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a b s t r a c t
Polymerized mesoporous nature zeolites (pMNZ) were simply prepared by acid treatment and 
polymerization of metallic acid, which evaluated as adsorbents for the removal of cationic/anionic 
heavy metals from aqueous solutions. The effects of treatment time and different acids during 
synthesis on the pore structure of the mesoporous nature zeolites (MNZ) were studied, and the 
pMNZ samples were characterized by nitrogen full isotherms, X-ray fluorescence analysis, and 
Fourier-transform infrared spectroscopy. The MNZ prepared using hydrochloric acid had higher 
mesopore volume and surface area. The Brunauer–Emmett–Teller analysis showed that the surface 
area of MNZ is 82 m2 g–1 greater than that of natural zeolite that is 39 m2 g–1. We investigated the 
adsorption ability of pMNZ for metal ions (Cu(II), Mn(II), and As(V)) and evaluated the influence 
of pH. The removal efficiencies of pMNZ for Cu(II), Mn(II), As(V) were 44%, 51%, 99% and qe were 
0.88, 0.75, 0.04, respectively. In addition, the adsorption kinetics were evaluated using pseudo- first-
order and pseudo-second-order models. The internal and external diffusion models were stud-
ied to explain the adsorption process in pMNZ. The adsorption capacity resulted that the pMNZ 
could eliminate the anionic, cationic metal ions from aqueous solution at a pH range of 6–10 and 
different kinetics were examined to explain the adsorption process.

Keywords:  Grafting polymerization; Mesoporous natural zeolite; Water treatment; Toxic pollutants; 
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1. Introduction

Abnormalities frequently occur in which toxic contami-
nants are generated in major water systems due to increas-
ing temperatures and environmental pollution caused 
by global climate change. Importantly, continuous expo-
sure to metals and metalloids (Cd, Mn, Hg, Cu, and As) 
is harmful to human beings, animals, and plants [1–4]. In 
addition, consumer’s expectations for high-quality drinking 
water are increasing, and thus drinking water is becoming 
more thoroughly monitored by stricter inspection.

Extensive research on water purification methods 
such as micro-filtration, ultra-filtration, nano-filtration, 

adsorption (activated carbon), and ion-exchange mem-
branes [5–8] has been performed. However, there remains 
a need for new treatment processes that can overcome the 
limitations of existing methods. To overcome these limita-
tions, various nanomaterials have been modified to develop 
adsorbents with high functionality and selectivity, and 
new adsorbent materials have been developed, such as 
ion-exchange resins, mesoporous materials, and graphene. 
Among these new adsorbents, mesoporous-based materials 
have been applied in various applications [9] due to their 
high surface areas and pore structures.
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Natural zeolites are crystalline aluminosilicates con-
sisting of a skeleton of tetrahedral molecules and have 
unique activities, low costs, and adsorption capacities for 
heavy metals, nitrates, phosphates, and organic pollutants 
in wastewater [10,11]. However, the micropores of zeolites 
cause issues regarding restricted transport due to diffu-
sional limitations. The mesopores created in natural zeo-
lites enhance the diffusion rate by improving the access of 
substrates to micropores and shortening the diffusion path 
length [12]. The economical and simple methods for the 
generation and growth of pores in natural zeolite have been 
reported by some workers.

For example, Ates et al. [13] studied the effect of alkali 
treatment on the characteristics of natural zeolites and 
showed that the method increased the mesostructures, sur-
face area, and adsorption capacity for Mn2+ (164.5 mg g–1). 
Wang et al. [14] reported a basic treatment in natural 
clinoptilolite for the improvement of zeolite physicochemi-
cal properties, and Burris and Juenger [15] studied the effect 
of acid treatment on the reactivity of natural zeolites used as 
supplementary cementitious materials.

The polymerization of zeolite has gained interest on 
account of the low costs, high stability, and affinity towards 
the target metals. Mainly, various polymers with zeolites 
and mesoporous materials have been investigated as adsor-
bents for the removal of heavy metals [16]. Roque et al. [17] 
reported pyrrole oligomerization within zeolite channels, 
and Shin et al. [18] reported the structure of poly (ethylene 
terephthalate)/A-zeolite nanocomposites [18].

Herein, we present a simple process to synthesize micro/
mesoporous natural zeolite (mesoporous ratio > 50%) via 
desilication/dealumination with HCl of natural zeolite, 
polymerized zeolite with methacrylic acid and applied the 
polymerized zeolite as an adsorbent. The mesoporous nature 
zeolites (MNZ) were characterized by nitrogen full isotherms 
and X-ray fluorescence (XRF) analysis, and the polymerized 
mesoporous nature zeolites with poly(methacrylic acid) 
(pMNZ) were characterized by Fourier-transform infrared 
spectroscopy. The removal capacity of pMNZ for Cu(II), 
Mn(II), and As(V) from wastewater was also studied. This 
work demonstrates a material with significant potential for 
the removal of both anionic and cationic metals from water.

2. Materials and methods

2.1. Chemicals

Natural zeolite (clinoptilolite, Si/Al = 4, size: 3 mm) in 
gravel form was purchased from Geumnong Industrial 
at Korea. Hydrochloric acid (HCl) was purchased from 
Samchun Chemical (Korea) and used without purification. 
Sodium hydroxide (NaOH, 0.1 M) and ammonium chloride 
were purchased from Sigma-Aldrich (USA).

The reagents used for the iron-oxide coating and poly-
merization of zeolite were purchased from Sigma-Aldrich 
(USA), and methacrylic acid (MA), sodium persulfate 
(Na2S2O8), and sodium metabisulfite (Na2S2O5) were used 
without further purification. Mn(II)·SO4 and Cu(II) Cl2 
were obtained from Samchun Chemical (Korea), and arse-
nate (As(V)) was prepared from sodium arsenate dibasic 
heptahydrate (Sigma-Aldrich, USA).

2.2. Syntheses

To prepare MNZ, the natural zeolite was washed and 
dried at 105°C for 1 d before use. Then, 5 g of the natu-
ral zeolite was added to 6 mL of hydrochloric acid and 
mixed for 180 min at 90°C. Subsequently, the zeolite was 
washed with distilled water, and the remaining material 
was dried at 105°C for 2 h to yield the MNZ. For iron- oxide 
coating, 20 g of MNZ was added to a 500 mL aqueous 
solution of 20% FeCl3 (≥99.99%) and mixed for 60 min at 
150°C. Subsequently, the water was removed using a vac-
uum distiller. The material was calcined at 250°C for 2 h to 
produce iron-oxide MNZ.

To synthesize pMNZ, MA (5 mL, 99%) was added to 
95 mL of deionized water in a beaker. Then, initiators were 
added (weight ratio S2O5/S2O8 = 0.6), and the MA, initiators, 
and iron-oxide MNZ (5 g) were mixed at room tempera-
ture. After 30 min, the product was washed with deionized 
water, and the obtained sample was denoted as pMNZ. 
An illustration of the pMNZ is shown in Fig. 1.

2.3. Batch sorption studies

Batch sorption experiments were performed on the adsor-
bent with 50 mL of metal solutions containing Mn(II), Cu(II), 
and As(V) at room temperature. Metal solutions were pre-
pared to dissolve an accurate amount of metal salts. And pH 
was adjusted by the drop-wise addition of 0.1 N of HCl and 
NaOH solutions. Adsorbent (0.5 g) was mixed with the metal 
solution (50 mL), and samples were obtained at different time 
intervals. The concentrations of the manganese and copper 
solutions were analyzed by UV/vis spectroscopy (Hach, DR 
5000, USA) using standard methods (Mn: periodate oxida-
tion method, Cu: method 8506 (CuVer 1)) for examining the 
water. The concentration of arsenic was determined by induc-
tively coupled plasma measurements (ICP, VARIAN 730ES, 
Australia). The qe was calculated by the following equation:

q
V C C

we
t=

−( )0  (1)

where qe is adsorbed amount at time t (mg g–1), C0 is the ini-
tial concentration (mg L–1), Ct is the liquid concentration at 
time t (mg L–1), V is the volume of the solution (L), and w 
is the weight of the adsorbent (g).

2.4. Analysis methods

Nitrogen (N2) full isotherms were measured at 77 K by 
an ASAP 2020 analyzer (Micromeritics, USA). The surface 
area of the sample was calculated using the Brunauer–
Emmett–Teller (BET) method, and the pore size distribu-
tion was determined using the non-local density functional 
theory method (NLDFT). The organic functional groups 
were characterized by attenuated total reflection–Fourier-
transform infrared spectroscopy (ATR–FTIR; Nicolet 
spectrophotometer 5700, Thermo Scientific, MA) with 
a ZnSe crystal at an incident angle of 45°. The elemental 
compositions of the samples were determined by X-ray 
fluorescence spectrometry (XRF, S4 PIONEER, Germany) 
at the National Instrumentation Center for Environmental 
Management (NICEM) at Seoul National University.
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3. Results and discussion

3.1. Characterization of pMNZ

The pMNZ was prepared by treatment with hydro-
chloric acid, iron-oxide coating, and polymerization with 
MA, and the material was analyzed by N2 adsorption–
desorption isotherms, XRF, and ATR–FTIR spectroscopy. 
Nitrogen full isotherms were collected to determine the 
differences between the surface areas of the natural zeo-
lite (NZ) and MNZ. The nitrogen adsorption isotherms for 
the treated NZ samples prepared under different synthesis 
conditions are shown in Fig. 2 and Table 1.

The isotherms of MNZ-1 and MNZ-3 are typical IV 
type isotherms indicating mesopore sorption behavior. 
All isotherms clearly indicate a steep condensation step at 
P/P0 = 0.4–0.6. The broader hysteresis loop and H4 hysteresis 

type of MNZ-3 suggest slit-like pores, irregular shapes, 
and broad size distribution of mesopores. Furthermore, 
the surface area (Table 1) of most samples increased upon 
acid treatment of the natural zeolite because the acid treat-
ment causes dealumination and desilication. The samples 
were sensitive to the effects of treatment time and acid type. 
The surface area of MNZ-3 is lower than that of MNZ-2, 
but the ratio of the mesopore volume of MNZ-3 (Table 1) 
is the highest among the samples (mesoporous ratio > 50%). 
The results show that mesopores were formed via decom-
position of the natural zeolite by strong acid (HCl) for 
3 h. When the processing time exceeded 6 h, the existing 
pores collapsed, resulting in irregular macropore volumes.

The elemental compositions and amount of iron oxide 
were identified by XRF analysis and are presented as 
the percentage of each element’s highest oxidation state 

Fig. 1. Schematic diagram of polymerized mesoporous natural zeolite.

Fig. 2. The N2 adsorption–desorption isotherms of the samples with different kinds of acid and reaction times.
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(Table 2). The iron percentage in MNZ was 5.6%. The higher 
amount of Fe2O3 in iron oxide MNZ than in NZ indicated 
that iron oxide was successfully doped onto the MNZ. 
The minor amounts of other elements from natural zeolite 
also contained (Ru, Mn, Sr, Cu, and so on).

The ATR–FTIR analysis results of NZ, MNZ, and pMNZ 
are illustrated in Fig. 3. The spectra were recorded in two 
regions: 4,000–1,280 cm–1, where the ~3,400 cm–1 band rep-
resents –OH, which was reduced in intensity due to desili-
cation and delamination after hydrochloric acid treatment; 
and 1,280–700 cm–1, where the band at 1,000 cm–1 is charac-
teristic of zeolite. This band shifted from 1,000 to 1,033 cm–1 
due to desilication and delamination (Figs. 3a and 3b). 
Fig. 3c shows the significantly different results obtained 
from MNZ-3, indicating the formation of carboxylic acid 
bonds and the presence of certain functional groups on 
the iron-oxide-coated zeolite surface after modification. 
The bands at 1,696 and 3,201 cm–1 correspond to –C=O and 
–OH group stretching vibrations, and the bands at 1,640 
and 1,387 cm–1 are assigned to the γs(COO–) and asymmet-
ric γas(COO–) modes, respectively [19,20]. In addition, the 
peak at 1,486 cm–1 is assigned to δ(–CH2).

3.2. Adsorption of Cu(II), Mn(II) and As(V)

Fig. 4 exhibits the adsorption trend of the pMNZ 
depending on the initial pH. The pollutant solution (50 mL, 
4 ppm Mn C0, 2 ppm Cu C0) was mixed with the adsorbent 
(0.5 g pMNZ, 100 rpm). The Mn(II) concentration of the 
solution with pMNZ adsorbent changed from 4 to approx-
imately 1.7 mg L–1 over 4 h. Thus, the maximum removal 
percentage toward Mn(II) of pMNZ (4 h) was 57.5%, which 
is a charged solute at pH 9. In addition, the maximum 
removal percentage toward Cu(II) of pMNZ was 44.0% at 
pH 9. This indicated that the cationic heavy metal adsorp-
tion ability of pMNZ is pH-dependent. Below pH 7, car-
boxyl groups are not charged because they are protonated, 

and the coated iron ions on pMNZ are positively charged. 
When the adsorption of Cu(II) and Mn(II) is carried out at 
pH 7 or less, the adsorbent and adsorbate are both posi-
tively charged, and thus the adsorption does not proceed. 
Above pH 7, both the functional groups and coated iron 
ions are anionic, which facilitates the adsorption of cat-
ionic heavy metals. pMNZ has a similar affinity for Mn(II) 
ions compared to Cu(II) ions. However, as the surface of 
the pMNZ becomes negatively charged, the active sites 
showed a greater affinity for Mn(II) ions.

The adsorption of Cu(II), Mn(II), and As(V) was tested 
using the NZ and pMNZ at room temperature and a con-
tact time of 240 min at initial Cu(II), Mn(II), and As(V) 
concentrations of 4, 2, and 0.03 mg L–1, respectively (Fig. 5). 
Experiments were carried out to investigate the influence 
of the mesoporous ratio on metal adsorption. As shown 
in Fig. 5, the removal efficiencies of NZ, pMNZ for Cu(II) 
were 36%, 44%, and qe of NZ, pMNZ were 0.72, 0.88, 
respectively. And the removal efficiencies of NZ, pMNZ 
for Mn(II) were 25%, 51% and qe of NZ, pMNZ were 0.42, 
0.75, respectively. The carboxylic acid groups and mesopo-
rosity of the pMNZ increased the adsorption capacity for 
Mn(II), Cu(II). The highest removal ratio was 99% for As(V) 
and qe was 0.04, which is a charged solute at pH 7; As(V) is 
negatively charged in the pH range between 4 and 10.

The large surface area of pMNZ allows for the genera-
tion of more active sorption sites for the modification of iron 
oxides. Furthermore, the adsorption efficiency is improved 
by coating iron oxide on the high-surface-area pMNZ, 
which acts as a cation exchange resin.

3.3. Adsorption kinetics

To compare the adsorption rate and completion time 
of the adsorbent, a kinetic experiment was conducted, and 
the C/C0 results with time are shown in Fig. 6. In order to 
identify an effective kinetic model for the adsorption process, 

Table 1
Textural properties of the samples prepared with a different kind of acid and reaction times

BET surface 
area

Total pore 
volume

DFT pore 
volume (<2 nm)

DFT pore volume 
(2–50 nm)

DFT pore 
volume (50 nm)

Mesopore 
volume ratio (%)

m2 g–1 cm3 g–1 cm3 g–1 cm3 g–1 cm3 g–1

NZ 39 0.052 0.011 0.017 0.024 32
MNZ-1 (HNO3, 6N, 3 h) 49 0.049 0.017 0.010 0.022 20
MNZ-2 (HNO3, 6N, 6 h) 87 0.083 0.018 0.017 0.048 20
MNZ-3 (HCl, 6N, 3 h) 82 0.080 0.024 0.041 0.015 51.25
MNZ-4 (HCl, 6N, 6 h) 81 0.076 0.018 0.010 0.048 13.15

Table 2
Chemical analysis of natural zeolite (NZ) and iron modified zeolite (iron oxide MNZ)

Constituent (wt.%) Al2O3 SiO2 CaO MgO Fe2O3 LOIa

NZ 10.3 45.7 2.39 0.88 1.8 33.3
Iron oxide MNZ 8.42 45.6 1.2 0.61 5.6 33.3

aLoss on ignition
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Fig. 3. ATR–FTIR spectra for the natural zeolite (NZ), MNZ-3, and pMNZ.
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an understanding of calculations for typical kinetic models is 
required. The kinetic models for this analysis included pseudo- 
first-order (PFO) and pseudo-second-order (PSO) models 
[21]. Based on the results in Fig. 5, the PFO and PSO models 
were fitted to the adsorption isotherms, and the adsorption 
constants obtained from the isotherms are given in Table 3.

The PFO equation is one of the most common for model-
ing the sorption of solutes from aqueous solutions:

dq
dt

K q qe t= −( )ad  ,  (2)

where Kad is the reaction rate constant, qe is the adsorbed 
amount at equilibrium (mg g–1), qt is the adsorbed amount 
at reaction time t (mg g–1), and t is time (min). The above 
equation can be re-expressed as follows:

ln lnq q q K te t e− =( ) − 1  (3)

The PSO kinetics is based on the adsorption equilibrium 
capacity of the solid phase and are described as below:

dq
dt

K q qe t= −( )2

2
  (4)

where K2 is the reaction rate constant.
The calculated adsorption rates using the PFO and PSO 

kinetic models shown in Fig. 6 indicate that the adsorption 
rates of pMNZ are high regardless of the metal type. From 
the data in Table 3, the calculated qe value for the PSO model 
is similar to the experimental value with a high correlation 
coefficient. The PSO model of pMNZ did provide a good 
fit for the experimental data as can be seen from the high 
regression (R2) values of 0.99 and 0.98 for Mn(II) and Cu(II) 
ions, respectively [22,23]. Thus, the kinetics of the adsorp-
tion of Mn(II) and Cu(II) onto pMNZ can be explained 
adequately by the PSO kinetic model.

3.4. External and internal diffusion models

The removal rate of adsorbate is determined by the 
mass transfer rate, and the diffusion path of an adsorbate 
can be classified as external diffusion or internal diffusion. 

Fig. 4. Effect of pH on Cu(II) and Mn(II) removal using pMNZ.
Fig. 5. Comparison of removal ratio (%) of heavy metal ions by 
NZ and pMNZ.

Fig. 6. (a) Pseudo-first-order and (b) pseudo-second-order kinetic fits of Mn(II), Cu(II) by pMNZ. [TS: Kindly label the parts as (a) 
and (b)]
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The external diffusion model, also known as the film diffu-
sion model, was suggested by Spahn and Schlünder and is 
defined as follows [24]:

v dC
dt

k A C Cs s= − −( )   (5)

which can be applied by modifying to

− =ln C
C

k A
V
ts

0

 (6)

where ks is the mass transfer coefficient (m2 s–1), C is the 
concentration of adsorbate in solution (mg L–1), Cs is the 
adsorbate concentration at the surface of the adsorbent 
(mg g–1), A is the surface area of the adsorbent (m2), v is 
the volume of the solution, and t is time (s).

The adsorption rate of Mn(II) to pMNZ is faster than to 
NZ because the mesoporosity increases the material trans-
fer speed; the material is also more reactive to cationic heavy 
metals.

The internal diffusion model was proposed by Weber 
and Morris [25] and is defined as follows:

q C k tt = + id
1 2/ ,  (7)

where qt is the adsorption rate (mg g–1) at time t, kid is the 
diffusion rate in the pores, t is time (min), and C is related 
to the thickness of the boundary layer. The results of the 
adsorption test were applied to the internal diffusion 
model (Fig. 7). The internal diffusion rate was lower than 
the external diffusion rate, and because pMNZ also devel-
oped internal pores, contaminants were constantly removed 
during the experiment. Thus, the internal diffusion rate 
varied minimally during the experimental period.

4. Conclusions

The purpose of this study was to investigate the 
charac teristic of adsorption on pMNZ and evaluate the 
removal efficiency of heavy metals through batch tests. 
The adsorption results were analyzed using the PFO and 
PSO models to evaluate the kinetic properties of the pMNZ. 
The carboxylic acid groups and mesoporosity of the pMNZ 
increased its adsorption capacity for Mn(II), Cu(II), and 
As(V). The pMNZ showed promising potential for the 
removal of both anionic and cationic metals from water and 
can be further tested at a pilot scale.

Table 3
Correlation coefficients between measured and predicted data

Metal qe (exp.) 
(mg g–1)

First-order Second-order

Kad (h–1) qe (theor.) R2 K2 (g mg–1 h–1) qe (theor.) R2

Mn2+ 1.9 0.47 1.7 0.94 0.98 2.18 0.99
Cu2+ 0.64 0.85 0.6 0.97 2.4 0.841 0.98

Table 4
Parameters of the internal and external diffusion model for 
adsorption of Mn2+ onto the natural zeolite (NZ) and polymer-
ized mesoporous natural zeolite (pMNZ)

Methods Adsorbent ks × 10–7 R2

External diffusion NZ 0.12 0.99
pMNZ 0.60 0.96

kid R2

Internal diffusion NZ 0.069 0.88
pMNZ 0.119 0.99

(a)

(b)

Fig. 7. Plot of (a) external and (b) internal diffusion model for 
adsorption of Mn(II) onto the natural zeolite (NZ) and meso-nat-
ural zeolite (pMNZ). 
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Symbols

A — Adsorbent surface area, m2

C0 — Initial concentration, mg L–1

Cs —  Adsorbate concentration at adsorbent surface, 
mg L–1

Ct — Concentration at time t, mg L–1

K2 — PSO rate constant
Kad — PFO rate constant
kid — Pore diffusion rate
ks — Mass transfer coefficient, m2 s–1

qe — Adsorbed amount at equilibrium, mg g–1

qt — Adsorbed amount at time t, mg g–1

V — Sample volume, L
w — Adsorbent weight, g
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