
* Corresponding author.

1944-3994/1944-3986 © 2018 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2018.22649

123 (2018) 150–155
August

Adsorption behavior of poly(methacrylic acid)/iron-oxide-coated zeolite 
for the removal of Mn(II), Fe(II), and As(III) from aqueous solution

Seo-Hyun Paka, Seung-Min Parka, Jusuk Ana,b, Chan-gyu Parka,*
aEnvironmental Technology Division, Korea Testing Laboratory, 87, Digital-ro 26-gil, Guro-gu, Seoul 08389, Korea,  
Tel. +82 2-860-1105, +82 2-860-1272; Fax: +82 2-860-1689; email: pcg6189@hotmail.com (C.-g. Park), Tel. +82 2-860-1139;  
Fax: +82 2-860-1689; email: seohyunpak@ktl.re.kr (S.-H. Pak), Tel. +82 2-860-1593; Fax: +82 2-860-1689;  
email: jrpeter@ktl.re.kr (S.-M. Park), Tel. +82 2-860-1183; Fax: +82 2-860-1689; email: jusuk@ktl.re.kr (J. An) 
b School of Civil and Environmental Engineering, Yonsei University, Seoul, Korea

Received 22 November 2017; Accepted 17 June 2018

a b s t r a c t
Polymer-modified zeolite has the potential to combine the advantages of polymers and zeolites while 
overcoming the drawbacks of both materials. In this study, a zeolite modified with poly(methacrylic 
acid) and iron-oxide (MA-zeolite) was successfully prepared using the graft polymerization method. 
The MA-zeolite was synthesized from clinoptilolite. The MA-zeolite was characterized and applied 
for the removal of Mn(II), Fe(II), and As(III) from aqueous solutions. Brunauer–Emmett–Teller sur-
face areas, scanning electron microscopy, and Fourier transform infrared spectroscopy were used to 
study the surface properties of the MA-zeolite. The adsorption ability of the zeolite modified with 
poly(methacrylic acid) toward metals and metalloids such as Mn(II), Fe(II), and As(III) was studied 
and the results compared with those for raw zeolite and iron-oxide-coated zeolite. The MA-zeolite 
showed good adsorption ability, and the removal percentages decreased from Fe(II), Mn(II), to As(III).
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1. Introduction

Exposure to excessive amounts of heavy metals is harm-
ful to human beings, other animals, and plants [1,2]. Most 
often, the definition of toxic metals includes, at least, cadmium, 
manganese, lead, mercury, and iron. These metals have rapidly 
become significant environmental pollutants with increasing 
industrial wastewater emission. Therefore, the treatment of 
heavy metals in wastewater has become crucial. 

Until now, various treatment methods to remove toxic 
pollutants (metals and metalloids) from wastewater such 
as microfiltration [3], ultrafiltration [4], nanofiltration [5], 
adsorption (activated carbon), and ion-exchange [6] have 
been widely investigated and developed. However, they 
have serious drawbacks, such as ineffectiveness, high cost, 
and the production of secondary pollutants [7]. Many 

researchers have tried to solve these problems by developing 
effective, cheap adsorbents. Examples of such adsorbents are 
zeolites, peat moss, and clay.

Natural zeolite is a crystalline aluminosilicate consisting 
of a skeleton of tetrahedral molecules and has many advan-
tages such as unique activity, highly crystalline structure, 
high adsorption capability, low cost, and good adsorption 
of heavy metals, nitrates, phosphates, and organic pollut-
ants from wastewater [8]. However, the adsorption ability 
of zeolites toward heavy metals is lower than those of other 
adsorbents, and zeolites tend to aggregate during adsorp-
tion in wastewater. To overcome these limitations, the mod-
ification of zeolites by chemical reactions, polymerization, 
and with metal oxides has been carried out to increase their 
adsorption efficiency.

Calvo et al. [9] studied a zeolite modified with hexadecyl-
trimethylammonium bromide. This modification improves the 
anion exchange properties of the zeolite. Barloková et al. [10] 



151S.-H. Pak et al. / Desalination and Water Treatment 123 (2018) 150–155

reported an efficient route to modify zeolites with iron 
hydroxides, which enhance the sorption capacity of natural 
zeolite for heavy metal ions. However, methods for metal 
modification are complex, and the removal efficiency is sig-
nificantly lowered by the selective adsorption of negative 
charge [11].

Recently, various polymers with hosts such as zeolite and 
mesoporous materials have received attention as adsorbents 
for the removal of heavy metals. Roque et al. [12] studied pyr-
role oligomerization within zeolite channels. Densakulprasert 
et al. [13] reported various polyaniline-zeolite (Y, 13X, and 
A1MCM-41) composite systems that act as sensors for CO 
and N2 gas. Im et al. [14] studied the crystallization behavior 
and fine structure of poly(ethylene terephthalate)/A-zeolite 
nanocomposites. In this study, a synthetic route for polymer-
ized zeolite has been designed, and the modified zeolite has 
been applied as an adsorbent. The iron-oxide-coated zeolite 
with graft polymerized poly(methacrylic acid) (MA-zeolite) 
was characterized by the Brunauer–Emmett–Teller (BET) 
surface area, scanning electron microscopy (SEM) images, 
Fourier transform infrared (FTIR), and the removal ability 
for iron, manganese, and arsenic ions from wastewater was 
studied. This study demonstrates the potential application of 
polymerized zeolite as an adsorbent.

2. Materials and methods

2.1. Chemicals and materials

The reagents used for the modification of iron-oxide-
coated zeolite were purchased from Sigma-Aldrich (USA): 
methacrylic acid (MA), sodium persulfate (Na2S2O8), and 
sodium metabisulfite (Na2S2O5) were used without further 
purification. Mn(II)SO4 and Fe(II)SO4 were reagent grade and 
obtained from Samchun Chemical (Korea). Stock solutions of 
arsenite (As(III)) were prepared from As2O3 (Fluka, USA).

Natural zeolite (clinoptilolite) samples were used in 
the present investigation and supplied by Rex Material 
Co., Ltd in Pohang (Korea). The estimated cation exchange 
capacity of natural zeolite with respect to its formula 
(Na2CaAl2SiO18·6H2O) is 0.8–1.2 meq/g, as measured by the 
manufacturer.

2.2. Synthesis

2.2.1. Iron-oxide-coated zeolite

The zeolite (clinoptilolite) was stored at 105°C for 1 d 
before use. Then, 1 kg of zeolite was added to a 500-mL aque-
ous solution of 10% FeCl3 (≥99.99%, Sigma-Aldrich) at pH 10 
and mixed for 60 min at 150°C. Subsequently, the water was 
removed using a vacuum distiller. The remaining material 
was dried at room temperature for 2 h to produce iron-oxide-
coated zeolite.

2.2.2. Graft polymerization procedure (MA-zeolite)

Methacrylic acid (5 mL, MA, monomer, 99%) was added 
to 95 mL deionized water in a beaker. Then, 1 mM Na2S2O8 
and 0.1 mM Na2S2O5 were added. After dissolving the salts, 
the iron-oxide-coated zeolites were added to the above solu-
tion. The reaction mixture was treated at room temperature 

with shaking (200 rpm). After 15, 30, 60, or 120 min, the 
products were washed with deionized water. The modified 
zeolites were stored in deionized water for stabilization. The 
obtained samples were denoted as MA-zeolite (x min), where 
x is the treatment time at room temperature. The graft polym-
erization reaction is shown in Fig. 1. When a reagent such as 
Na2S2O5 and Na2S2O8 was added to a solute (ultrapure water) 
on the iron oxide surface, the salt solutions served as reaction 
initiators. Radicals such as SO4

• and S2O5
• induce OH•, and 

the strong oxidizing power of OH• leads to the disconnec-
tion of the double bond between the surface of the iron oxide 
and the inside of the cavity, eventually leading to instability 
(Fig. 1(b)). 

When methacrylic acid is added, the surrounding ions 
and iron oxide surface are bound to each other inside the 
pores. This reaction was carried out for various periods, as 
shown in Fig. 1(c).

2.3. Batch sorption studies

Batch sorption experiments were carried out using 1 g 
of the adsorbent with 40 mL of metal solutions containing 
Mn(II), Fe(II), and As(III) ions of the desired concentrations 
at room temperatures in 50 mL conical tubes. All experiments 

Fig. 1. (a) Surface modification of iron-oxide-coated zeolite: graft 
polymerization process, (b) activation of methacrylic acid and 
zeolite by an initiator, and (c) schematic diagram of graft polym-
erization.
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were conducted with shaking at 200 rpm. The concentrations 
of the manganese and iron solutions were determined by 
UV/vis spectroscopy (Hach, DR 5000, USA) using standard 
methods (Mn: Periodate Oxidation Method/Fe: FerroVer® 
Method) for examining water. The concentration of arsenic 
was determined by inductively coupled plasma measure-
ments (ICP, VARIAN 730ES, Australia).

2.4. Characterization

The organic functional groups were characterized by 
attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR; Nicolet spectrophotometer 5700, 
ThermoElectron Corp., MA) with a ZnSe crystal at an inci-
dent angle of 45°. All spectra were recorded at 25°C and 
corrected for the atmospheric background spectra. SEM 
(S-4800, Hitachi, Japan) was used to verify the morphology. 
The samples were sputtered with a thin film of gold. The 
specific surface area was calculated using the BET method.

3. Results and discussion

3.1. Poly(methacrylic acid)/zeolite composite

The poly(methacrylic acid)/zeolite composite was obtained 
by treating the iron-oxide-coated zeolite with MA, and the 
product was evaluated for the adsorption of heavy metals. 
BET analysis was performed to determine the differences 
between the surface of raw zeolite and that of MA-zeolite. 
The surface area can be obtained by calculating the amount of 
adsorbed nitrogen gas on the powder surface using the BET 
equation. The surface area of MA-zeolite was 34 m2/g, which 
is similar to the values obtained in other studies of modified 
zeolites [15]. In addition, it was confirmed that the surface 
area decreased from 40 to 34 m2/g because of the reduction of 
the internal pore volume by graft polymerization.

ATR-FTIR was used to confirm the formation of amide 
bonds and the presence of certain functional groups on the 
iron-oxide-coated zeolite surface after each modification. 
The spectra were recorded in two regions: 4,000–2,800 cm–1, 
where the characteristic bands of –OH, –NH, and –CH are 
located, and 1,800–1,100 cm–1, where the absorption bands 
characteristic of the amide group are located.

The FTIR spectra of raw zeolite and MA-zeolite are 
shown in Figs. 2(a) and (b). The FTIR spectra of the polymer-
ized sample (Fig. 2(b)) contain absorption bands at 1,693 and 
3,387 cm–1, which were not observed in the spectrum of raw 
zeolite [16].

The bands at 1,693 and 3,387 cm–1 arise from –C=O and –
OH group stretching vibrations [15]. In addition, the bands at 
1,634 and 1,389 cm–1 are characteristic of symmetric γs(COO–) 
and asymmetric γas(COO–) modes, respectively [17]. In addi-
tion, the peak at 1,485 cm–1 suggests –CH3 stretching. The 
sharp peak around 1,013 cm–1 is indicative of the zeolite 
framework [18,19]. This peak may be a feature of zeolites that 
contain the hydrated triple crankshaft chains.

The surface morphologies of the iron-oxide and the graft 
copolymer coatings were observed by SEM. The SEM images 
of (a) raw zeolite and (b) iron-oxide-coated zeolite show the 
rough surfaces with irregularly shaped particles of various 
sizes. The SEM images of the grafted samples (Figs. 3(c)–(f)) 

show a smooth surface compared with those of raw zeolite 
and iron-oxide-coated zeolite. This change in surface mor-
phology is due to the polymerization of methacrylic acid 
onto the iron-oxide-coated zeolite.

Fig. 2. ATR-FTIR spectra for the (a) raw zeolite and (b) zeolite 
modified with methacrylic acid (MA).

Fig. 3. SEM micrographs of (a) raw zeolite, (b) iron-oxide-coated 
zeolite, (c) MA-zeolite (15 min), (d), MA-zeolite (30 min),  
(e) MA-zeolite (60 min), and (f) MA-zeolite (120 min).
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3.2. Adsorption of Fe(II), Mn(II), and As(III) for optimization of 
MA-zeolite

The adsorption of Fe(II), Mn(II), and As(III) by the mod-
ified zeolite was studied at room temperature (Table 1). The 
adsorption experiments were carried out using adsorbents 
prepared according to graft polymerization time from 15 
to 120 min. The initial concentrations of Mn(II), Fe(II), and 
As(III) were 10, 10, and 1 mg/L, respectively.

Fig. 4(a) shows the adsorption rate for Fe(II) ions of 
MA-zeolite polymerized for 15, 30, 60, and 120 min. 

Iron(II) is a charged solute at pH 3–4, which is the exper-
imental condition of the solution. Comparing the MA-zeolite 
polymerized for 15, 30, 60, and 120 min, slightly better 
adsorption was observed for the zeolite polymerized for 
15 min. The Fe(II) concentration of the solution treated with 
MA-zeolite (15 min) dramatically changed from 10 mg/L to 
around 0.21 mg/L over 30 min. Thus, the maximum removal 
percentage toward Fe(II) of MA-Zeolite (15 min) was 97.9%.

Fig. 4(b) shows the adsorption rates for Mn(II) ions 
removed by MA-zeolite polymerized for 15, 30, 60, and 
120 min. The concentration of Mn(II) also changed from 10 to 
0.5 mg/L over 30 min. All adsorbents showed similar adsorp-
tion efficiencies. The removal percentage for Mn(II) of all the 
adsorbents was about 95%.

The effect of polymerization time on the removal of 
arsenic(III) was studied at pH 3–4 at room temperature, 
as shown in Fig. 4(c). The adsorption efficiency of arsenic 

was remarkably lower than that of iron and manganese in 
the short-term experiments (within 30 min) because of the 
arsenic binding mechanism [20,21].

In this period, the arsenic(III) concentration fell from 
1 to 0.95 mg/L, and there was no significant change in the 
removal of arsenic between different adsorbents. Thus, only 
small amounts of As(III) were removed (<10%) regardless of 
adsorbent. So, MA-zeolite (15 min) is considered as the opti-
mum adsorbent and was used for further study.

3.3. Effect of adsorbent

The removal ratios (C/Ci) for Fe(II), Mn(II), and As(III) 
were determined using the adsorbents at room temperature 
and a contact time of 360 min at initial Fe(II), Mn(II), and 
As(III) concentrations of 10, 10, and 1 mg/L, respectively. The 
results are presented in Fig. 5. The experiments were carried 
out to investigate the influence of the surface character on 
metal adsorption.

Fig. 5(a) shows that the adsorption efficiency of Fe(II) 
increased when using the MA-zeolite (15 min). As shown in 
Fig. 5(a), Fe(II) adsorption by the iron-oxide-coated zeolite 
and MA-zeolite was high in the first 5 min of contact time. 
Initially, the removal efficiencies of unmodified zeolite, iron-
oxide-coated zeolite, and MA-zeolite (15 min) were 47.1%, 
98.7%, and 84.4%, respectively. With prolonged time, C/Ci 
decreased and reached a steady state. Then, 6 h later, 95.4%, 
46.3%, and 99.1%, respectively, of the Fe(II) ions had been 
absorbed. In the case of iron-oxide-coated zeolite, the C/Ci 
of Fe(II) increased again. This is because the surface of the 
zeolite suffers from iron dissolution. MA-zeolite (15 min) 
showed the highest iron adsorption. Possibly, the carboxylic 
acid groups of the MA-zeolite increased the reactivity and 
the effectiveness for Fe(II) adsorption. As shown in Fig. 5(b), 
the adsorption efficiency of MA-zeolite for Mn(II) was higher 
than those of other adsorbents. The removal efficiency of 
manganese was different from that of iron. After 30 min reac-
tion time, the removal efficiency of the raw zeolite, iron-ox-
ide-coated zeolite, and MA-zeolite were 17%, 25%, and 94%, 
respectively.

The removal efficiency of MA-zeolite was 5.5 times higher 
than raw zeolite and 3.76 times higher than that of the iron-
oxide-coated zeolite. The removal efficiency of MA-zeolite 

Table 1
Summary of adsorption experiment conditions

Parameter Operation condition

Experiment method Batch type
Dose (g/L) 25 
Temperature (°C) 25 ± 0.5

Initial pollutant concentration (mg/L) Mn(II) 10
Fe(II) 10
As(III) 1

Solution volume (mL) 40
pH 3–4

Fig. 4. Adsorption of (a) Fe(II), (b) Mn(II), and (c) As(III) by the zeolite modified by grafting polymerization.
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for manganese was very high because the modified carboxyl 
group on the surface facilitates adsorption of manganese. 
The negative charge of the surface induced by the carboxylic 
acid groups is suitable for removing the positively charged 
heavy metals [22].

The adsorption test results for arsenic are shown in 
Fig. 5(c). After 30 min, the removal efficiencies of raw zeo-
lite, iron-oxide-coated zeolite, and MA-zeolite were 0.5%, 5%, 
and 9%, respectively. After 6 h reaction, the removal efficien-
cies of raw zeolite, iron-oxide-coated zeolite, and MA-zeolite 
were 2%, 9%, and 25%, respectively. MA-zeolite (15 min) had 
a removal efficiency of 25%, which is 2.5 times higher than 
those of raw zeolite and iron-oxide-coated zeolite.

When arsenic is present alone, it is positively charged. 
However, arsenic easily bonds with oxygen and hydrogen in 
water, forming negatively charged species. The adsorption 
efficiency is improved by coating iron oxide on the surface of 
zeolite, which acts as a cation exchange resin.

Based on the results in Fig. 5(b), the pseudo-first-order 
(PFO) and pseudo-second-order (PSO) models were fitted 
to the adsorption isotherms, and the adsorption constants 
obtained from these isotherms are given in Table 2. In this 
study, we adopted the PFO and PSO equation to calculate the 
adsorption capacity (qe).

The PFO equation is shown in Table 2. The corre-
sponding SigmaPlot equation included in the category 
“Exponential Rise to Maximum, Single, 2 Parameter” is 
f = a(1 - e(–bx)). The corresponding parameters are f = qt, a = qe, 

and b = k1. The PSO equation is also shown in Table 2. The 
corresponding SigmaPlot form included in the equation cat-
egory “Exponential Rise to Maximum, Single, 2 Parameter” 
is f = ax/(b + x). The corresponding parameters are f = qt, 
a = (k2qe)qe, and b = 1/(k2qe).

The kinetic study is useful in predicting adsorption rate 
constants and expected adsorption capacity. The PFO and 
PSO kinetic models were investigated for three different 
adsorbents for Mn(II) adsorption at a temperature of 24°C. 
The nonlinear forms of the PFO and PSO contain the follow-
ing variables: qe is the adsorption capacity of Mn(II) per unit 
weight of adsorbent at equilibrium and at time t (min), and 
k1 and k2 are the PFO and PSO rate constants, respectively. 
The values of k1 and k2 and qe were determined from the slope 
and intercept in the graph of qt versus t (Fig. 6) for different 
Mn(II) adsorbents and are listed in Table 2. From the data in 
Table 2, the calculated qe value in the PSO model is similar 
to the experimental value with a high correlation coefficient. 
On the other hand, the qe calculated from the PFO model 
showed less agreement than the data obtained for the PSO 
kinetic model. Thus, the kinetics of the adsorption of Mn(II) 
onto zeolite adsorbents can be explained adequately by the 
PSO kinetic model. 

4. Conclusions

In this study, zeolite modified by polymerization with 
methacrylic acid was used as an adsorbent for the removal of 

Fig. 5. Comparison of absorption of heavy metal ions by raw zeolite, iron-oxide-coated zeolite, and MA-zeolite (15 min): (a) Fe(II), 
(b) Mn(II), and (c) As(III) (Ci is the concentration of metal ions in the initial solution, and C is the concentration of metal ions in the 
final solution).

Table 2
Comparison of kinetic parameters for the adsorption of Mn(II) by raw zeolite, iron-oxide-coated zeolite, and MA-zeolite (15 min)

Sample Pseudo-first-order model
q q et e

k t= −( )−1 1

Pseudo-second-order model
qt = k2qe

2t/1 + k2qet

qe,exp (mg/g) qe,cal (mg/g) R2 qe,exp (mg/g) qe,cal (mg/g) R2

Raw zeolite 4.5 4.43 0.94 4.5 4.59 0.95
Fe-oxide-coated zeolite 3.1 2.79 0.91 3.1 2.95 0.95
MA-zeolite 10 9.72 0.99 10 10.29 0.99
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iron(II), manganese(II), and arsenic(III) from the water. The 
BET surface area and SEM and FTIR analyses confirm the 
characteristics of the graft polymerized zeolite, which had 
a high removal efficiency for iron, manganese, and arsenic 
from aqueous solution. The graft polymerization resulted in 
a negative charge on the surface that improved the efficiency 
of heavy metal adsorption. Because arsenic was removed by 
conventional arsenic adsorption mechanisms, further work 
on this method is needed. 
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