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ABSTRACT

Heavy metals are environmental toxins entering in the food chain through drinking water
causing serious health hazards. In the present work, surface of polymethyl methacrylate
and polyvinyl chloride was functionalized with amine groups using 1,2-ethylenediamine
and characterized by Fourier transform infrared spectroscopy, scanning electron micros-
copy, and elemental analysis. The resulting polymers polymethacrylamide derivative of 1,2-
ethylenediamine (PMAm) and polyvinylamine derivative of 1,2-ethylenediamine (PVAm)
were tested for the adsorption of Ni** and Cd** ions from water. Effect of various physico-
chemical parameters such as pH, adsorbent dose, contact time, initial NiZ* and Cd** ion
concentration, and temperature on adsorption of Ni?* and Cd** ion was investigated. Lang-
muir and Freundlich isotherm models were used to analyze equilibrium data of adsorption.
Monolayer adsorption capacity of PMAm-Ni**, PMAm-Cd**, PVAm-Ni** and PVAm-Cd**
systems was found to be 7.87 mg/g, 10.57 mg/g, 23.92 mg/g, and 31.44 mg/g, respectively.
Kinetic studies were performed using pseudo-first-order, pseudo-second-order kinetic
models, and intraparticle diffusion method. The spontaneity and nature of adsorption pro-
cess were determined by thermodynamic parameters, such as change in Gibb’s free energy

(AG"), enthalpy (AH"), and entropy (AS®).
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1. Introduction

Industrialization and urbanization in the world
have led to an increase in pollutants concentration in
water bodies creating serious ecological problems.
Heavy metals can be distinguished from other toxic
pollutants, since they are not biodegradable and can
be accumulated in living tissues, causing various dis-
eases and disorders. Nickel and cadmium are the ele-
ments of great concern from a toxicity point of view.

*Corresponding author.

The maximum admissible concentration set by WHO
for nickel and cadmium in drinking water are 0.02
and 0.003 mg/L, respectively. Nickel compounds can
cause a variety of adverse effects, such as skin derma-
titis, lung fibrosis, cardiovascular diseases, gastrointes-
tinal distress, kidney problems, and cancer of the
respiratory tract [1]. Cadmium is a toxic metal causing
both acute and chronic toxicity in humans. Intake of
cadmium may cause acute gastrointestinal problems,
such as vomiting and diarrhea, while chronic expo-
sure to cadmium for a long time may cause kidney
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damage, reproductive problems, bone damage, and
cancer [2].

Surface modification of synthetic polymer with
selective ligands makes it a promising adsorbent for
metal removal from aqueous solutions, because of its
good mechanical strength, high selectivity, stability,
and sensitivity to the low concentration of ions [3]. Sev-
eral polymers and their composites have been tried by
various researchers for adsorptive removal of heavy
metals from aqueous solution. Liu et al. [4] reported the
selective removal of copper and lead ions from aqueous
solutions by diethylenetriamine (DETA)-functionalized
polymeric adsorbent. Vasudevan et al. [5] reported
pore-functionalized polymer membranes for precon-
centration of heavy metal ions. Nastasovic et al. [6]
reported chromium sorption on amino-functionalized
macroporous glycidyl methacrylate copolymer. Zhao
et al. [7] reported ethylenediamine (EDA)-functional-
ized magnetic polymers (EDA-MPs) for removal of Cr
(VD). Kiani et al. [8] reported adsorption of Hg(Il), Fe
(IID, Pb(I), Ag(), and Zn(Il) from aqueous solutions
utilizing functionalized polyacrylonitrile sorbents. Say-
ari [9] reported adsorption of copper on amine-func-
tionalized SBA-15.

Polymethyl methacrylate (PMMA) is a transparent
thermoplastic and synthetic polymer of methyl methac-
rylate. It is a low-cost material used for several pur-
poses, such as in medical, optics, semiconductor, paints,
etc. Polyvinyl chloride (PVC) is a thermoplastic poly-
mer. It is a vinyl polymer constructed of repeating vinyl
groups (ethenyls) having one hydrogen replaced by
chloride. Polyvinyl chloride is the third most widely
produced plastic, after polyethylene and polypropyl-
ene. PVC is widely used in construction because it is
cheap, durable, and easy to assemble. Nowadays, most
adsorbents developed for the removal of heavy metal
ions rely on their interactions with the functional
groups on the surfaces of the adsorbents, and hence, the
functional groups have important effects on the effec-
tiveness, capacity, and reusability of the adsorbents.

The aim of present work is to functionalize the sur-
face of PMMA and PVC with amine functional groups
in order to get active adsorption sites on its surface,
and to test the resulting materials [polymethacryla-
mide derivative of 1,2-ethylenediamine (PMAm) and
polyvinylamine derivative of 1,2-ethylenediamine
(PVAm)] for the removal of Ni** and Cd** from water
by batch adsorption method.

2. Materials and methods

2.1. Synthesis of PMAm and PVAm

PMMA was obtained from Sigma-Aldrich, India
and 1,2-ethylenediamine was obtained from Merck.
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Five grams PMMA was dissolved in 50 mL of toluene
followed by addition of 50 mmol of 1,2-ethylenedia-
mine. Resulting mixture was stirred for 8 h at 90°C.
After cooling the reaction mixture, microsolids of
poly-methyl methacrylamide derivative of 1,2-ethylene-
diamine (PMAm) comes out of solution. The final mate-
rial (PMAm) (Fig. 1(a)) was dried and kept in
desiccator for its use as an adsorbent.

Polyvinyl chloride (PVC) and 1,2-ethylenediamine
were obtained from Merck. Potassium t-butoxide
(t-BuOK) (2.5 mM) and tetra-n-butylammonium bro-
mide (n-Bu4NBr) (0.1 mM) were added to a cooled
solution (0°C) of 1,2-ethylenediamine (2.0 mM) in
dimethylformamide (DMF) (5 mL) and the resulting
reaction mixture was stirred at 0°C for 15 min. After
that PVC (2.0 mM) was added and resulting reaction
mixture was left for stirring (10 h) at room temperature.
The mixture was concentrated in vacuum, and ice
water was added in concentrated mixture and filtered.
The final compound, poly-vinylamine derivative of 1,2-
ethylenediamine (PVAm) (Fig. 1(b)) was dried and kept
in desiccator for its use as an adsorbent.

2.2. Adsorption experiments

Stock solution (1,000 mg/L) of each metal ion was
prepared by dissolving required amount of nitrate salt
of metal (NiNOj3),:6H,O and Cd(NOj3),-4H,O
obtained from Merck) into double-distilled water. The
experimental solution of desired concentration was
prepared by successive dilution of stock solution. The
initial pH of each metal ion solution was maintained
by adding 0.1 M HNO; or 0.1 M NaOH. The batch
experiments were performed in 150 mL of conical
flask by adding preweighed amount of adsorbent in
50 mL of metal ion solution. The mixture was stirred
on magnetic stirrer (Remi) at the speed of 200 rpm.
The adsorption was monitored by determining the
concentration of metal ion in solution by atomic
absorption spectrophotometer (ECIL-4141).

Percentage removal of metal ion and quantity of
metal ion adsorbed on adsorbent at the equilibrium
time (q,) was calculated using Egs. (1) and (2)
respectively.

% removal = 100 x (Co — C,)/Co (1)
ge = (Co — C)V/M 2)

where Cy and C, are the initial and the equilibrium
concentrations (mg/L) of metal ion in solution, respec-
tively. g, is the quantity of metal ion adsorbed on the
adsorbent at the time of equilibrium (mg/g), V is the
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Fig. 1. Chemical structure of PMAm (a) and PVAm (b).
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volume (L) of solution and M is the mass of adsorbent
(g) taken for experiment.

Batch experiments were carried out to determine
the effects of pH, adsorbent dose, initial metal ion con-
centration, contact time, and temperature on adsorp—
tion by varying the parameter under study and
keeping other parameters constant. All adsorption
experiments were performed in triplicate and the
mean values were used in data analysis.

3. Results and discussion
3.1. Characterization of PMAm and PVAm

The FTIR spectra of PMAm and PVAm were
recorded on FTLA2000 spectrophotometer using KBr
disk method in the range of 4,000-500 cm™"' (Fig. 2(a)
and (b)). Spectrum of PMAm showed a band around
3,500 cm™' was due to stretching of N-H group. The
bands at 2,996 and 2,951 cm™ ! were due to C-H
stretching and the corresponding bending peak
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Fig. 2. FTIR spectrum of PMAm (a) and PVAm (b).
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occurred at 1,435 cm™!. The band at 1,730 cm ' was
due to C=0 stretching in PMAm. Spectrum of PVAm
showed a band around 3,500 cm ™ was due to stretch-
ing of N-H group. The bands at 2,996 and 2,951 cm™"
were due to C-H stretching and the corresponding
bending peak occurred at 1,435cm™'. The band at
1,730 cm ™' was due to N-H bending in PVAm. SEM
micrograph (Fig. 3(a) and (b)) revealed the surface
morphology of the PMAm and PVAm, respectively,
which was investigated by SUPRA 40VP scanning
electron microscope operated at 10 kV accelerating
voltage. The surface of polymer was homogenous,
porous, and rough in nature, which provides the suit-
able binding sites for adsorption of metal ions. Ele-
mental analysis of PMAm and PVAm was done by
Elementar Vario EL III. The wt% of C, H, N, and O in
PMAm was 56.52, 21.35, 13.12, and 9.01%, respec-
tively, and the wt% C, H, and N in PVAm was 56.32,
32.15, and 11.53%, respectively. This was very close to
calculated value of wt% of elements.

(b)

102

100 ~
98
96

9

C-H

92

Transmittance (%)

N-H

90 ~

C-H

88

86 - T
F3
T T T T T T T T T T T

3500 3000 2500 2000 1500 1000

4000 500

Wavenumber (cm'1)



3622

Mag= 1032KX EWT=1000kV  Date d Dec 2010 “" il
WO= @mm  SignelAsSEZ  Time 128621 —s, 17 i

A.K. Kushwaha et al. | Desalination and Water Treatment 57 (2016) 3619-3631

EHT = 2000 &V

Signal A = VPSE

Date 10 Jun 2011
Time 231518

Fig. 3. SEM image of PMAm (a) and PVAm (b).

3.2. Effect of pH

The pH is one of the most important factors con-
trolling the adsorption of metal ion onto PMAm and
PVAm. The influence of pH on removal of Ni** and
Cd** by PMAm and PVAm was studied over the pH
range 2-6. Fig. 4 showed that the adsorption was
increased from 9 to 48%, 15 to 65%, 18 to 65%, and 31
to 96% for the PMAm-Ni**, PMAm-Cd**, PVAm-Ni*",
and PVAm-Cd** systems, respectively, with increasing
pH from 2 to 6. At lower pH values, hydrogen ion
competes with metal ions which reduce the adsorption
of metal ion. At higher pH values, there is reduced
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competition between hydrogen ion and metal ion,
which enhance the adsorption capacity of adsorbent
for metal ion. Further increase in pH may cause pre-
cipitation of metal ions due to formation of hydroxide
[10]. Therefore, the pH value higher than six was
avoided for further experiments.

3.3. Effect of adsorbent dose

The effect of adsorbent dose on removal of Ni**
and Cd** was studied using adsorbent dose in the
range of 0.5-3 g/L for 10 mg/L of initial metal ion
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Fig. 4. Effect of pH on removal of Ni** and Cd** by PMAm (a) and PVAm (b).
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concentration. Fig. 5 shows that on increasing adsor-
bent dose from 0.5 to 2 g/L, the adsorption increased
from 10 to 48%, 25 to 65%, 32 to 65%, and 52 to 96%
for the PMAm-Ni**, PMAm-Cd**, PVAm-Ni**, and
PVAm-Cd** systems, respectively. Such a trend is
mainly attributed to an increase in the adsorptive sur-
face area and the availability of more adsorption sites
[11]. There was no significant change observed as the
adsorbent dose was further increased. This was due to
the concentration of metal ions reached at equilibrium
status between solid and solution phases.

3.4. Effect of initial metal ion concentration

To observe the effect of initial metal ion concentra-
tion on removal of metal ion, the experiments were
conducted over the range of 5-25mg/L for PMAm
and 10-50 mg/L for PVAm for each metal ion (Fig. 6).
It was observed that the % removal decreased from 56
to 38% and from 71 to 52.4% for the PMAm-Ni** and
PMAm-Cd** systems, respectively, as the initial metal
ion concentration increased from 5 to 25 mg/L. The %
removal decreased from 65 to 50.2% and 96 to 89.4%
for the PVAm-Ni** and PVAm-Cd** systems, respec-
tively, as the initial metal ion concentration increased
from 10 to 50 mg/L.

3.5. Effect of contact time

Fig. 7 showed the effect of contact time on removal
of metal ions (Ni** and Cd**) by PMAm and PVAm.
It can be seen that the adsorption rate of metal ions

3623

was rapid in the initial stages and was gradually
decreased with the progress of adsorption, until the
equilibrium reached. The equilibrium time was 30 min
for PMAmM-Ni** and PMAm-Cd** systems and 40 min
for PVAm-Ni** and PVAm-Cd** systems. As the con-
tact time increased after equilibrium time, no change
was observed in adsorption of metal ion.

3.6. Adsorption isotherms

Adsorption isotherm describes the nature of adsor-
bate-adsorbent interaction. In the present study, the
equilibrium data were analyzed using the Langmuir
and Freundlich isotherm models. The analysis of the
isotherm data by seeing how well they can be accom-
modated by different models is an important step in
establishing a model that can be successfully used for
design purposes.

3.6.1. Langmuir isotherm model

The Langmuir model is valid for monolayer
adsorption onto a surface with a finite number of
identical sites which are homogeneously distributed
over the adsorbent surface. The well-known expres-
sion of the Langmuir model [12] is given as:

e = mece/(1 + bCB) 3)

The linearized forms of Eq. (3) can be written as
follows:
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Fig. 5. Effect of adsorbent dose on removal of Ni** and Cd** by PMAm (a) and PVAm (b).
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Fig. 7. Effect of contact time on removal of Ni** and Cd** by PMAm (a) and PVAm (b).

Ce/qe = 1/me +C6/Qm (4)

where g, is the adsorption density (mg/g) at equilib-
rium of metal ion, C, is the equilibrium concentration
(mg/L) of the metal ion in solution, Q,, is the mono-
layer adsorption capacity (mg/g), and b is the
Langmuir constant (L/mg) related to the free energy of
adsorption. The values of Q, and b were calculated
from the slopes (1/Q,,) and intercepts (1/bQ,,) of the
plots of C./g, vs. C. (Fig. 8(a)) and are presented in
Table 1. Linear plots of C./q. vs. C, showed that all the

four adsorption systems followed the Langmuir
isotherm model. Experimental results showed that
monolayer adsorption capacity of all the four systems
was in the order PMAm-Ni** < PMAm-Cd** < PVAm-
Ni** < PVAm-Cd**. The values of the maximum
adsorption capacities for the adsorption of Ni** and
Cd** ions on different adsorbents used in the literature
with adsorbent of the present study are summarized in
Table 2 [13-30].

The essential characteristic of the Langmuir iso-
therm can also be evaluated by dimensionless adsorp-
tion intensity, R; given by following expression:
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Fig. 8. Langmuir (a) and Freundlich (b) isotherm plots for adsorption of Ni** and Cd** on PMAm and PVAm.

Table 1
Isotherm parameters for adsorption of Ni?* and Cd?* ions on PMAm and PVAm
Freundlich
L. i t t

angmuir parameters Isotherm parameters Isotherm
Adsorption systems Qn (mg/g) b Ry R? Ky n R?
PMAmM-Ni** 7.87 0.094 0.404 0.994 0.80 1.6 0.995
PMAm-Cd>* 10.57 0.131 0.265 0.993 1.44 1.6 0.996
PVAm-NiZ* 23.92 0.043 0.327 0.992 1.39 1.44 0.997
PVAmM-Cd>* 31.44 0.426 0.035 0.991 8.78 1.71 0.988
Ry =1/(1+ bCy) G g, =K CY" (6)

where Cy (mg/L) is the highest initial concentration of
metal ion and b (L/mg) is the Langmuir constant. The
parameter R; indicates the shape of the isotherm to be
either unfavorable (R; > 1), linear (R; = 1), favorable
(0 <Ry <1), or irreversible (Rp = 0). In our experi-
ments the values of

R; for PMAm-Ni?*, PMAm-Cd?*, PVAm-Ni**, and
PVAm-Cd** systems were in between 0 and 1
(Table 1), suggesting that the adsorption of Ni** and
Cd** on the surface of PMAm and PVAm was favor-
able. In addition, the lower R; value for PVAm-Cd*
(< 0.04) implied that the interaction of Cd*" ions with
PVAm might be relatively strong.

3.6.2. Freundlich isotherm model

The Freundlich model [31] is an empirical equation
based on adsorption onto a heterogeneous surface is
given below by Eq. (6)

The logarithmic forms of Eq. (6) can be written as
follows:

In go = In Ky + (1/n)In C, @
where Ky and n are Freundlich constants related to
adsorption capacity [mg/g (mg/L)""/"] and adsorp-
tion intensity of adsorbents. The values of the K¢ and
n were calculated from the intercepts (In K9 and
slopes (1/n) of the plots In g. vs. In C. (Fig. 8(b))
and are presented in Table 1. Linear plots of In g, vs.
In C, showed that the adsorption isotherm of Ni**
and Cd** on PMAm and PVAm also fitted well in
the Freundlich isotherm model, and the K; values
showed that the adsorption capacity of PMAm and
PVAm was higher for Cd** than Ni**. The values of
n>1 indicated favorable adsorption conditions
[32,331].
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Table 2

Comparison of adsorption capacities of various adsorbents for Ni** and Cd** ions

Adsorbents Metal ion Qum References
Bagasse fly ash Ni?* 6.48 [13]
Calcined Bofe bentonite clay Ni%* 3.07 [14]
Natural clinoptilolite Ni** 4.48 [15]
Pomegranate peel Ni?* 52.2 [16]
Clinoptilolite Ni%* 3.28 [171
Protonated rice bran Ni** 46.51 [18]
Activated carbon Ni%* 44.1 [19]
Waste tea Ni** 18.42 [20]
Cashew nut shell Ni** 18.86 [21]
Nanocrystalline calcium hydroxyapatite Ni2* 46.17 [22]
PMAm-Ni** Ni** 7.87 This work
PVAm-Ni** Ni** 23.92 This work
Bagasse fly ash cd* 6.19 [13]
Indigenous clay cd* 0.50 [23]

Areca Cd>* 3.73 [24]
Activated carbon derived from bagasse ca* 38.03 [25]

Olive cake Cd** 65.35 [26]
Poly[4-(4-vinylbenzyloxy)-2-hydrobenzaldehyde] Ccd>* 0.25 [27]
MnO,-loaded resin Ccd* 21.45 [28]

Pinus halepensis sawdust cd* 7.35 [29]
Wheat bran Ccd* 0.66 [30]
PMAm-Cd** Cd** 10.57 This work
PVAm-Cd** Ccd** 31.44 This work

3.7. Adsorption kinetics

To investigate the adsorption kinetics of heavy
metals onto the PMAm and PVAm, two kinetic mod-
els. (i) A pseudo-first-order kinetic model of Lagergren
(if) a pseudo-second-order kinetic model of Ho, were
employed to simulate the experimental data.

The differential rate equation for pseudo-first order
can be expressed as [34]:

dgi/dt = ki(qe — q¢) ®)

where g, and g; are the amount of metal ion adsorbed
at equilibrium and at time t (mg/g), respectively, and
ki (min™") is rate constant of adsorption. Since g = 0
at t = 0, the initial rate of adsorption (h;) can be cal-
culated from Eq. (9) as follows:

hoy = kige 9

Integrating Eq. (8) using the boundary condition,
t=0tot =tand g = 0 to g =g, gives:

In (g — qt) = Inge — kat (10)

The values of k; and qgcal were calculated from the
slopes (—k;) and intercepts (In g,) of the plots of In
(g — g vs. t (Fig. 9), respectively, and are presented
in Table 3. Table 3 shows a good agreement between
experimental and calculated g, values for adsorption
of Ni** and Cd** on PMAm. The correlation coeffi-
cients for the pseudo-first-order kinetic model for
PMAm were 0.981 and 0964 for Ni** and Cd*,
respectively, indicated the applicability of the pseudo-
first-order equation for the adsorption of Ni** and
Cd** on PMAm. Although the correlation coefficient
values for adsorption of metal ions on PVAm was
high, the experimental g, values did not agree with
the calculated ones, obtained from the linear plots.
This showed that the adsorption of metal ions on
PVAm did not follow pseudo-first-order kinetics. The
initial adsorption rates (1) for PMAmM-Ni**, PMAm-
Cd*, PVAm-Ni** and PVAm-Cd** systems were
found to be 0.27 mg/g min, 0.48 mg/g min, 0.26 mg/
g min, and 0.30 mg/g min, respectively.

The adsorption kinetics may be described by a
pseudo-second-order model can be expressed as [35]:

dg;/dt = ka(q. — q:)° (11)
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Fig. 9. Pseudo-first-order kinetic plots for adsorption of Ni** and Cd** on PMAm (a) and PVAm (b).

Table 3
Kinetic parameters for adsorption of Ni**and Cd** ions on PMAm and PVAm
Intraparticle
Pseudo-first order Pseudo-second order diffusion

Adsorption systems " mg g’ ¢ Kk hoqn  R? 73 ks hop, typ R ki C R?
PMAm-Ni** 2.40 235 0.118 0.27 0981 250 0.160 1.00 250 0966 0.334 0.61 0.992
PMAm-Cd>* 3.25 322 0.152 048 0964 341 0.133 154 220 098 0369 132 0.980
PVAmM-Ni>* 3.25 268 0.100 026 0949 338 0.105 1.19 2.82 0989 028 150 0.991
PVAm-Cd>* 4.80 3.12 0.098 030 0935 490 0110 264 1.85 0993 0289 294 0998
where k; is the rate constant of adsorption (g/mg min),

P &/ 8 ti2 = 1/kage (14)

ge and g; are the amount of metal ion adsorbed (mg/g)
at equilibrium and time t (min), respectively. Since
g =0 at t =0, the initial rate of adsorption (;y,) can be
calculated from Eq. (12) as follows:

hoa = kg (12)
Integrating Eq. (11) using the boundary condition,
t=0tot=tand g=0 tog =g, leads to:

t/qr = 1/kag? +t/qe (13)
Half-adsorption time (t;,5) is the time required for the
adsorption to take up half as much metal ion as its
equilibrium value. It is an indicator for the adsorption
rate. For the pseudo-second order process it can be
calculated from the following equation:

The values of k, and g, were calculated from
the intercepts (1/k»q,?) and slopes (1/4,) of the plots of
t/q; vs. t. (Fig. 10), respectively, and are presented in
Table 3. Table 3 shows that the correlation coefficient
of adsorption of Ni** and Cd** on PVAm for the
pseudo-second-order kinetic model was 0.989 and
0.993, respectively, and a good agreement between
experimental and calculated g, values indicated the
applicability of pseudo-second-order kinetic model for
the adsorption of Ni** and Cd** on PVAm. The initial
adsorption rate (hy,) for PMAm-Ni**, PMAm-Cd*",
PVAm-Ni** and PVAm-Cd** systems were found to
be 1.00 mg/g min, 1.54 mg/g min, 1.19 mg/g min, and
2.64 mg/g min, respectively. The half-adsorption time
(t1/2) for PMAm-Ni**, PMAm-Cd**, PVAm-Ni**, and
PVAm-Cd** systems were found to be 2.5min,
2.2 min, 2.8, and 1.85 min, respectively.
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Fig. 10. Pseudo-second-order kinetic plots for adsorption of Ni?* and Cd?* on PMAm (a) and PVAm (b).

3.7.1. Intraparticle diffusion

Adsorption is multi-step process involving the
transfer of solute from bulk of solution to surface of
adsorbent. Intraparticle diffusion plays an important
role in the extent of adsorption and can be expressed
as:

gr = kit"® +C (15)
where k; is the intraparticle diffusion constant (mg/
gmin®®) and the intercept (C) reflects the surface
adsorption. The values of k; were calculated from
slopes (k) of the plots of g, vs. t*° (Fig. 11) and are
presented in Table 3. Fig. 11 shows the involvement of
two steps in adsorption process, first one representing
adsorption of metal ions on the surface of adsorbent
and second one described diffusion of metal ions to
adsorption site. As shown in table that the rate of dif-
fusion was almost similar for both the metal ions. The
value of C was higher for Cd*" than the Ni*" cause
difference in % removal.

3.8. Adsorption thermodynamics

To observe the effect of temperature on removal of
Ni**and Co®* by PMAm and PVAm, experiments
were conducted at three different temperatures 303,
313, and 323 K. From Fig. 12, it was observed that the
adsorption decreased with increase in temperature
from 303 to 323 K, which indicated that a low temper-
ature favors metal ion removal by PMAm and PVAm.

This may be due to a tendency of metal ions to escape
from the solid phase to the bulk phase with an
increase in temperature of the solution. A similar
observation was also reported in the study on the
sorption of Pb onto modified and unmodified kaolinite
clay [36].

Thermodynamic parameters, such as enthalpy
(AH®), entropy (AS°), and Gibb’s free energy (AG")
were determined by Eq. (16) [37] and (17).

In (gem/C.) = AS°/R — AH®/RT (16)

AG® = AH® — TAS® (17)
where m is the adsorbent dose (g/L), C, is the equilib-
rium concentration (mg/L) of the metal ion in solution
and g.m is the solid-phase concentration (mg/L) at
equilibrium. R is the gas constant (8.314 J/mol/K) and
T is the temperature (K). AH®, AS°, and AG® are
changes in enthalpy (J/mol), entropy (J/mol/K), and
Gibb’s free energy (J/mol), respectively.

The values of AH® and AS® were determined from
the slope (~AH"/R) and the intercept (AS°/R) of the
plots of In (g.m/C,) vs. 1/T. The AG® values were cal-
culated using Eq. (17). The values of thermodynamic
parameters are presented in Table 4. Negative values
of AG" for the adsorption of Ni** on PVAm and Cd**
on PMAm and PVAm at all three temperatures indi-
cated that the adsorption process was feasible and
spontaneous in nature. The AG’ value was slightly
positive for the adsorption of Ni** showed lower
affinity of PMAm for Ni**. Negative values of AH"
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Fig. 11. Intraparticle diffusion plots for adsorption of Ni** and Cd** on PMAm (a) and PVAm (b).
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Fig. 12. Effect of temperature on removal of Ni**and Cd** by PMAm (a) and PVAm (b).
Table 4
Thermodynamic parameters for adsorption of Ni?* and Cd** ions on PMAm and PVAm
AG” (k] /mol)
Adsorption systems AH" (kJ/mol) AS® (J/mol/K) 303 K 313K 323K
PMAm-Ni** -11.16 -37.44 0.179 0.553 0.928
PMAm-Cd>* -13.36 —39.01 —1.544 -1.154 —0.764
PVAm-Ni>* -11.73 -33.64 —1.545 —1.208 —0.872
PVAm-Cd>* -26.22 -60.37 =7.930 -7.327 —6.723
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suggested that the adsorption process was exothermic
in nature. Negative value of AS® described the
decrease in randomness at the adsorbent-solution
interface during the adsorption.

4. Conclusions

The results of the study revealed that PMAm and
PVAm can be used as an effective adsorbent for the
removal of Ni** and Cd** ions from various contami-
nated water sources. The adsorption was found to be
dependent on pH, adsorbent dose, initial metal ion
concentration, contact time, and temperature. The opti-
mum pH and temperature for the adsorption was
found to be 6 and 303 K, respectively. Monolayer
adsorption capacity of PMAm-Ni**, PMAm-Cd**,
PVAm-Ni**, and PVAm-Cd** systems was found to be
7.87 mg/g, 10.57 mg/g, 23.92 mg/g, and 31.44 mg/g,
respectively. Adsorption of Ni** and Cd** on PMAm
followed pseudo-first-order kinetic model and
adsorption of Ni** and Cd** on PVAm followed
pseudo-second-order kinetic model. Thermodynamic
study revealed that the adsorption of Ni** on PVAm
and Cd** on PMAm and PVAm was feasible and spon-
taneous in nature; however, adsorption of Ni?* on
PMAm showed lower affinity of PMAm for Ni**. Neg-
ative values of AH" suggested the adsorption process
was exothermic in nature. Negative value of AS°
described the decrease in randomness at the adsor-
bent-solution interface during the adsorption.
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