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a b s t r a c t
The aim of this study was to synthesize and characterize zeolite-based magnetic polymer com-
posites (m-ZPC) for Cu(II) and Cr(III) removal from aqueous solutions. Synthetic zeolite NaA and 
magnetic iron oxide nanoparticles were immobilized into blended polymer hydrogels composed of 
poly(vinylidene fluoride) (PVDF) and poly(vinyl alcohol) (PVA) in order to prepare m-ZPC (average 
particle diameter = 2.97 ± 0.18 mm). Stability tests for m-ZPC against acidic and alkaline solutions 
indicate that it was stable between solution pHs of 2.0 and 9.0. Batch experiments demonstrate that 
the maximum adsorption capacities for Cu(II) and Cr(III) were 3.90 and 2.04 mg/g, respectively. The 
removal of Cu(II) and Cr(III) increased as the pH increased from 2.0 to 5.0. The removal of Cu(II) 
and Cr(III) was enhanced with a rise of temperature from 15°C to 45°C. In addition, m-ZPC could 
be reused for Cu(II) removal after regeneration with 5 M NaCl solution. Thermodynamic analyses 
indicate that the removal of Cu(II) and Cr(III) was endothermic and spontaneous sorption processes 
(Cu(II): ΔH° = 115.0 kJ/mol; ΔG° = –5.13 to –17.64 kJ/mol, and Cr(III): ΔH° = 73.0 kJ/mol; ΔG° = –2.50 to 
–10.36 kJ/mol). This study demonstrates that m-ZPC can be used as a magnetic adsorbent for heavy 
metal removal in combination with magnetic separation.

Keywords:  Chromate; Copper; Magnetic polymer composite; Poly(vinyl alcohol); Poly(vinylidene 
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1. Introduction

Magnetic polymer composites have attracted a 
considerable amount of recent attention in environmen-
tal disciplines because they can be used for contaminant 
removal and then subsequently separated from water via 
magnetic attraction [1]. For the preparation of magnetic 
polymer composites, magnetic iron oxides, such as mag-
netite (Fe3O4) and maghemite (γ-Fe2O3), are immobilized 
into a polymer matrix [2–5]. Additionally, functional mate-
rials, including layered double hydroxides [6,7], industrial 

fungi [8], diethylenetriamine [9], and vermiculite [10], are 
incorporated for the removal of contaminants. In these com-
posites, the functional materials play a major role in contami-
nant adsorption, whereas the magnetic iron oxides afford the 
magnetic properties and play a minor role in contaminant 
removal [6,10]. 

Zeolites are microporous and crystalline aluminosilicates 
that consist of tetrahedral silica (Si) and alumina (Al) units. 
The isomorphous replacement of Si(IV) by Al(III) contributes 
to the negatively charged zeolites. Furthermore, these nega-
tive charges are balanced by exchangeable cations, such as 
sodium (Na), potassium (K), and calcium (Ca), which provide 
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zeolites with cation ion-exchange properties. Therefore, zeo-
lites are widely used as adsorbents for heavy metal cations 
[11–15]. Recently, some researchers [16–18] have prepared 
zeolite-based non-magnetic polymer (clinoptilolite–chitosan) 
composites for the removal of heavy metals such as Cu(II), 
Co(II), and Ni(II) from aqueous solutions. However, studies 
related to the zeolite-based magnetic polymer composites 
(m-ZPC) for heavy metal removal are still scarce. Only one 
study has been recently reported by Mthombeni et al. [19] 
who synthesized clinoptilolite–polypyrrole magnetic com-
posites for the adsorption of Cr(VI) from aqueous solutions. 

In the present study, synthetic zeolite NaA and magnetic 
iron oxide nanoparticles were immobilized into blended 
polymer hydrogels composed of poly(vinylidene fluoride) 
(PVDF) and poly(vinyl alcohol) (PVA). PVDF is a hydropho-
bic polymer with excellent chemical resistance, high strength, 
and physical and thermal stability. Due to its hydrophobicity, 
however, hydrophilic modification via blending with other 
polymeric materials is necessary in order to use PVDF in 
water treatment applications [20]. PVA is a hydrophilic poly-
mer with excellent thermal and chemical stability [21,22]. It 
is known to be miscible with PVDF [20]. PVA-based poly-
mer hydrogels have been synthesized because of its low cost, 
non-toxicity, biodegradability, and biocompatibility [23,24].

The aim of this study was to synthesize and character-
ize m-ZPC for the removal of Cu(II) and Cr(III) from aque-
ous solutions. Cu(II) is a toxic heavy metal ion, which can 
be found in industrial wastewaters from a variety of sources 
including acid mine drainage, metal plating, paint manufac-
turing, and electronics [25]. Cr(III) is a cation of high toxic-
ity, which is frequently present in tannery wastewaters [26]. 
Batch experiments were conducted to observe the effects of 
adsorbent concentration, initial adsorbate concentration, 
reaction time, temperature, solution pH, and reuse on the 
removal of Cu(II) and Cr(III). The experimental data were 
analyzed using equilibrium, thermodynamic, kinetic, and 
diffusion models. 

2. Materials and methods

2.1. Preparation of adsorbents

All chemicals used for the tests were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Sodium aluminate 
(NaAlO2) and sodium metasilicate (Na2O∙SiO2∙5H2O) were 
used to synthesize zeolite NaA. This was accomplished 
by following the procedures (hydrothermal method) out-
lined by the International Zeolite Association Synthesis 
Commission. Magnetic iron oxide nanoparticles were syn-
thesized using the co-precipitation method described in our 
previous researches [27,28]. Briefly, iron sulfate (FeSO4∙7H2O) 
and iron chloride (FeCl3∙6H2O) were used for the synthesis of 
magnetic iron oxide nanoparticles, which are composed of 
maghemite (γ-Fe2O3) and goethite (α-FeOOH) [27]. Based on 
the synthetic zeolite NaA and magnetic iron oxide nanopar-
ticles, m-ZPC was prepared using two polymers (PVDF and 
PVA) and polyethylene glycol (pore-forming agent). First, 
PVDF (11.2 g), PVA (2.8 g), PEG (6 g), zeolite NaA (4.5 g), 
and magnetic iron oxide nanoparticles (1.5 g) were added 
into a round-bottom flask filled with 100 mL of a dimethyl 
sulfoxide (DMSO) solution. After sealing the flask, the 

solution was stirred in a heating mantle at 85°C for 12 h to 
obtain a homogeneous suspension. Using a disposable scalp 
vein set (needle diameter = 0.7 mm) equipped with a syringe 
pump (78–1100I, Fisher Scientific, Pittsburgh, PA, USA), the 
suspension was dropped into a stirred reservoir containing 
deionized water (flow rate = 4 mL/min). The resulting com-
posites (m-ZPC) were allowed to cure in the same deionized 
water for 24 h under stirring, and then cured for another 24 h 
without stirring. Prior to use for batch tests, m-ZPC was pre-
pared as hydrated-state by air-drying at room temperature. 
Additionally, for the preparation of zeolite-based polymer 
composites (ZPC), zeolite NaA (6 g) was added to 100 mL of 
a DMSO solution.

2.2. Characterization of adsorbents

The characteristics of the adsorbents were analyzed by 
various techniques. Mineralogical and crystalline structural 
characteristics were analyzed using X-ray diffractometry 
(XRD; D8 Discover, Bruker, Germany) at the conditions 
of 1.5406 Ǻ Cu Kα radiation and 0.6°/s scanning speed. 
Field emission scanning electron microscopy (FESEM), 
 energy-dispersive X-ray spectroscopy (EDS), and color 
mapping were conducted using FESEM (SUPRA 55VP, Carl 
Zeiss, Oberkochen, Germany). Nitrogen gas (N2) adsorp-
tion–desorption tests were conducted using a surface area 
analyzer (BELSORP-max, BEL Japan, Inc., Osaka, Japan) 
to quantify the total pore volume, average pore diameter, 
and specific surface area. Size distribution was determined 
using ImageJ 1.43u software (National Institutes of Health, 
Bethesda, MD, USA). 

The stabilities of adsorbents (ZPC and m-ZPC) against 
acidic and alkaline solutions were examined at pHs of 2, 7, 
and 9. The solution pH was adjusted using a 0.1 M HCl solu-
tion and a 0.1 M NaOH solution, and monitored with a pH 
probe (9107BN, Thermo Scientific, Waltham, MA, USA). 2 g 
of the adsorbents were added into 50 mL polypropylene con-
ical tubes containing 30 mL of the pH-adjusted solutions. The 
tubes were shaken in a shaking incubator at 30°C at 100 rpm 
for 12 h, and the weights of the adsorbents were quantified 
after testing. The swelling ratio (S, %) was calculated with the 
following formula: 

S
W W

W
 =
( )

×2 1

1

100
-
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2.3. Batch experiments

The Cu(II) sorption tests were performed under batch 
conditions. Desired concentrations of Cu(II) were made from 
the stock solution (1,000 mg/L), which was prepared with 
copper chloride dehydrate (CuCl2∙2H2O, Sigma-Aldrich). All 
experiments were performed in triplicate under ambient con-
ditions (temperature = 30°C). The first set of tests was con-
ducted to observe the influence of the adsorbent dose on the 
removal of Cu(II) by ZPC and m-ZPC (initial Cu(II) concen-
tration = 100 mg/L; pH = 5). The initial Cu(II) concentration of 
100 mg/L is equivalent to 1.57 mmol(Cu)/L. The experiments 
were performed in 50 mL polypropylene conical tubes con-
taining 17–83 g/L of either ZPC or m-ZPC and 30 mL of the 
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diluted Cu(II) solution. The tubes were shaken at 100 rpm 
at 30°C using a shaking incubator (Daihan Science, Seoul, 
Korea). After 12 h of reaction time, the adsorbents were sep-
arated from the solution by filtration through a 0.45-μm cel-
lulose filter. The residual Cu(II) concentration was quantified 
by inductively coupled plasma–atomic emission spectros-
copy (ICP-730ES, Varian, Belrose NSW, Australia). 

The second set of tests was performed to observe the 
influence of the solution pH on the removal of Cu(II) by 
m-ZPC (initial Cu(II) concentration = 100 mg/L; adsorbent 
dose = 83 g/L; solution pH = 2–5; reaction time = 12 h). The 
third set of tests was conducted to observe the removal of 
Cu(II) by m-ZPC at different Cu(II) concentrations (initial 
Cu(II) concentration = 50–500 mg/L; adsorbent dose = 83 g/L; 
pH = 5; reaction time = 12 h). The initial Cu(II) concentra-
tions of 50–500 mg/L are equivalent to 0.79–7.87 mmol/L. 
The fourth set of tests was conducted to observe the effect of 
the reaction time on the removal of Cu(II) by m-ZPC (initial 
Cu(II) concentration = 100 mg/L; adsorbent concentration = 
83 g/L; pH = 5; reaction time = 12 h). Additional tests were 
conducted at 15°C and 45°C to examine the influence of tem-
perature on the removal of Cu(II) by m-ZPC. Finally, the 
fifth set of tests was conducted to observe the influence of 
adsorbent reuse on the removal of Cu(II) by m-ZPC (initial 
Cu(II) concentration = 100 mg/L; adsorbent dose = 83 g/L; 
pH = 5; reaction time = 12 h). After the removal experiments, 
the adsorbents were immersed in 40 mL of 5 M NaCl solu-
tion for 4 h at 30°C and shaken at 100 rpm using a shaking 
incubator for regeneration.

The Cr(III) removal experiments were conducted fol-
lowing the same procedures that were used for the Cu(II) 
removal experiments. The desired concentrations of Cr(III) 
were prepared by diluting the stock solution (1,000 mg/L), 
which was made with chromium chloride hexahydrate 
(CrCl3∙6H2O, Sigma-Aldrich). In the first set of experiments, 
the removal of Cr(III) by ZPC and m-ZPC was performed 
for different adsorbent doses (initial Cr(III) concentration = 
100 mg/L; pH = 5; reaction time = 12 h). The initial Cr(III) 
concentration of 100 mg/L is equivalent to 1.92 mmol(Cr)/L. 
In the second, third, and fourth sets of experiments, the 
removal of Cr(III) by m-ZPC was conducted at different 
solution pHs, Cr(III) concentrations (50–500 mg/L), and 
reaction times/temperatures, respectively. In the fifth set of 
experiments, the effect of adsorbent reuse on the removal 
of Cr(III) by m-ZPC was observed. The Cr(III) concentra-
tion was determined by inductively coupled plasma–atomic 
emission spectroscopy.

2.4. Data analysis

Model parameters were quantified using Microsoft Excel 
Solver. The following equations of R2, χ2, and sum of squared 
error (SSE) were used for the data analysis:
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3. Results and discussion

3.1. Characteristics of adsorbents

The properties of m-ZPC are presented in Figs. 1–3. The 
XRD pattern (Fig. 1(a)) shows the peaks of the zeolite syn-
thesized in the laboratory (2θ values: 7.2°, 10.3°, 12.6°, 16.2°, 
21.8°, 24.0°, 26.2°, 27.2°, 30.0°, 30.9°, 31.1°, 32.6°, 33.4°, and 
34.3°), which agree well with the characteristic peaks of 
zeolite NaA found in the literature [29]. The FESEM image 
(inset in Fig. 1(a)) shows that the synthetic zeolite NaA had a 
hexahedron shape. The characteristics of magnetic iron oxide 
nanoparticles including particle size, XRD pattern, and FTIR 
spectra were described in detail elsewhere [27,28]. The sat-
uration magnetization and coercivity of the magnetic iron 
oxide nanoparticles were 43.29 emu/g and 26.27 Oe, respec-
tively [27]. The digital images (Figs. 1(b) and (c)) demonstrate 
that ZPC and m-ZPC had light brown and dark brown col-
ors, respectively. Also, m-ZPC was attracted to an external 
magnet, whereas ZPC was not (insets in Figs. 1(b) and (c), 
respectively). 

The FESEM images of m-ZPC (Figs. 2(a) and (b)) demon-
strate that m-ZPC had a sphere shape with various pore sizes 
inside. The FESEM image (Fig. 2(c)) also shows the zeolite 
and iron oxide particles embedded in m-ZPC along with 
the thin polymers. The color mapping (Fig. 2(d)) visualizes 
the spatial distribution of aluminum (Al, yellow) and silicon 
(Si, blue), which came from zeolite NaA, and iron (Fe, red), 
which came from the magnetic iron oxide nanoparticles, on 
the surfaces of m-ZPC. 

The size distribution (Fig. 3(a)) illustrates that m-ZPC 
had an average particle diameter of 2.97 ± 0.18 mm. The EDS 
pattern (Fig. 3(b)) demonstrates that the major elements of 
m-ZPC were carbon (C) and fluorine (F), which came from 
the blended polymers of PVDF and PVA. Through EDS anal-
ysis, C was evident at peak positions of 0.277 and 0.284 keV, 
which correspond to the K alpha and K beta X-ray signals, 
respectively. Alternatively, F was evident at peak positions 
of 0.677 and 0.687 keV, which correspond to the K alpha 
and K beta X-ray signals, respectively. Also, Fe, Si, Al, and 
Na were detected at peak positions of 6.403, 1.740, 1.486, 
and 1.040 keV, respectively, from K alpha X-ray signals. The 
atomic percentages of m-ZPC were C (52.20%), F (28.51%), O 
(13.87%), Fe (0.94%), Si (1.83%), Al (1.55%), and Na (1.09%). 

According to the Brunauer-Emmett-Teller (BET) analysis, 
the BET surface area of m-ZPC was 9.58 m2/g with a total pore 
volume of 0.0243 cm3/g and an average pore diameter of 10.13 
nm. The Barrett-Joyner-Halenda (BJH) and Horvath-Kawazoe 
(HK) analyses indicate that the mesopore and micropore vol-
umes of m-ZPC were 0.0243 and 0.0002 cm3/g, respectively. 
The swelling ratios of ZPC and m-ZPC are presented in 
Table 1. The values of S were within ±2.4% in all cases, demon-
strating that ZPC and m-ZPC (polymer composites made from 
blended polymers of PVDF and PVA) were stable between 
solution pHs of 2.0 and 9.0. This indicates that m-ZPC can be 
applied as an adsorbent in heavy metal removal experiments, 
which are usually conducted at acidic pH conditions. 
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3.2. Characteristics of Cu(II) and Cr(III) removal 

The removal of Cu(II) and Cr(III) by ZPC and m-ZPC is 
compared as a function of the adsorbent dose in Figs. 4(a) 
and (b), respectively. As the adsorbent dose increased, the 
adsorption capacities for Cu(II) and Cr(III) decreased grad-
ually, whereas the percentage removal increased gradually. 
The adsorption capacities of Cu(II) and Cr(III) by m-ZPC 
were slightly lower than those by ZPC. This could be ascribed 
to the fact that the quantity of zeolite in m-ZPC was smaller 
than that in ZPC in grams. However, m-ZPC has an advan-
tage over ZPC due to its magnetic property; m-ZPC can be 
magnetically separated from aqueous media after treatment 
of heavy metals in wastewater. Our results demonstrate that 
the adsorption capacity of Cu(II) by m-ZPC was higher than 
that of Cr(III) by m-ZPC. This agrees well with findings 
reported in the literature. Oliveira et al. [30] performed sorp-
tion experiments for the removal of Cu(II), Zn(II), and Cr(III) 
by magnetic NaY zeolites. They reported that the adsorption 
capacity increased in the order of Cr(III) < Cu(II) < Zn(II). 
Ismail et al. [31] reported that the adsorption capacity of 

zeolite A increased in the order of Ni(II) < Cr(III) ≤ Cd(II) < 
Cu(II). For m-ZPC, the synthetic zeolite NaA played a major 
role in the removal of Cu(II) and Cr(III). Cu(II) and Cr(III) 
ions can be removed from aqueous solutions by zeolites via 
the cation exchange mechanism [31]. During the sorption 
process, sodium (Na) ions on the surfaces of zeolite NaA are 
exchanged by Cu(II) and Cr(III) ions in the aqueous phase. 

The effect of the solution pH on the removal of Cu(II) 
and Cr(III) by m-ZPC is presented in Fig. 5(a). The removal 
of Cu(II) by m-ZPC was affected by the solution pH. The 
adsorption capacity of Cu(II) at pH 2 (0.42 mg/g) was about 
three times lower than those at pH 3–5 (1.20–1.21 mg/g). 
Similar findings have been reported in the literature. Ismail 
et al. [31] showed that the adsorption percentage of Cu(II) to 
zeolite A increased from 53% to 100% as the pH increased 
from 2 to 4. The removal of Cr(III) by m-ZPC was also 
influenced by the solution pH. The adsorption capacity of 
Cr(III) at pH 2 (0.41 mg/g) was lower than those at pH 3–5 
(1.06–1.18 mg/g). Again, similar results were found in the lit-
erature. Wu et al. [32] showed that the adsorption of Cr(III) to 
zeolites increased as the pH increased from 2.5 and 5.5. Ismail 

Fig. 1. Characteristics of m-ZPC: (a) XRD pattern of synthetic zeolite (inset = FESEM image; bar = 1 μm), (b) digital image of ZPC 
(inset = attraction by a magnet in the solution) and (c) digital image of m-ZPC (inset = attraction by a magnet in the solution).
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et al. [31] found that the adsorption percentage of Cr(III) to 
zeolite A increased from 50% to 100% as the pH increased 
from 2 to 4. Note that the speciation of Cr(III) is influenced 
by the solution pH [32]: 

Cr + H O  Cr OH + H = 4.03+
2

2+ +↔ ( ) pK  (5)

In our experimental conditions (pH 2–5), Cr3+ is the pre-
dominant form of Cr(III) below pH 4, whereas Cr(OH)2+ is the 
predominant form above pH 4. The poor adsorption of Cu(II) 
and Cr(III) at highly acidic pH conditions is related to the 
high competition between hydrogen ions and heavy metal 
ions for the same sorption sites on the adsorbents. 

The removal of Cu(II) and Cr(III) by m-ZPC is presented 
as a function of the initial adsorbate concentration in Fig. 5(b). 
In the case of Cu(II), the adsorption capacity increased 
gradually as the initial Cu(II) concentration increased. The 
adsorption capacity at a Cu(II) concentration of 50 mg/L was 
0.58 mg/g. The adsorption capacity increased to 1.18 mg/g at 
a Cu(II) concentration of 100 mg/L and further increased to 
4.08 mg/g at the highest concentration (500 mg/L). For Cr(III), 
the adsorption capacity increased from 0.51 to 2.32 mg/g 
as the Cr(III) concentration increased from 50 to 500 mg/L. 
These results also show that the adsorption capacity of Cu(II) 

was greater than that of Cr(III) for all of the initial adsorbate 
concentrations that were tested.

The removal of Cu(II) and Cr(III) by m-ZPC is presented 
as a function of the reaction time in Fig. 5(c). In the case of 
Cu(II), the adsorption capacity increased with increasing 
reaction time until equilibrium was reached within 12 h. The 
adsorption capacity of Cu(II) at 30°C rose to 0.90 mg/g after 
1 h and further increased to 1.20 mg/g at 12 h. Alternatively, 
the Cr(III) adsorption capacity at 30°C was 0.63 mg/g at 1 h. 
This value increased to 1.17 mg/g at 12 h. Similar trends were 
found for Cu(II) and Cr(III) at 15°C and 45°C. 

The effects of adsorbent reuse on Cu(II) and Cr(III) 
removal by m-ZPC are shown in Fig. 5(d). The Cu(II) removal 
capacity decreased slightly from 1.19 to 1.01 mg/g during four 
cycles of reuse. In the case of Cr(III), the removal capacity also 
decreased from 1.09 to 0.34 mg/g. These results demonstrate 
that m-ZPC can be reused for Cu(II) removal after regener-
ation with NaCl solution. Findings in the literature demon-
strate that NaCl solution can be successfully used to regen-
erate zeolites [33,34]. Panayotova [33] reported that natural 
and modified zeolites, which were used for Cu(II) removal 
experiments, could be easily regenerated by NaCl solution. 
Milán et al. [34] also demonstrated that NaCl solution could 
be used to successfully regenerate exhausted zeolites.

Fig. 2. FESEM images of m-ZPC: (a) overall view of individual composite (bar = 100 μm), (b) cross-sectional view (bar = 100 μm), 
(c) cross-sectional surface (bar = 2 μm) and (d) color mapping.
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3.3. Sorption model analyses

The experimental data in Fig. 5(b) were analyzed with the 
following isotherm models:

Freundlich isotherm:

q K Ce F e
n=
1

 (6)

Langmuir isotherm:

q
Q K C

K Ce
m L e

L e

=
+1

 (7)

Redlich–Peterson isotherm:

q
K C

a Ce
R e

R e
g=

+1
 (8)

The equilibrium model analyses for the Cu(II) and Cr(III) 
data are illustrated in Fig. 6(a). The values of R2, χ2, and 
SSE indicate (Table 2) that the equilibrium data were most 
properly described by the Redlich–Peterson isotherm. The 
Redlich–Peterson isotherm is a hybrid model that combines 
the Langmuir and Freundlich equations. It can be applied 
to either homogeneous or heterogeneous systems to explain 
sorption over a wide range of concentrations [35]. From the 
Langmuir isotherm, the maximum adsorption capacity for 
Cu(II) was quantified to be 3.90 mg/g, which is equivalent 
to 0.061 mmol(Cu)/g. This value is far lower than the Cu(II) 
adsorption capacity (11.32 mmol(Cu)/g) reported in the liter-
ature [18], which have performed the equilibrium sorption 
experiment using non-magnetic clinoptilolite–chitosan com-
posites. This difference could be ascribed to the fact that the 
literature value was obtained from the experiments using the 
high Cu(II) concentrations ranging from 158.9 to 6,354.6 mg/L 
(2.5–100 mmol/L) and the dried-state composites (dried 
under vacuum at 40°C), while our value was determined 
from the experiments using the Cu(II) concentrations rang-
ing from 50 to 500 mg/L and the hydrated-state composites. 
In the dried-state, the mass of the polymer composites can be 
reduced considerably, resulting in the increase of the sorp-
tion capacity calculated in gram. In addition, the adsorption 
capacity tends to increase with an increase of initial contami-
nant concentration [36]. For Cr(III), the maximum adsorption 
capacity was determined from our batch experiments to be 
2.04 mg/g, which is equivalent to 0.039 mmol(Cr)/g (Table 2). 

Fig. 3. (a) Size distribution and (b) EDS pattern (inset = element 
composition) of m-ZPC.

Table 1 
Swelling ratio (%) of ZPC and m-ZPC at various pH conditions

pH 2 pH 7 pH 9

ZPC –1.3 0.1 0.4
m-ZPC –0.2 2.4 1.6

Fig. 4. Sorption capacity of ZPC and m-ZPC under various 
adsorbent doses: (a) Cu(II) and (b) Cr(III).
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The experimental data in Fig. 5(c) were analyzed using 
the following relationships:

∆ ∆ ∆G H T S  = −  (9)

∆G RT K K
aq
C

o
e e

e

e

= − =ln ;  (10)

ln K S
R

H
RTe( ) = −

∆ ∆ 

 (11)

The thermodynamic analyses for the Cu(II) and Cr(III) 
data are presented in Fig. 6(b). The thermodynamic parame-
ters are provided in Table 3. The positive values of ΔH° (Cu(II) 
= 115.0 kJ/mol; Cr(III) = 73.0 kJ/mol) demonstrate the endo-
thermic nature of the sorption processes. The positive values 
of ΔS° (Cu(II) = 416.9 J/K/mol; Cr(III) = 261.9 J/K/mol) indicate 
that the randomness increased at the interface between the 
adsorbent and solution. The negative values of ΔG° (Cu(II) 
= –5.13 to –17.64 kJ/mol; Cr(III) = –2.50 to –10.36 kJ/mol) 
show that the sorption of Cu(II) and Cr(III) to m-ZPC were 
spontaneous. Our results conform well with the study of 
Panayotova [33], which examined the endothermic and spon-
taneous adsorption of Cu(II) to natural Bulgarian zeolite. The 
authors showed that the adsorption percentage of Cu(II) 
to the zeolite increased as the temperature was increased 
from 22°C to 50°C. Shawabkeh [37] also demonstrated that 

the adsorption of Cu(II) on zeolite produced from oil shale 
ash increased as the temperature was increased from 0°C to 
50°C. Mohan et al. [38] reported that the amount of Cr(III) 
adsorbed on an activated carbon fabric cloth increased as the 
temperature rose from 10°C to 40°C. However, Zhang et al. 
[39] reported that the adsorption of Cu(II) on NKF-6 zeolite 
was spontaneous and exothermic, decreasing with increasing 
temperature from 20°C to 60°C.

The experimental data in Fig. 5(c) were analyzed using 
the following kinetic models:

Pseudo-first-order model:

q q et e
k t= −( )−1 1  (12)

Pseudo-second-order model:

q
k q t

k q tt
e

e

=
+

2
2

21
 (13)

Elovich model:

q tt = ( ) +1 1
β

αβ
β

ln ln  (14)

The kinetic model analyses for the Cu(II) and Cr(III) 
data at 15°C are presented as examples in Fig. 6(c). The val-
ues of R2, χ2, and SSE indicate (Table 4) that the kinetic data 

Fig. 5. Sorption of Cu(II) and Cr(III) to m-ZPC at various experimental conditions: (a) solution pH, (b) initial concentration, (c) reaction 
time and (d) reuse.
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were most properly described by the pseudo-second-order 
model. From the pseudo-second-order model, the values of 
qe and k2 for Cu(II) were quantified to be 1.19–1.26 mg/g and 
2.19–3.28 g/mg/h, respectively. The values of qe and k2 for 
Cr(III) were 1.19–1.28 mg/g and 0.83–1.38 g/mg/h, respectively. 

The experimental data in Fig. 5(c) were also analyzed 
using the intraparticle diffusion model [40]: 

q k t It i= +1 2/  (15)

Fig. 6. Model analyses: (a) equilibrium isotherm, (b) thermodynamic model, (c) kinetic sorption model and (d) intraparticle diffusion 
model. Model parameters are provided in Tables 2–5.

Table 2 
Equilibrium isotherm model parameters attained from model fitting to the experimental data

Freundlich isotherm model Langmuir isotherm model Redlich–Peterson model
KF 
(L/g)

1/n R2 χ2 SSE KL 
(L/mg)

Qm 
(mg/g)

R2 χ2 SSE KR 
(L/g)

aR 
(L/mg)

KR/aR 
(mg/g)

g R2 χ2 SSE

Cu(II) 1.39 0.236 0.989 0.074 0.113 0.25 3.90 0.883 5.740 1.190 28.7 19.1 1.50 0.78 0.992 0.038 0.079
Cr(III) 1.14 0.122 0.892 0.159 0.255 1.08 2.04 0.825 5.120 0.413 55.9 43.3 1.29 0.91 0.923 0.091 0.181

Table 3 
Thermodynamic parameters attained from model fitting to the experimental data

Temperature (°C) Cu(II) Cr(III)

∆H° (kJ/mol) ∆S° (J/K/mol) ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (J/K/mol) ∆G° (kJ/mol)

15 115.0 416.9 –5.13 73.0 261.9 –2.50
30 –11.38 –6.43
45 –17.64 –10.36
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The intraparticle diffusion model analyses for the 
Cu(II) and Cr(III) data at 15°C are presented as examples 
in Fig. 6(d). The plots of the intraparticle diffusion model 
comprised three segments. The first one indicates the dif-
fusion of contaminants through the solution to the external 
surface of adsorbent (boundary layer diffusion), whereas 
the second one describes intraparticle diffusion. The third 
one is attributed to the equilibrium stage where intrapar-
ticle diffusion slows down [40,41]. The intraparticle diffu-
sion parameter values (ki.2) for Cu(II) were determined to 
be 0.062–0.304 mg/g/h0.5, whereas the values of ki.2 for Cr(III) 
were 0.352–0.413 mg/g/h0.5 (Table 5).

4. Conclusions

In this study, m-ZPC was used as an adsorbent for the 
removal of Cu(II) and Cr(III) ions from aqueous solutions. 
Batch experiments demonstrate that the adsorption capac-
ity for Cu(II) by m-ZPC was higher than that for Cr(III) by 
m-ZPC. The removal of Cu(II) and Cr(III) by m-ZPC was 
enhanced with a rise of temperature from 15°C to 45°C. The 
adsorption capacity of Cu(II) and Cr(III) by m-ZPC increased 
with increasing pH between 2.0 and 5.0. In addition, m-ZPC 
could be reused for Cu(II) removal after regeneration with 
NaCl solution. Equilibrium model analyses indicate that 
the Redlich–Peterson isotherm provided the best fit for the 
equilibrium data. Kinetic model analyses demonstrate that 
the kinetic data were most properly described by the pseu-
do-second-order model. Thermodynamic analyses indicate 
that the removal of Cu(II) and Cr(III) by m-ZPC were endo-
thermic and spontaneous sorption processes. This study 
demonstrates that m-ZPC can be used as a magnetic adsor-
bent for heavy metal removal in combination with magnetic 
separation. 
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Symbols

a — Adsorbent dose
aR — Redlich–Peterson constant
Ce —  Equilibrium concentration of Cu(II)/Cr(III) 

in the aqueous solution
g — Redlich–Peterson constant 
ΔG° — Change in Gibb’s free energy
ΔH° — Change in enthalpy
I —  Intercept related to thickness of boundary 

layer
KF —  Freundlich constant related to adsorption 

capacity 
KL —  Langmuir constant related to affinity of 

binding sites
KR — Redlich–Peterson constant 
Ke — Equilibrium constant (dimensionless)
k1 — Pseudo-first-order rate constant
k2 — Pseudo-second-order rate constant
ki — Intraparticle diffusion rate constant
1/n —  Freundlich constant related to adsorption 

intensity
Qm — Maximum adsorption capacity
qe —  Amount of Cu(II)/Cr(III) adsorbed at 

equilibrium
qt — Amount of Cu(II)/Cr(III) adsorbed at time t
R — Gas constant
R2 — Determination coefficient
SSE — Sum of squared error
ΔS° — Change in entropy
W1 — Weight of the adsorbents before testing 
W2 — Weight of the adsorbents after testing
yc —  Calculated removal capacity from the 

model
ye —  Measured removal capacity from the 

experiment,
ye  — Average of the measured removal capacity
α — Initial adsorption rate constant
β — Elovich adsorption constant
χ2 — Chi-square coefficient

Table 4 
Kinetic model parameters attained from model fitting to the experimental data

Temperature 
(°C)

Pseudo-first-order model Pseudo-second-order model Elovich model

qe 
(mg/g)

k1 
(1/h)

R2 χ2 SSE qe 
(mg/g)

k2 
(g/mg/h)

R2 χ2 SSE α 
(mg/g/h)

β 
(g/mg)

R2 χ2 SSE

Cu(II) 15 1.09 1.97 0.932 0.127 0.083 1.19 2.19 0.982 0.032 0.021 62.1 7.42 0.955 0.060 0.043
30 1.16 2.02 0.979 0.052 0.029 1.25 2.32 0.997 0.006 0.004 66.5 7.01 0.932 0.111 0.083
45 1.17 2.68 0.982 0.042 0.024 1.26 3.28 0.995 0.007 0.007 103.7 7.12 0.940 0.075 0.065

Cr(III) 15 1.05 0.76 0.930 0.301 0.083 1.19 0.83 0.971 0.105 0.034 23.9 8.01 0.834 0.241 0.155
30 1.13 0.90 0.983 0.067 0.025 1.27 0.87 0.997 0.009 0.004 25.1 7.26 0.828 0.318 0.197
45 1.16 1.34 0.990 0.030 0.014 1.28 1.38 0.997 0.005 0.005 39.6 7.00 0.871 0.238 0.159

Table 5 
Diffusion model parameters attained from model fitting to the 
experimental data (unit = mg g–1 h-0.5)

Tempera-
ture (°C)

Cu(II) Cr(III)
ki,1 ki,2 ki,3 ki,1 ki,2 ki,3 

15 0.751 0.304 0.058 0.531 0.375 0.161
30 0.897 0.269 0.012 0.786 0.413 0.086
45 0.951 0.062 0.009 0.951 0.352 0.013
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