particle size analysis

The particle size of the PVC microspheres was ana-
lyzed with a submicrometer particle size analyzer
(Beckman Coulter, United States). The sample, dis-
persed in water at 20°C, had a viscosity of 1.002 and
a refractive index of 1.33.
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PET analysis

The surface area analysis of the polymer particles
was performed with a surface area analyzer
(SA3100, Beckman Coulter). The samples were out-
gassed for 15 min at 120°C.

RESULTS AND DISCUSSION
Sorption isotherm models

Sorption isotherms are mathematical models that
describe the distribution of adsorbate species among
solid and liquid phases, and they are thus important
for chemical design. The results obtained for the
sorption of Cd** onto the synthesized SPGMA were
analyzed with the well-known Freundlich, Lang-
muir, and Dubinin—-Radushkevich (D-R) models.
The sorption data obtained for equilibrium condi-
tions were analyzed with the linear forms of these
isotherms.

The Freundlich isotherm is a widely used equilib-
rium isotherm model but provides no information
on the monolayer sorption capacity, in contrast to
the Langmuir model.’>*' The Freundlich isotherm
model assumes neither homogeneous site energies
nor limited levels of sorption. The Freundlich model
is the earliest known empirical equation and has
been shown to be consistent with the exponential
distribution of active centers, which is characteristic
of heterogeneous surfaces:*

Ing, = InKr + lln C. (1)
nf

where g, is the amount of ions sorbed at equilibrium
(mg/g); C, is the equilibrium concentration of the
adsorbate ions (mg/L); and K and 7y are Freundlich
constants related to the adsorption capacity and
adsorption intensity, respectively. When In g, is plot-
ted against In C,, a straight line with slope 1/#n7 and
intercept In K is obtained. The intercept of the line,
Kr, is roughly an indicator of the adsorption
capacity, and the slope, 7, is an indication of adsorp-
tion effectiveness. For the sorption isotherms, the ini-
tial cadmium-ion concentration was varied, whereas
the pH and temperature of the solution, the agitation
speed, and the sorbent weight in each sample were
held constant. Linear fits of the sorption data of
Cd*" are provided in Figure 1. According to this fig-
ure, the Freundlich equation predicts that the metal-
ion concentration on the sorbent will increase as
long as there is an increase in the metal-ion concen-
tration; this is compatible with the experimental
results. Furthermore, on the basis of the correlation
coefficient (R?) value (0.95), it was demonstrated that
the removal of cadmium with SPGMA obeyed the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Freundlich isotherm for cadmium-ion removal
with various initial solution concentrations (polymer dos-
age = 10 g/L, pH = 7, cadmium volume = 50 mL, agita-
tion speed = 500 rpm, temperature = 25°C). [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]

Freundlich isotherm. The values of Freundlich con-
stants 1 and Kp, estimated from the slope and inter-
cept of the linear plot, were 1.658 and 20.23,
respectively. From the estimated value of 7y it was
found that 1y > 1 dictated favorable sorption for cad-
mium ions with the synthesized SPGMA.*

The Langmuir equation, which is valid for mono-
layer sorption onto a completely homogeneous sur-
face with a finite number of identical sites and with
negligible interaction between adsorbed molecules,
is as follows:**

C, 1 C
—=—t— @)
e guK  gn

where g,, and K are Langmuir constants related to
the maximum adsorption capacity (monolayer
capacity; mg/g) and energy of adsorption (L/mg),
respectively.

A plot of C./q. versus C, should present a straight
line of slope 1/4,, and intercept 1/¢,,K. Figure 2 illus-
trates a linear plot of the Langmuir equation for cad-
mium-ion removal with the synthesized polymer at
various initial ion concentrations. According to the
R? value, which is regarded as a measure of the
goodness of fit of experimental data for the isotherm
model, the Langmuir equation represents the sorp-
tion process of cadmium ions very well; the R? value
is higher than 0.85 and thus indicates a good mathe-
matical fit. The Langmuir parameters for cadmium-
ion removal, g, and K, were calculated from the
slope and intercept of this figure; it was found from
the calculated value of g, (655.55 mg of cadmium
metal/g of synthesized polymer) that the polymer
was highly efficient for cadmium removal and had a
low energy of sorption (0.019 L/mg).

Journal of Applied Polymer Science DOI 10.1002/app
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The essential characteristics of the Langmuir iso-
therm are defined by a dimensionless separation fac-
tor (Rp) that is indicative of the isotherm shape,
which predicts whether an adsorption system is
favorable or unfavorable. R; is defined as follows:>®

1

R =——
ET1HKG

)

where C, is the initial concentration of the metal
ions in solution (mg/L). The calculated values of R,
for cadmium removal (Table I) show favorable
adsorption because the Ry values fall between 0 and
1.%° This again confirms that the Langmuir isotherm
was favorable for the sorption of Cd** ions onto the
synthesized polymer under the conditions used in
this study.

Langmuir and Freundlich isotherms are insuffi-
cient to explain the physical and chemical character-
istics of adsorption. The D-R isotherm is commonly
used to describe the sorption isotherms of single sol-
ute systems. The D-R isotherm, apart from being an
analogue of the Langmuir isotherm, is more general
than the Langmuir isotherm because it rejects the
homogeneous surface or constant adsorption poten-
tial.*” The D-R isotherm is expressed as follows:

Ing, =InV/ — K¢ (4)

where g, is the amount of heavy metal removed per
unit of ion-exchanger mass (mg/g), V,, is the D-R
sorption capacity (mg/g), K’ is a constant related to
the adsorption energy (mol®/kJ%), and ¢ is the Pola-
nyi potential. & is calculated with the following
equation:

y =0.0018x + 0.0933
R%?=0.8535

L ]

celq e

*

4

0 20 40 60 80 100 120 140 160 180 200
c.(mgi/L)

Figure 2 Langmuir isotherm for cadmium-ion removal
with various initial solution concentrations (polymer dos-
age = 10 g/L, pH = 7, cadmium volume = 50 mL, agita-
tion speed = 500 rpm, temperature = 25°C). [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]
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TABLE I
R; Values for Different Initial Cadmium Concentrations

Initial cadmium

concentration (ppm) Ry
100 0.341
250 0.172
500 0.094
750 0.065
1000 0.049
2000 0.025
3000 0.0169
4000 0.0127
5000 0.011
e=RTIn(1+1/C,) (5)

where R is the gas constant (8.314 x 10> kJ/mol K)
and T is the temperature (K).

The constant K’ gives the mean free energy of sorp-
tion per molecule of the sorbate (E) when it is trans-
ferred to the surface of the solid from infinity in the so-
lution. This energy gives information about the
physical and chemical features of the sorption process>®
and can be computed with the following relationship:*

E— (2K1)7045 (6)

This energy gives information about the sorption
mechanism; it is perceived as the amount of energy
required to transfer 1 mol of the adsorbate ion from
infinity in the bulk of the solution to the site of sorp-
tion. If E is between 8 and 20 kJ/mol, the sorption
process follows chemical-ion exchange, and if E is
less than 8 kJ/mol, the sorption process has a physi-
cal nature.***!

The D-R isotherm model was applied to the equi-
librium data obtained from the empirical studies for

Ing,

y = -0.0489x + 5.008
R? = 0.5544

0 1I0 2l0 3.0 4'0 50 60

E2*105

Figure 3 D-R isotherm for cadmium-ion removal with
various initial solution concentrations (polymer dosage =
10 g/L, pH = 7, cadmium volume = 50 mlL, agitation
speed = 500 rpm, temperature = 25°C). [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com. ]
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cadmium-ion removal with the prepared SPGMA to
determine the nature of the sorption processes
(physical or chemical). A plot of In g, against & is
given in Figure 3. The D-R plot yields a straight line
with the R* value equal to 0.55, and this indicates
that the D-R model less fits the experimental data in
comparison with the Langmuir and Freundlich iso-
therm models. According to the plotted D-R iso-
therm, the model parameters V;,, K, and E are equal
to 149.69 mg/g, 0.048 mol®*/kJ?, and 3.197 kJ/mol,
respectively. The calculated adsorption energy (E <
8 kJ/mol) indicates that the cadmium-ion sorption
processes could be considered physisorptional in na-
ture.*> Therefore, it is possible that physical means
such as electrostatic forces played a significant role
as sorption mechanisms for the sorption of cadmium
metal ions in this work.

Finally, the Temkin isotherm considers the effects
of indirect adsorbent/adsorbate interactions on the
adsorption process. The heat of adsorption of all
molecules in a layer decreases linearly with coverage
because of adsorbent/adsorbate interactions.*’ This

can be expressed in a linear form as follows:**

ge = BInKr + BInC, (7)

where Kr is the Temkin equilibrium binding con-
stant corresponding to the maximum binding energy
and B is the Temkin constant related to the heat of
sorption. A plot of g, versus In C, (Fig. 4) enables
the determination of isotherm constants B and Kr
from the slope and the intercept, respectively.
According to Figure 4, the calculated value of Ky is
0.8344 L/g, and this represents the equilibrium bind-
ing constant corresponding to the maximum binding
energy; however, constant B, which is 72.742 J/mol,
is related to the heat of sorption.

500 .
40 ] y=72.742x - 13.16§
R?>=0.8118

5 300 .
2
Ezoo-

100

042 v
-1 0 1 2 3 4 5 6

In ce

Figure 4 Temkin isotherm for cadmium-ion removal
with various initial solution concentrations (polymer dos-
age = 10 g/L, pH = 7, cadmium volume = 50 mL, agita-
tion speed = 500 rpm, temperature = 25°C). [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I1
R? Values for Cd**-Ion Removal with the Different
Studied Equilibrium Isotherms

Equilibrium
isotherm Langmuir  Freundlich D-R Temkin
R? 0.8535 0.9502 0.5544 0.818

Finally, all the R* values obtained from the four
equilibrium isotherm models applied to cadmium
sorption on the synthesized polymer are summar-
ized in Table II. The Freundlich model yielded the
highest R? value (>0.95), and this showed that cad-
mium sorption on the synthesized polymer was best
described by this model. This suggested that some
heterogeneity on the surfaces or pores of the synthe-
sized polymer played a role in cadmium sorption.*

Sorption kinetic models

Kinetic study is important for an adsorption process
because it depicts the uptake rate of the adsorbate
and controls the residual time of the whole adsorp-
tion process. Four kinetic models (pseudo-first-order,
pseudo-second-order, Elovich, and diffusion kinetic
models) were selected in this study to describe the
sorption process.

The pseudo-first-order kinetic model has been
widely used to predict sorption kinetics. The model
given by Langergren and Svenska® is defined as
follows:

In(ge — q1) = Inge — kyt (8)

where g, is the amount of ions sorbed at time ¢ (mg/
g) and t is measured in minutes. k; (min~') is the
first-order reaction rate constant. The values of k;
and R? obtained from the slope of the plot of In(g,

# 100 ppm

N

® 250 ppm

(=]

=500 ppm

N

A 750 ppm

In !q.-q)

41000 ppm

& & &

0 10 20 30 40 50 60 70

Time (min)

Figure 5 First-order plots for the removal of different
cadmium concentrations with SPGMA (polymer dosage =
10 g/L, pH = 7, cadmium volume = 50 mlL, agitation
speed = 500 rpm, temperature = 25°C). [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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TABLE III
Estimated Kinetic Parameters of the First-Order Rate
Model and Comparison of the Experimental and
Calculated g, Values for Different Cadmium

Concentrations
Cadmium qe (mg/g)
concentration kq
(ppm) R? (min~')  Calculated Experimental

100 0.9241  0.0339 0.0887 9.95
250 0.6778  0.0363 1.093 24.8

500 0.8451  0.0893 11.1864 49.75
750 0.8911  0.1477 20.74 73.88
1000 0.8947  0.1271 20.822 97.65

— q) versus time (Fig. 5), are reported in Table IIIL
The R* values were not high for the different cad-
mium concentrations. Also, the estimated values of
ge, calculated with the equation, differed from the
experimental values, and this showed that the model
was not appropriate to describe the sorption process.

In addition, a pseudo-second-order rate model
based on the sorption equilibrium capacity may be
expressed in the following form:*

t/ae = (1/keq;) + t/4c ©)

where k, is the second-order reaction rate equilib-
rium constant (g/mg min). If the pseudo-second-
order kinetics is applicable to the experimental data,
a plot of t/gq; versus t should present a linear rela-
tionship, as illustrated in Figure 6; the calculated
values of g, and k can be determined from the slope
and intercept of the plot, respectively. The values of
R? for the sorption of different initial concentrations
of cadmium ions on SPGMA are tabulated in Table
IV. On the basis of linear regression values from this
table (R? = 1), the kinetics of cadmium sorption onto
SPGMA can be described well by a second-order

100 ppm

® 250 ppm

® 500 ppm

A TS0 ppm

A 1000 ppm

0 50 100 150 200 250 300
Time (min)
Figure 6 Second-order plots for the removal of different
cadmium concentrations with SPGMA (polymer dosage =
10 g/L, pH = 7, cadmium volume = 50 mlL, agitation
speed = 500 rpm, temperature = 25°C). [Color figure can

be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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TABLE IV
Estimated Kinetic Parameters of the Second-Order Rate
Model and Comparison of the Experimental and
Calculated g, Values for Different Cadmium

Concentrations
Cadmium 9. (mg/g)
concentration ko
(ppm) R*> (g/mgmin) Calculated Experimental

100 1 0.845 9.97 9.95

250 1 0.541 24.82 24.8

500 1 0.017 50 49.75

750 1 0.0331 74.07 73.88
1000 1 0.096 97.09 97.65

equation; this suggests that the rate-limiting step in
these sorption processes may be chemisorption
involving valent forces through the sharing or
exchange of electrons between the sorbent and sor-
bate.*® Additionally, we compared the calculated
values of g, that resulted from the intersection points
of the second-degree reaction kinetic curves (Table
IV) with those obtained from the experimental data
for the different studied cadmium concentrations.
Thus, the second-order rate expression fit the data
most satisfactorily.

Furthermore, the simple Elovich model is one of
the most useful models for describing the kinetics of
chemisorption:*

gr =0+ Blnt (10)

where o represents the initial sorption rate (mg/g
min) and P is the extent of surface coverage and
activation energy for chemisorption (g/mg). A plot
of g; versus In t should present a linear relationship
for the applicability of simple Elovich kinetics. Fig-
ure 7 illustrates a plot of g; against In t for the
sorption of different initial concentrations of cad-
mium ions onto SPGMA. From the slope and inter-
cept of the linearization of the simple Elovich
equation, the estimated Elovich equation parameters
are tabulated in Table V. The value of B is indica-
tive of the number of sites available for adsorption,
whereas o is the adsorption quantity when In t is
equal to 0, that is, the adsorption quantity when t
is 1 h. This value is helpful in understanding the
adsorption behavior of the first step.”® Also, on the
basis of this table, it was declared that the Elovich
equation fit the experimental data well with high
R® values. This suggests that the studied sorption
systems may include chemisorption involving va-
lence forces through the sharing or exchange of
electrons between the sorbent and sorbate.”® From
the results collected for the three studied kinetic
models, we confirmed that the ion-exchange mecha-
nism played a significant role in all the studied
cadmium-sorption systems.

3117
115
105
95 4 A A A A ® 100 ppm
85 4
A ® 250 ppm
] st AT
L=}
B} 85 £ ® 500 ppm
5'55 T A 750
[-3 [} PPpm
45 | r/_.__’.—_l——l——‘—'—"'
35 4 1000 ppm
25 . P >—>n -
15
5 T T T T T T T T T

Figure 7 Simple Elovich plots for the removal of different
cadmium concentrations with SPGMA (polymer dosage =
10 g/L, pH = 7, cadmium volume = 50 mlL, agitation
speed = 500 rpm, temperature = 25°C). [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Finally, we consider the intraparticle diffusion
model. The sorption of any metal ions from an aque-
ous phase to a solid phase is a multistep process
involving the transport of metal ions from the aque-
ous phase to the surface of the solid particles (bulk
diffusion) and then the diffusion of metal ions via
the boundary layer to the surface of the solid par-
ticles (film diffusion) followed by the transport of
metal ions from the solid particle surface to the inte-
rior pores (pore diffusion or intraparticle diffusion).
This is likely to be a slow process; therefore, it may
be the rate-determining step. In addition, the sorp-
tion of metal ions at an active site on the solid phase
surface could also occur, and this is a chemical reac-
tion such as ion exchange, complexation, or chela-
tion. The metal-ion sorption is controlled usually by
either the intraparticle (pore diffusion) or liquid-
phase mass transport rates (film diffusion).”® If the
experiment is a batch system with rapid stirring,
there is a possibility that intraparticle diffusion is
the rate-determining step.”® The possibility of intra-
particle diffusion resistance affecting sorption was
explored by Weber and Morris® with the intrapar-
ticle diffusion model:

TABLE V
Parameters Obtained with the Simple Elovich Model for
Different Cadmium Concentrations

Cadmium

concentration o B
(ppm) R? (mg/g min) (g/mg)

100 0.842 9.8407 0.0249

250 0.8996 24.48 0.0728

500 0.678 38.87 2.217

750 0.619 59.83 2.8812

1000 0.5664 81.8 3.262
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Figure 8 Intraparticle diffusion plots for the removal of
different cadmium concentrations with SPGMA (polymer
dosage = 10 g/L, pH = 7, cadmium volume = 50 mL, agi-
tation speed = 500 rpm, temperature = 25°C). [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

g = kigt'? +1 (11)

where kj; is the intraparticle diffusion rate constant
and I provides an idea about the thickness of the
boundary layer™ (i.e., the larger the intercept, the
greater the boundary layer effect).”® A plot of g, ver-
sus t'/2 is presented in Figure 8 for the different cad-
mium concentrations with SPGMA. If intraparticle
diffusion were involved in the sorption process, then
the plot of g; versus t'/? would result in a linear
relationship, and intraparticle diffusion would be
the controlling step if this line passed through the
origin.”® The shape of Figure 8 confirms that straight
lines did not pass through the origin for all the stud-
ied cadmium-sorption processes. The deviation of
the straight lines from the origin, as shown in the
figure, may be due to the difference between the
rates of mass transfer in the initial and final steps of
the sorption process. Furthermore, such a deviation
from a straight line from the origin indicates that
pore diffusion is not the sole rate-controlling step.”®
Figure 8 shows that there are two separate regions:
the first portion is attributed to film diffusion, and
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sion.”” The values of kiaq1 and k;;,, obtained from the
slopes of the two straight lines, are listed in Table
VI. Also, the values of I; and I,, obtained from the
intercepts of the two straight lines, give an idea
about the thickness of the boundary layers due to
both film diffusion and intraparticle diffusion,
respectively, and they are listed in the same table. It
is clear from this table that the thickness of the
boundary layer in the second portion, which corre-
sponds to intraparticle diffusion (Iy), is larger than
that of the first portion, which concerns film diffu-
sion (I;). Consequently, the values of the intrapar-
ticle diffusion rate (k;;,) are lower than those of the
film diffusion rate (kiz1). This leads to the prediction
that the sorption systems will be governed mainly
by intraparticle diffusion.

Sorption thermodynamics

Experimental data obtained at different temperatures
(298-353 K) were used in calculating the thermody-
namic parameters of cadmium sorption with the
synthesized SPGMA. The changes in enthalpy (AH®),
entropy (AS°), and Gibbs free energy (AG°) were
determined with the following well-known equa-
tions:*®

AG = —RTInRy (12)

o Rd(Tz){ 1T, ]
AH =RIn 13
Ry(T1) [T = Th (13)
AS = % (14)

where R, defined as ¢,./C,, is the distribution ratio
(mL/g) and reflects the extent of the distribution of
the adsorbate ions between the solid and liquid
phases at equilibrium. R, is valid at a particular ini-
tial concentration and under particular reaction con-
ditions. The apparent values of AG® obtained for the
studied solution temperature range and the values
of AH® and AS° calculated for cadmium-ion uptake

the second portion is attributed to intraparticle diffu- on the synthesized SPGMA over the same
TABLE VI
Parameters Obtained with the Interparticle Diffusion Model for Different Cadmium
Concentrations
Cadmium

concentration

(ppm) Kia L R? kia I RZ
100 0.0173 9.8336 0.8655 0.0033 9.9184 0.5036
250 0.0646 24.405 0.6202 —0.0003 24.839 0.752
500 1.9378 36.444 0.8467 —0.0151 49.912 0.9488
750 2.6253 56.24 0.7977 —0.0464 74411 0.9198
1000 3.1365 77.029 0.7799 —0.088 98.64 0.968
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TABLE VII
AG® Values for the Different Solution Temperatures
Used for Cadmium Removal with SPGMA
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TABLE VIII
AH® and AS° for the Solution Temperatures Used for
Cadmium Removal with SPGMA

Solution temperature (°C) AG® (KJ/mol)

AH® (kKJ/mol) AS° (J/mol K)

25 —3.85
40 —4.26
60 —5.56
80 —-11.79

temperature range are summarized in Tables VII
and VIII, respectively.

The positive value of AH®° demonstrates that the
sorption process is endothermic in nature. This
behavior indicates that higher temperatures are pre-
ferred for higher cadmium sorption. This finding is
consistent with the results obtained experimentally,
which showed that the SPGMA uptake increased
with increasing solution temperature. The adsorp-
tion reaction for the endothermic processes could
be due to the fact that the increase in temperature
increased the rate of diffusion of the adsorbate mol-
ecules across the external boundary layer and in
the internal pores of the adsorbent particle because
of the decrease in the viscosity of the solution.”
Senthilkumaar et al.,*® on the other hand, suggested
that an increase in adsorption uptake with an
increase in temperature is due to the possibility of
an increase in the mobility of the adsorbate
molecules.

The calculated negative values of AG®° show that
the sorption reactions are largely driven toward the
products (i.e., the spontaneous behavior of the cad-
mium-sorption processes).” The decrease in the
value of AG® with an increase in temperature shows
that the reaction is more spontaneous at high tem-
peratures, and this indicates that the sorption proc-
esses are favored by an increase in temperature.®?
The calculated value of AS° refers to the entropy
change of the adsorption system (not the total en-
tropy change), and this can have positive or negative
values. As shown in Table VIII, a positive value the-
oretically means that more disorder is associated
with the adsorption process. This might be intui-
tively explained by the increase in the dehydration
steps of the adsorbate ions, which are known to pos-
sess relatively high energies of solvation and thus
are stabilized by water sheaths in the absence of the
adsorbent.®®

Finally, the Arrhenius equation has been
applied to evaluate the activation energy of cad-
mium sorption, which represents the minimum
energy that reactants must have for the reaction
to proceed:**

Ink, =InA — E,/RT (15)

84.184 295.4

where A is a temperature-independent factor (ie.,
frequency factor; g/mg min), k, is the second-order
rate constant value for ion sorption, and E, is the
activation energy (kJ/mol). As shown in Figure 9, a
plot of In k, versus 1/T is linear with acceptable R*
values for cadmium-ion removal for all studied tem-
peratures. The activation energy for the studied
sorption system was derived from the slope of this
plot and was found to be 32.12 kJ/mol. The magni-
tude of the activation energy may give us an idea
about the type of sorption. The relatively small value
of the activation energy below 42 kJ/mol confirms
the fact that the process of cadmium-ion removal
using the synthesized SPGMA is diffusion-con-
trolled; that is, the chemical step is much faster than
the mass transfer of ions inside the ion-exchanger
pores.®®

Characterization of the synthesized SPGMA

The occurrence of sulfonation was verified with
FTIR analysis and TGA of the prepared SPGMA
with various concentrations of the sulfating agent.
For the five different samples prepared, the absorp-
tion band at 1725 cm ™' was caused by the stretching
vibration of the ester carbonyl groups. Two strong
peaks were observed at 1650 and 3465 cm ', which
were ascribed to the stretching vibrations of the

|

y =-3.863/[X + 9.2848
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Figure 9 Arrhenius plot for different solution tempera-
tures for cadmium removal with SPGMA (polymer dosage
=10 g/L, pH = 7, cadmium volume = 50 mL, agitation
speed = 500 rpm, temperature = 25°C). [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com. ]
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Figure 10 FTIR spectrum of SPGMA. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

C=0 group in carboxylate salts (COO—) and OH
groups.®® Finally, the band located at 1048 cm ™' was
assigned to the symmetric stretching vibration of the
sulfonated group.®” Tt is evident that the symmetric
peak at 1048 cm ! increased with the Na,SO; con-
centration increasing from 1 to 3%. Beyond this con-
centration, the increase in the peak intensity became
negligible (Fig. 10). On the other hand, TGA thermo-
grams showed that, because of water evaporation,
the samples increasingly lost weight at 120°C with
increases in the concentration of Na,SOj3 (the sulfo-
nating agent) up to 3%. A further increase in the
NaySO;3 concentration did not show a significant
increase in the weight loss. Remarkable thermal sta-
bility was observed for the sulfonated samples with
a positive shift of the characteristic thermogram
peak of PGMA from 240°C to the higher tempera-
ture range of 260-280°C. At 300°C, the PGMA sam-

TGA
%

100.00C

60.00

40.00

20.00

a.00 Blank T———

0.00 100,00 20000 300,00 400,00 50000 60000
Temp [C]

Figure 11 TGA thermograms of SPGMA. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]
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ple lost 55% of its weight, but the sulfonated sam-
ples lost 10-18% only (Fig. 11). In conclusion, the
FTIR and TGA data proved the occurrence of the
sulfonation process. The adsorption of soluble spe-
cies onto the surface and/or within the pores of the
solid matrix was directly affected by the surface
area, pore volume, and pore diameter and indirectly
by the particle size of the matrix. The data for the
particle size analysis (Fig. 12) showed that the size
of the particles was nanoscale, and this reflected the
large surface area (0.896 m”/g). This large surface
area explained the quickness of the removal process.
On the other hand, the total pore volume was
0.0064 mL/g. The pore diameter ranged from 6 to
80 nm; this represented 85% of the pores. Water in
the solvent polymerization system played the rule
of a porogen agent because of its immiscibility with
the GMA monomer. The presence of a relatively
small pore volume explained the interparticle diffu-
sion behavior of the adsorption process. The surface
morphologies of SPGMA are illustrated in Figure
13. An obvious heterogeneous morphology was

Intensity

1 l21 ;1 .51 ‘8? 1‘01 1.21 1‘41 1‘51 1tﬁ1 200
Size (nm) [linear]
Figure 12 Particle size distribution of SPGMA. [Color fig-

ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 13 SEM photograph of SPGMA.

noticed, and this explained the heterogeneity of the
adsorption center distribution.

CONCLUSIONS

The bench-scale studies carried out for cadmium
removal with SPGMA showed a high sorption
capacity for the synthesized polymer (555.55 mg/g
at 25°C according to the Langmuir isotherm).
Among the four adsorption isotherms tested, the
Freundlich isotherm showed the best fit, and this
suggested that some heterogeneity on the surfaces
or pores of the synthesized polymer played a role
in cadmium sorption; it was followed by both the
Langmuir and Temkin isotherms and finally the D-
R isotherm, which did not match the data so satis-
factorily. The kinetics of the cadmium-sorption rate
was best explained by the pseudo-second-order ki-
netic equation and the simple Elovich and intrapar-
ticle diffusion models because the sorption kinetics
could be described by several independent proc-
esses that could act in parallel or in series. These
kinetic models confirmed that the ion-exchange
mechanism played a significant role in all the stud-
ied cadmium-sorption systems. Moreover, the sorp-
tion systems were governed mainly by intraparticle
diffusion. The relatively small value of the activa-
tion energy (32.12 kJ/mol) confirmed that the cad-
mium-sorption process was diffusion-controlled.
That is, the chemical step was much faster than the
mass transfer of ions inside the ion-exchanger
pores. According to the calculated thermodynamic
parameters, the sorption of cadmium onto SPGMA
was a sorption process that was endothermic in na-
ture (according to the positive value of AH°) and
was spontaneous (according to the negative values
of AG®). Finally, the positive value of AS° indicated
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that disorder was associated with the cadmium-
sorption process.

NOMENCLATURE

o rate of chemisorption at zero coverage
(mg/g min)

B extent of surface coverage and activation
energy for chemisorption (g/mg)

AG° change in Gibbs free energy

AH® change in enthalpy

AS° change in entropy

€ Polanyi potential

A temperature-independent factor (g/mg min)

B Temkin constant related to the heat of
sorption

C final metal-ion concentration in an
aqueous solution (mg/L)

Co initial concentration of the metal ions in
solution (mg/L)

Ce equilibrium concentration of the adsorbate

ions (mg/L)

Dubinin—-Radushkevich

E mean free energy of sorption per molecule
of the sorbate (kJ/mol)

activation energy (kJ/mol)

a

FTIR Fourier transform infrared

GMA glycidyl methacrylate

I value providing an idea about the
thickness of the boundary layer

K Langmuir constant related to the energy
of adsorption (L/mg)

K constant related to the adsorption energy
(mol”/kJ?)

k1 first-order reaction rate constant (min ")

ko second-order reaction rate equilibrium
constant (g/mg min)

Kg Freundlich constant related to the
adsorption capacity

kia intraparticle diffusion rate constant

Kr Temkin equilibrium binding constant
corresponding to the maximum binding
energy

NaySO5  sodium sulfite

ng Freundlich constant related to the
adsorption intensity

PGMA  poly(glycidyl methacrylate)

PVC poly(vinyl chloride)

e amount of ions sorbed at equilibrium
(mg/g)

Gm Langmuir constant related to the
maximum adsorption capacity (mg/g)

g amount of ions sorbed at time t (mg/g)

R gas constant

R, distribution ratio (mL/g)

Ry dimensionless separation factor

SEM scanning electron microscopy

Journal of Applied Polymer Science DOI 10.1002/app
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SPGMA sulfonated poly(glycidyl methacrylate)
t time (min)
T solution temperature (K)
TGA thermogravimetric analysis
Vin Dubinin—-Radushkevich sorption capacity
(mg/g)
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