
Veyis Karakoç1* , Hatice Bektaş2 , Deniz Türkmen3  and Adil Denizli3

1Vocational School of Health Services, Çankırı Karatekin University, Çankırı, Turkey.
2Department of Environmental Engineering, Hacettepe University, Ankara, Turkey.
3Department of Chemistry, Hacettepe University, Ankara, Turkey.

Ö Z

Bu çalışmanın amacı içme sularında ve özellikle yüzey sularında en yaygınarsenik türü olan As(V) iyonlarını seçimli olarak 
uzaklaştırılmasıdır. Bu amaçla moleküler baskılama tekniği kullanılarak süpermakro-gözenekli polimerik kriyojel kolonu 

hazırlandı. Arseniğin sülfidril (–SH) fonksiyonel gruplarına olan yüksek afinitesi nedeni ile fonksiyonel monomer olarak MAC 
seçildi. MAC monomeri sistein aminoasidinden sentezlendi. HEMAbazlı sentezlenen Poli(HEMA-MAC) kriyojeli fizikokimyasal 
özellikleri SEM yüzey alanı, şişme ve FTIR ile karakterize edildi. Sulardan adsorpsiyon çalışmaları sürekli sistemde gerçekleş-
tirildi. Sentezlenen poli(HEMA-MAC)kriyojelinin sulardan As(V) iyonunu giderimi için optimum koşullar belirlemek adına pH, 
akış hızı, sıcaklık, başlangıç iyon konsantrasyonu,  etkileşim zamanı gibi farklı parametreler çalışıldı. Poli(HEMA-MAC) kriyo-
jelinin maksimum As(V) giderimi pH: 5.0’da ve 15ppm derişimde 189.4µg/g polimer olarak gerçekleşti. Seçicilik çalışmaları-
PO4

3-, SO4
2- ve NO3- iyonlarının varlığında yapıldı. Seçicilik deneylerinden elde edilen bağıl k değerlerine göre As IIP kriyojeli 

NIP cryogel'e göre, As(V) iyonunaPO4
3-iyonundan 1,52 kat, SO4

2- iyonu için 2,61 kat ve NO3- iyonu için 1,53 kat daha fazla 
seçicilik göstermektedir. Teorik hesaplamalardan As(V) adsorpsiyonunun Langmuir izotermine uygun olduğu ve adsorpsiyon 
sürecinin yalancı ikinci derece kinetiğe uyduğu bulunmuştur.

Anahtar Kelimeler
Arsenik giderimi, kriyojel, İyon Baskılama, adsorpsiyon, sistein.

A B S T R A C T

The aim of this study is the selective removal of As(V) ions, the most abundant form of arsenic in drinking water and espe-
cially in surface water. For this purpose, a super macroporous polymeric cryogel column was prepared by molecular imp-

rinting technique. Due to the high affinity of arsenic to sulfhydryl (-SH) functional groups, MAC was chosen as the functional 
monomer. The MAC monomer was synthesized from the amino acid cysteine as a functional monomer. The physicochemical 
properties of the HEMA-based synthesized poly(HEMA-MAC) cryogel were determined by Fourier transform infrared spect-
rophotometer (FTIR), scanning electron microscopy (SEM), surface area measurement, elemental analysis and swelling test. 
Adsorption studies of water were carried out in a continuous flow system. In order to determine the optimum conditions 
for removal of As(V) ions from water, different parameters such as pH, flow rate, temperature, initial ion concentration and 
contact time were studied. The maximum As(V) removal of poly(HEMA-MAC) cryogel was 189.4µg/g polymer at pH 5.0 and 
15ppm concentration. Selectivity studies were performed in the presence of PO4

3-, SO4
2-, and NO3- ions. According to the 

relative k values obtained from the selectivity experiments, the As IIP cryogel exhibits 1.52 times higher selectivity for As(V) 
ion than PO4

3- ion, 2.61 times higher selectivity for SO4
2- ion and 1.53 times higher selectivity for NO3- ion than NIP cryogel. 

From theoretical calculations, it was found that As(V) adsorption fit Langmuir isotherm and the adsorption process obeyed 
pseudo-second order kinetics.
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INTRODUCTION

The concentration of arsenic in surface waters and 
groundwater is increasing due to human and anthro-

pogenic reasons day by day. According to the World He-
alth Organization (WHO) and International Agency for 
Research on Cancer (IARC), Arsenic is one of the most 
toxic heavy metals found in water [1,2].  In 1993, WHO 
reduced the maximum acceptable value of arsenic in 
water from 50ppb to 10ppb due to the negative effects 
of arsenic on human health [3,4].

 Arsenic pollution is the most common heavy metal pol-
lution on earth. Water with high levels of arsenic con-
tamination has been reported in many countries [1-4]. 
Particularly India and Bangladesh are among the top co-
untries that has regions with high populations exposed 
to arsenic-contaminated waters. Long-term exposure 
to arsenic causes many diseases such as cardiovascular 
diseases, diabetes, nervous system diseases, anorexia 
and vomiting, hyperpigmentation, hypopigmentation, 
keratosis, arsenicosis, black foot disease and cancer 
[1,5].

Arsenic can be found in water in different oxidation sta-
tes such as (3-), (0), (3+) and (5+) depending on the redox 
potential of the water and its pH. The most toxic form 
of arsenic is the 3+ form. While trivalent form of arsenic 
(arsenite, As(III)) is commonly found in the groundwater, 
pentavalent form of arsenic (arsenate, As(V)) is mostly 
found in drinking water and surface waters [6,7]. In re-
moving arsenic from drinking water, studies have been 
carried out to remove the As (V), which is charged in a 
wide pH range. In large-scale arsenic removal systems 
in cities, arsenic species in water are converted to the 
5+ form, which can be more easily removed, by adding 
oxidizing agents such as ozone [8,9].

Various methods such as coagulation, filtration, oxida-
tion, ion exchange and adsorption are used to remove 
arsenic from water [10-16]. When determining which 
arsenic removal method(s) to use, issues such as the 
amount of water to be treated, flow rate, and cost of 
the method are taken into consideration. Each of these 
methods, which are very different from each other, has 
advantages as well as disadvantages. According to the 
World Health Organization, the adsorption method is 
the most applicable method because it is cheap, usable 
and harmless [17].

Adsorption is the most common method used in arse-
nic removal. The adsorption method is mostly used in 
small-scale treatment processes. Compared to other 
methods, the adsorption method stands out with its 
features such as being simple, low-cost, effective, easy-
to-use, efficient and recyclable [17-20].

Cryogels are new generation polymeric adsorbents 
with macropores. They have high surface areas due to 
their spongy structure. Due to these features, they al-
low even viscous liquids to pass easily. They can swell in 
water and can easily hold water approximately 10 times 
their dry weight [21,22]. Cryogels can be synthesized 
in different forms such as membrane or column forms 
by adding an initiator to the water monomer mixture 
and keeping it at -20 C for 24 hours. The polymerization 
process continues while the water phase forming the 
micro-phase crystallizes at low temperature and crea-
tes pores in the structure. At the end of the process, the 
porous structure is obtained by melting and removing 
the water phase in the ice-polymer mixture left at room 
temperature. In addition to being frequently preferred 
in separation and purification processes, cryogels have 
also attracted the attention of researchers in tissue 
engineering, drug delivery systems and biotechnology 
[23-30].

Molecular imprinting technique is a technique used to 
synthesize polymeric matrices used in processes requ-
iring high recognition ability [31,32]. In this technique, 
surfaces that recognize the target molecule are crea-
ted by the polymerization process in the presence of 
the target analyte and monomer mixture in the same 
medium. Therefore, the target analyte is trapped inside 
the polymeric structure. After polymerization, the tar-
get analyte is removed from the polymeric structure by 
using appropriate desorbing agents. By removing the 
analyte from the polymeric structure, analyte-specific 
3D cavities are obtained in the structure. Adsorption 
occurs by these cavities formed on the surface of the 
polymer, which recognize the target analyte using weak 
secondary interactions such as electrostatic, hydropho-
bic or hydrogen bonds [33]. Polymers prepared using 
the molecular imprinting technique are used in cell 
and sensor applications, drug development and release 
systems, as well as separation and purification [34-36].

In this study, cryogels with –SH groups on their surfaces 
were prepared using the ion imprinting technique to re-
move As(V) ions, the most common species of arsenic in 
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drinking water. Arsenic has a high affinity for sulfur and 
forms complexes with –SH molecules of enzymes and 
proteins in biological systems [37-41]. For these reasons, 
MAC monomer was first synthesized from the cystei-
ne amino acid. Then, in order to use the ion imprinting 
technique, the MAC-As complex was formed and poly-
merization was performed. The use of –SH-containing 
monomer in polymerization eliminates the subsequent 
ligand immobilization step and prevents ligand leakage. 
Studies were carried out to determine the As(V) remo-
val performance from aqueus solutions of synthesized 
As-IIP polymeric cryogels.

MATERIALS and METHODS

Materials
The main ingredients for the preparation of MAC mo-
nomer and As IIP cryogel were methacryloyl chloride 
and L-cysteine hydrochloride, 2-hydroxyethyl met-
hacrylate (HEMA), ethylene glycol dimethacrylate 
(EGDMA), ammonium persulfate (APS) and N,N,N,N-
tetramethyldiamine (TEMED) was obtained from Sigma 
(Sigma Chemical Co., USA) and stored at 4°C until use. 
Na2HAsO4.7H2O arsenic salts were respectively used as 
the source of As(V) ions determined as target ions, and 
they were purchased from Merck (MERCK Co., Darm-
stadt, Germany). Other chemicals used in the study 
were of analytical purity and were obtained from Merck 
(Darmstadt, Germany). Water used in experiments was 
purified using a reverse osmosis Barnstead (Dubuque, 
IA) ROpure LP® unit with a high-flux cellulose acetate 
membrane (Barnstead D2731) followed by a Barnstead 
D3804 NANOpure® organic/colloid removal unit and an 
ion exchange packed column system. The conductivity 
of the resulting deionized water is 18.2 MΩ/cm. The 
glass materials used in the experiments were cleaned 
by soaking them in 4M nitric acid overnight.

Experimental Methods

Synthesis of N-Methacryloyl-(L)-Cysteine (MAC) 
Monomer
MAC was chosen as the functional monomer for the 
preparation of As-IIP cryogel. The following method was 
applied [42] for the synthesis of MAC; 5.0 g L-cysteine 
and 0.2 g hydroquinone were mixed in 100 mL dichloro-
methane solution. This solution was cooled to 0°C and 
12.7 g of triethylamine was added to the solution. 5.0 
mL of methacryloyl chloride was slowly added to this 
solution and then magnetically stirred at room tempe-

rature for 2 hours. At the end of the chemical reacti-
on period, hydroquinone and unreacted methacryloyl 
chloride were extracted with 10% NaOH solution. The 
liquid phase was evaporated in a rotary evaporator. 
MAC was crystallized in ether-cyclohexane mixture and 
then dissolved in ethyl alcohol.

Preparation of MAC-As Complex
In the first step of the preparation of the MAC-As pre-
complex, the functional MAC monomer synthesized was 
complexed with As(V) ions at a ratio of 1/3 mole (As/
MAC). Sodium arsenate (Na2HAsO4.7H2O) salts were 
used to form MAC-As complex. To prepare MAC-As 
complexes, 1.0 mmol sodium arsenate (Na2HAsO4.7H2O) 
(0.312g) was dissolved in 15 mL of ethanol/water solu-
tion. Then, 2.0 mmol of solid MAC (0.380 g) was added 
slowly to these mixtures and stirred continuously for 3 
hours at room temperature. Then, the formed metal-
monomer complexes were precipitated, filtered, was-
hed with 99% ethanol (250 ml) solution and dried in a 
vacuum oven at 30°C for 24 hours. In this way, MAC-As 
complexes were prepared.

Preparation of As-IIP Supermacroporous Cryogel
Supermacroporous cryogel is prepared by the free radi-
cal polymerization method as follows[43]; First, 1.3 mL 
of HEMA monomer and 20 mg of MAC-As complex are 
dissolved in 5 mL of deionized water. Then, the second 
solution is created by dissolving 0.283 g of MBAAm in 
10 mL of deionized water. After the dissolution proces-
ses, these two solutions are mixed. Supermacroporous 
cryogels are mixed for 1 minute by adding 25 µL TEMED 
and 20 mg APS (1%, w/v), and the solutions are imme-
diately poured into 5 mL plastic syringes with closed 
bottoms and left to polymerize by freezing at -18oC for 
24 hours. The frozen polymer ice mixture is brought to 
room temperature and the ice is melted, thus super-
macroporous As-IIP cryogel is obtained. The prepared 
cryogel is washed with 200 mL water/ethanol, then ar-
senic ions are removed from the cryogel with 50 mM 
EDTA (pH 4.0) solution. Thus, cavities specific to As(V) 
ions are obtained. Non-As imprinted (NIP) cryogel was 
prepared under the same conditions without adding 
As(V)ions to the polymerization medium. The synthe-
sized supermacroporous cryogels are stored in 0.02% 
sodium azide (NaN3) solution at +4°C until use. 
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Characterization Studies

Investigation of Swelling Properties of Cryogels
The swelling properties of cryogels were examined 
using at least 3 identical cryogels samples. To determi-
ne the cryogel equilibrium swelling ratio, the dry cryo-
gel sample was weighed with an accuracy of ±0.0001 
and placed in a container containing 50 ml of pure wa-
ter. The container was kept in a water bath at constant 
temperature (25 ± 0.5°C) for 24 hours. The same cryo-
gel sample was taken from water, and the excess water 
on its surface was gently removed with the help of filter 
paper and weighed. The weight of dry and wet cryogel 
was recorded separately and the water content was cal-
culated with the help of Equation 1.

Equilibrium swelling ratio (%) = [(MS-MD)/MS] x 100          (1)

MS and MDrefer to the swollen and dry weights (g) of 
the cryogel, respectively.    

Structure Analysis with FTIR
FTIR structure analyzes of MAC monomer and As-MAC 
complexes, As -IIP cryogels were examined using FTIR 
8000 Series, Shimadzu brand spectroscopy device (FTIR 
8000 Series, Shimadzu, Shimadzu Corp., Japan). Before 
analysis, monomer and polymer samples were dried in 
a vacuum oven for 24 hours. FTIR spectra of the prepa-
red samples were taken in the wave number range of 
4000-400 cm -1.

Surface Morphology Analysıs
The surface and internal section structural analysis of 
the synthesized cryogels were examined by scanning 
electron microscopy (SEM). For this purpose, cryogel 
polymer sections were attached to the aluminum plate 
with a conductive adhesive. Then, the sample surfaces 
were made conductive by coating them with 20Å thick 
metallic gold under vacuum. The prepared samples 
were placed in the SEM sample holder and photographs 
were taken at various magnifications (Carl Zeiss Micros-
coy GmbH 73447 Oberkochen Germany).

Surface Area Measurements
The pore volume and average pore diameter of As-IIP 
and NIP cryogels were determined by mercury poro-
simetry (Carlo Erba Model 200, Italy). For this, firstly, 
the cryogels, which were kept in ionized water, were 
swollen and then frozen at -20°C and dehydrated in the 
lyophilizer. Specific surface areas of dry samples were 
determined by the multi-point BET method.

Elemental Analysis
Elemental analysis was performed to determine the 
amount of MAC in the synthesized As-IIP cryogels. 1 
mg of cryogel was placed in the aluminum cell of the 
elemental analyzer (Leco, CHNS-932, USA) and weighed 
with an accuracy of ±0.0001 g. The weighed cryogel 
sample was placed in the device, and as a result of the 
burning process, the carbon (C), hydrogen (H), oxygen 
(O), nitrogen (N) and sulfur (S) rates of the sample were 
determined as percentage (%).

Adsorption Experiments
As(V) ion solution was continuously pumped into the 
As-IIP, cryogel column using a peristaltic pump. Before 
the experimental studies, the cryogel column was made 
ready for the experiment by passing 50 ml of ionized 
water and conditioning it for 30 minutes. During the ad-
sorption experiments, 50mL As(V) solution was used in 
the continuous system. The effects of initial As(V) con-
centration, flow rate, pH of the medium, temperature 
and adsorption time on the adsorption capacity were 
examined. The effect of pH on adsorption capacity was 
examined between pH 4.0 and 9.0. The effect of initial 
As(V) concentration on adsorption capacity was exami-
ned by varying the As(V) concentration between 0.05-
15 mg/L. The effect of flow rate on adsorption capacity 
was examined at different flow rates ranging from 0.5-
3.0 mL/min. The effect of temperature on adsorption 
capacity was examined between 4.0 and 40°C.

The adsorption amount of As(V) adsorbed to the cryo-
gel was calculated by determining the As(V) concentra-
tions in the solution before and after As-IIP interacted 
with the cryogel (Equation 2).

Q=[(CO-C)V]/m                    (2)

Here, Q is the amount of As(V) ion adsorbed on the 
cryogel unit weight (µg/g); CO ve Crepresent the initi-
al and final As(V) concentrations (µg), respectively; V 
refers to the solution volume (mL) and m refers to the 
weight of As-IIP and NIP cryogel (g).

As(V) concentrations in aqueous solutions were de-
termined by flame atomic absorption spectrophoto-
meter (Analyst 800, Perkin Elmer, USA). Deuterium 
background correction has been made and the spect-
ral slit width is 0.7 nm. Operating current/wavelength 
is 10 mA/193.7 nm. The sensitivity of the device was 
periodically checked with standard As(V) solution. The 
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experiments were repeated at least three times. The 
confidence interval was kept at 95%. Standard statisti-
cal methods were applied to calculate mean values and 
standard deviation for each data set. The concentration 
corresponding to the signal that can be differentiated 
from the blank value is the lowest concentration that 
the method can detect. An analytical method appears 
to be more adequate the lower the concentration it can 
detect.

Selectivity Studies
Competitive adsorption experiments were carried out 
to demonstrate the selectivity of the As-IIP cryogel. 
PO4

3-, SO4
2- and NO3

- ions were used as competitive ani-
ons. HAsO4-oxy-anion was added to the competitive 
anion mixtures. In selectivity experiments using As-IIP 
and NIP cryogels, solutions containing anion mixtures 
at 5 ppm (mg/L) concentration (total volume: 100 mL) 
were studied at a flow rate of 1 mL/min for 2 hours. At 
the end of the adsorption period, the concentration of 
anions in the solution was determined by Ion-LC (Dio-
nex Corporation, USA) and HAsO4-oxy-anions were de-
termined by ICP-MS.

The distribution and selectivity coefficients of the 
HAsO4

- oxy-anion relative to the PO4
3-, SO4

2- and NO3
-  

anions, respectively, were determined according to the 
following equation:

Kd = [(Ci – Cf) / Cf]. V/m   (3)

In the equation above, Kd is the distribution coefficient; 
Ci and Cf refer to the initial and final concentrations of 
anions and oxy-anions (mg/L), V refers to the volume 
of solution used (mL), and m refers to the dry weight of 
the cryogel used (g).

The selectivity coefficient for the binding of an oxy-
anion in the presence of competitive anions is obtained 
from the equilibrium binding data according to Equati-
on 4.

k = ktarget/kcompetitor      (4)

The ratio of adsorption studies performed with As-IIP 
to NIP adsorption studies, which is expressed as control, 
allows comments about the relative selectivity coeffici-
ent of As-IIP. The relative selectivity coefficient is exp-
ressed in Equation 5.

k´= kimpirinted/kcontrol    (5)

Figure 1. Continuous flow system experimental setup in which adsorption processes are carried out.
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Desorption and Reusability
50 mM EDTA (pH 4.0) solution was used as a desorp-
tion agent for the desorption of As(V) ions adsorbed 
on the As-IIP cryogel. Before starting the desorption 
process, the As-IIP cryogel was first washed with dei-
onized water to remove impurities and other unbound 
residues and then equilibrated with DI. water for 1 hour. 
Under these conditions, the As-IIP cryogel was desor-
bed with 100 mL of desorption solution for 2 h at room 
temperature. After the desorption process, the cryogel 
to be used again, it was washed with deionized water 
and the As-IIP cryogel was brought into equilibrium 
again by providing adsorption conditions (such as pH, 
temperature). In order to determine the reusability of 
As-IIP cryogel, the adsorption-desorption process was 
repeated at least 10 times using the same cryogel. The 
desorption rate of As-IIP cryogel was calculated using 
Equation 6 from the amount of As(V) adsorbed and de-
sorbed onto the cryogels;

(6)

RESULTS and DISCUSSION

Supermacroporous As(V) Imprinted (As-IIP) Cryogels
(MAC) monomer was chosen as the functional mono-
mer for the selective removal of As(V)ions from water. 
In removing As(V) ions from water, the chelation of 

these ions with the –SH (sulhydryl) group in the MAC 
monomer was used. The advantage of using MAC as 
monomer; unlike other adsorption systems, it elimina-
tes the activation steps for ligand immobilization and 
ligand leakage problems [44]. Figure 2 shows the sche-
matization of the coordination bond formed by As(V) 
ions with sulfur and oxygen atoms in the functional mo-
nomer structure.

Characterization Studies

Structure Analysis with FTIR
For FTIR spectrum analysis of MAC-As complexes, 
complexes formed using 1 mmol As(V) salt and 3 mmol 
MAC monomer were used. Spectra of the prepared 
sample were taken on the FTIR device in the wave num-
ber range of 4600-400 cm-1.

In the FTIR spectrum of MAC monomer, the charac-
teristic carboxylic acid C=O stretching band is at 1747 
cm-1, amide I and amide II absorption bands are at 1674 
cm-1and 1520 cm-1, the weak S-H stretching band is at 
1089 cm-1and 969 cm-1. In the FTIR spectra of As-MAC 
complexes, it is seen that the peak intensities of the 
MAC monomer decrease in the S-H stretching bands at 
1128 cm-1and 967cm-1 due to the formation of coordi-
nated covalent bonds. In addition, it was observed that 
some peaks shifted to the higher frequency region with 
the decrease in electron density due to the complex 
formed in the intensities of other peaks in the MAC mo-
nomer (Figure 3).

Figure 2. Interaction of arsenic atom and cysteine molecules, predicted As-SH complex.
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FTIR spectrum of As-IIP cryogel, there are characteristic 
hydrogen bond of alcohol, O-H and stretch band aro-
und 3354 cm-1, carbonyl band at 1708 cm-1, aliphatic 
C-H band at 2950 cm-1, and amide I and amide II bands 
respectively at 1651 cm-1 and 1538 cm-1.As can be seen 
from the FTIR spectra of the synthesized cryogels, the 
peaks in the polymeric structure are sharper than the 
peaks in the monomer and complex.The presence of 
the peaks at 1162 cm-1and 967 cm-1 belonging to the 
MAC monomer indicates that the MAC monomer has 
successfully entered the polymeric structure.

Surface Imaging with SEM
The surface properties of the synthesized As-IIP cryo-
gels were determined by Scanning Electron Microscope 
(SEM) (Figure 4). These images clearly show that cryo-
gels have a highly porous structure. It is observed that 
the prepared cryogels have a smooth and uniform sur-
face and interconnected macropores. This macroporo-
sity is in the range of 10-100 µm and ensures that the 
flow dynamics of the cryogels are quite smooth.

Figure 3. FTIR spectra of MAC monomer, As-MAC complexes and As-IIP cryogel

Figure 3. FTIR spectra of MAC monomer, As-MAC complexes and As-IIP cryogel
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Examination of Swelling Properties of Cryogel
The equilibrium swelling properties of As-IIP cryogels 
prepared in this study are given in Table 1. Both cryo-
gels were synthesized under the same conditions and 
have similar swelling properties. As-IIP cryogels are 
spongy structures with interconnected macropores. 
This situation ensures that the equilibrium swelling rati-
os are high, as seen in Table 1.

As can be seen from the Table, the swelling behavi-
ors of the imprinted and non-imprinted polymers are 
very close and similar. In addition to the HEMA mono-
mer, the hydrophilicity is also increased with the addi-
tion of the cysteine-containing MAC monomer to the 
polymer backbone, and the swelling rate is increased 
accordingly. The swelling rate in cross-linked gels is lo-
wer than in other gels. As expected, the swelling ratio 
of the arsenic-imprinted polymer is higher than that of 
the non- imprinted polymer, since the surface area of 
the synthesized polymers is larger than that of the non- 
imprinted polymer.

Elemental Analysis
Using elemental analysis and sulfur stoichiometry, the 
% S ratio incorporated into the structure of As-IIP cryo-
gel was measured as 0.33 (Table 2). The amount of MAC 
was calculated as 192.8 µmol/g dry cryogel. It is known 
that HEMA and other polymerization components do 
not contain sulfur and the only source of sulfur in the 
cryogel is the MAC monomer. The amount of sulfur 
determined by elemental analysis originates from the 
MAC groups included in the cryogel structure.

Surface Area Measurements
Surface area and pore size distribution are important 
parameters in molecularly imprinted polymers. These 
properties were measured with nitrogen absorption/
desorption isotherms at liquid nitrogen temperature 
and relative pressures (P/P0) between 0.05 and 1.0. 
Specific surface area, total pore volume and avera-
ge pore diameter for As-IIP and NIP cryogel are given 
in Table 3. The specific surface area of As-IIP and NIP 
cryogels was calculated as 35.6 m2/g and 24.2 m2/g, res-
pectively, by the multi-point BET method (Table 3.). The 
surface area of the As-IIP cryogel increased due to the 
cavities formed after the removal of the template ion 
As(V). It can be seen that the average pore diameter of 
the As-IIP cryogel is 34.7 Å. This shows that the As-IIP 
cryogel consists of mesopores (20-500 Å). The vast ma-
jority of pores are in the range of 25-100 Å, and pores 
up to 1500 Å are present.

As(V) Adsorption from Aqueous Solutions

Effect of pH
Figure 5 shows the adsorption of As-IIP cryogels at dif-
ferent pH values. In experiments investigating the ef-
fect of pH on arsenic adsorption, the pH of the solution 
was adjusted to the desired value by using 0.1 M HNO3 
and 0.1 M NaOH solutions. In this pH range, the maxi-
mum adsorption amount for As-IIP cryogels is 46.3 µg 
As/g dry cryogel at pH 5.0.

Equilibrium swelling ratio(%) Macroporosity(%)

As-IIP 92.5 65.5

NIP 90.5 64.0

Table 1. Swelling behavior of synthesized cryogels.

C % H % N % S %

As-IIP 50.01 7.59 3.21 0.33

Table 2. Elemental analysis results of As-IIP cryogel.

Surface Area (BET)a (m2/g) Total Pore Volumeb (mL/g) Average Pore Diameterc (Å)

As-IIP 35.6 0.078 34.7

NIP 24.2 0.038 22.0

Table 3. Surface area results of As-IIP cryogel
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The fact that As-IIP cryogel reaches its maximum value 
at pH 5.0 can be explained as follows: The isoelectric 
point of the MAC monomer is 4.9, and the pKa point 
of the SH group is 8.3. In other words, MAC monomer 
is in zwitterionic form at approximately pH 5.0, and SH 
groups switch to anionic form by donating a hydrogen 
atom to the aqueous medium after pH 8.3. In these two 
pH ranges, the SH groups of the MAC monomer interact 
electrostatically with arsenate ions.

In aqueus solution the concentration of arsenate oxya-
nion (H2AsO4

-) is at its highest level in the pH range of 
4.0-5.0 [1,2]. So arsenate is in anionic form. As shown in 
Figure 5, a significant decrease ofthe As(V)adsorption is 
observed after pH 5.0. The decrease in the amount of 
adsorption continues until pH 7.0. This shows that the 
electrostatic interactions between MAC monomer and 
(H2AsO4

-) oxyanions are intense in the pH range of 4.0-
5.0, and as the pH value increases towards 7.0, there 
is a decrease in adsorption due to the decrease in the 
concentration of arsenate ions. Because, as stated be-
fore, the -SH groups of the MAC monomer interact with 
arsenate ions. In addition, the slight increase observed 
in the adsorption graph after pH 7.0 can be explained 
by the transition of arsenate ions from (H2AsO4

-) form 
to (HAsO4

-2) form at this pH. This situation can be exp-

ressed as follows: as the arsenate ion transitions to the 
form (HAsO4

-2), the interaction of the MAC monomer 
with SH groups (pKa: 8.3) increases. The decrease ob-
served after this shows that interactions also decrea-
se depending on pH. According to the results obtained 
from these experiments, the solution pH of As(V) ad-
sorption studies was kept at 5.0 for As-IIP cryogel.

Effect of Flow Rate
Figure 6 shows As(V) adsorption onto As-IIP cryogel at 
different flow rates. In the flow rate range of 0.5-3.0 
mL/min, the maximum As(V) adsorption amount was 
As-IIP 46.3µg As/g dry cryogel at a flow rate of 0.5 mL/
min. It was observed that the amount of As(V) adsorp-
tion decreased as the flow rate increased. It was obser-
ved that by increasing the flow rate to 3.0 mL/min, the 
amount of As(V) adsorption decreased to 13.8µg As/g 
dry cryogel. Increasing the flow rate also reduced the 
amount of adsorption as it reduced the contact time of 
the cryogel with the As(V) solution. As a result, a dec-
rease in adsorption capacity is observed as the interac-
tion time and probability of As(V) ions with the As-IIP 
cryogel will decrease. According to the results obtained 
from this experiment, other adsorption studies were 
carried out at a flow rate of 0.5 mL/min.

Figure 5. Effect of pH on As(V) adsorption to As-IIP cryogel.
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Effect of Initial Concentration
Figure 7 shows the variation of As(V) adsorption onto 
As-IIP cryogels with the initial As(V) concentration in 
the medium. As seen from the Figure 7, with the incre-
ase of the initial concentration of As(V) in the solution, 
the amount of As(V) adsorbed per unit As-IIP cryogel 
increased rapidly until the initial As(V) value of 5 ppm, 
and a plateau was reached at the initial concentration 
of approximately 10ppm As(V) as the specific regions 
where As ions could bind were filled. As the concent-
ration increases, the concentration difference (ΔC), 
which is the driving force for adsorption, increases. As 
the driving force increases, the adsorption capacity also 
increases. The maximum adsorption capacity of As-IIP 
cryogels for an initial concentration of 15 ppm As(V) is 
189.4µgAs/g dry cryogel. The As(V) removal rate of As-
IIP cryogel was recorded as 94% (3µg/L) for 50ppb As 
solution. This value is below the arsenic limit in drinking 
water (10µg/L) determined by the EPA [45].

Effect of Adsorption Rate
Figure 8 shows the time-dependent As(V) adsorption. 
Adsorption occurs quite quickly. As expected, the ad-
sorption capacity reached a plateau in 60 minutes due 
to the filling of the unique molecular cavities where 
As(V) ions can bind on the adsorbent surface. During 
this time, the maximum adsorption amount for As(V) 
ions was 30.8µg As/g dry IIP cryogel. With the imprin-
ting process, specific cavities for As(V) ions were for-
med in the As-IIP structure. These As(V) cavities in As-
IIP have geometric affinity for As(V) ions in solution and 
have high complexation abilities.

Effect of Temperature
Figure 9 shows the effect of As(V) adsorption onto As-
IIP cryogels at different temperatures. In the study, in 
the temperature range of 4-40°C, the maximum ad-
sorption was realized at 40°C. For As-IIP cryogel, this 
value is 48.5µg As/g dry cryogel. With increasing tem-
perature, the interaction between the adsorbent and 
As(V) increases, thus As(V) adsorption increases.

Figure 6. Effect of flow rate on As(V) adsorption. 
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Figure 7. Effect of initial concentration on As adsorption. 

Figure 8. Effect of interaction time on adsorption. 
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Figure 9. Effect of temperature on As(V) adsorption to As-IIP cryogel.

Figure 10. Linear graphs of Langmuir adsorption isotherms for As-IIP cryogels.
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Adsorption Isotherms
Adsorption isotherms are mathematical expressions 
used to describe the relationship between the concent-
ration of ions in solution at equilibrium and the amount 
of ions adsorbed to the solid phase[46].  Adsorption 
continues until an equilibrium is established between 
the the substance accumulated on the adsorbent sur-
face and the concentration of the substance remaining 
in the solution. Mathematically, this equilibrium is exp-
lained by adsorption isotherms. Over time, many rese-
archers have put forward different isotherm equations, 
based on a general formula created by Jaeger and Erdös. 
Langmuir and Freundlich equations are the most com-
monly used isotherms.

The Langmuir adsorption model assumes that mole-
cules bind to a certain number of sites, each of which 
can bind only a single molecule[47]. It is assumed that 
these points are equivalent in terms of energy and that 
there is no interaction between adjacent regions and 
adsorbed molecules. Langmuir adsorption isotherm is 
defined by Equation 7. Obtaining a linear graph by app-
lying the equilibrium data to the equation shows that 
the Langmuir model can be applied to these systems.

Ceq/Q = 1/(QL. b) + Ceq/QL   (7)

In this equation, Q indicates the amount of As(V) bo-
und to the As-IIP cryogel (mg/g), Ceq indicates the equ-
ilibrium As(V) concentration in the solution (mg/mL), b 
represents the Langmuir constant (mL/mg) and QL indi-
cates the adsorption capacity (mg/g). The linear graph 
of experimental data for As(V) adsorption is given in 
Figure 10.

The Freundlich equation is another isotherm that desc-
ribes the most commonly used adsorption behavior in 
cases where heterogeneous surface energy is invol-
ved[48].  It is not limited to monolayer adsorption like 
the Langmuir adsorption isotherm. The Freundlich equ-
ation assumes that the metal adsorption energy to the 
adsorbent varies depending on whether the neighbo-
ring binding sites are occupied or not. Experimentally, 
Equation 8 is expressed as follows.

Qeq = QF. Ceq
1/n    (8)

Figure 11. Linear graphs of Freundlich adsorption isotherms for As-IIP cryogels.
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In this equation, Qeq refers to the adsorption amount 
(mg/g), Ceq refers to the adsorbent concentration in the 
solution (mg/L), QF refers to the adsorption capacity, 
and 1/n refers to the Freundlich coefficient showing 
the heterogeneity of the system. QF and 1/n values are 
calculated by taking the logarithm of the equation (Equ-
ation 9) and drawing the linear graph of Ln Qeq against 
Ln Ceq (Figure 11).

lnQeq = lnQF + 1/n*lnCeq   (9)

Table 4 evaluates the results obtained from the linear 
graphs of Langmuir and Freundlich isotherms. The ma-
ximum adsorption capacity calculated from experimen-

tal data is 0.189 mg/g dry cryogel. Langmuir theoretical 
adsorption capacity was calculated as 0.196 mg/g and 
matches the experimental data. Langmuir correlati-
on coefficients are higher than Freundlich correlati-
on coefficients (R2 = 0.99). This result shows that the 
Langmuir adsorption isotherm is more suitable for this 
system. In addition, the Freundlich isotherm describes 
reversible adsorption and is not limited to monolayer 
formation. As the homogeneity of the system increases, 
the n value approaches 1, and as the heterogeneity inc-
reases, the n value approaches zero. Accordingly, the n 
value calculated in Table 4 indicates that the prepared 
As-IIP cryogel has homogeneous binding sites, and this 
result does not agree with the Freundlich adsorption 
isotherm, which expresses heterogeneous binding sites.

Experimental Langmuir Constants Freundlich Constants

Qexperimental QL B R2 QF n R2

(mg/g) (mg/g) (mL/mg) (mg/g)

As-IIP 0.189 0.196 5.11 0.997 0.41 3.47 0.984

Table 4. Langmuir and Freundlich constants.

Figure 12. Experimental adsorption capacity (µg/g) of As-IIP cryogels and adsorption capacities modeled by Langmuir and Freundlich.
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Figure 12 compares the experimental adsorption capa-
city of As-IIP cryogels in µg/g with the adsorption capa-
cities modeled by Langmuir and Freundlich. As seen in 
the figures, the adsorption behavior of As-IIP cryogels 
is compatible with the adsorption behavior modeled by 
Langmuir.

Adsorption Kinetics
Adsorption kinetics determines the effective adsor-
bent-adsorbed contact time, that is, the retention time. 
It is an important step to understand the adsorption 
steps that affect the speed of the adsorption process. 
First- and second-order kinetic models were applied to 
the experimental data to determine the mechanisms 
controlling the adsorption process, such as mass trans-
fer and chemical reaction. It was assumed that the me-
asured concentrations were equal to the surface con-
centration of the adsorbent. Lagergren’s first order rate 
equation is the most commonly used equation in the 
adsorption of solute from solution[49]. Equation 10 is 
expressed as follows.

 ∆Qt/dt=k1(Qe-Qt)    (10)

In the equation, k1represents the pseudo-first order ad-
sorption rate constant (min-1), Qe and Qt represent the 
amount of ions (mg/g) adsorbed at equilibrium time 
and at any time t, respectively. Applying the boundary 
conditions Qt = 0 at t = 0 and Qt = Qt at time t = t and 
integrating them gives the equation 11. 

log[Qe/(Qe-Qt)]= (k1t)/2.303                    (11)

If Equation 11 is rearranged and linearized Equation 12 
is obtained. 

log(Qe-Qt)= log(Qe) - (k1t)/2.303  (12)
 
The linearity of the t plot against log(Qe) demonstrates 
the applicability of the kinetic model. In a true first-
order process, log(Qe) must equal the intercept of the 
t plot against log(Qe-Qt). Figure 13 shows the pseudo-
first order linear graph of As-IIP cryogels.
 

Figure 13. Pseudo-first order graphs of As-IIP cryogels. 
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In addition, the pseudo-second order equation based 
on the adsorption equilibrium capacity can be given as 
follows:

∆Qt/dt = k2 (Qe-Qt)
2   (13)

In the equation, k2 is the pseudo-second order rate 
constant (g.mg-1.min-1). By applying the boundary con-
ditions Qt = 0 at t = 0 and qt = qt at t = t to Equation 13;

1/(Qe-Qt)] = (1/Qe) + k2t      (14)

equation is obtained. The linear form of this equation 
is expressed as:

(t/Qt)= (1/k2Qe
2) + (1/Qe) t     (15)

For second-order kinetics to be applicable, the t/qt 

versus t plot must be linear. The rate constant (k2) and 
equilibrium adsorption (Qe) can be obtained from the 
intercept and slope, respectively. Figure 14 shows pseu-
do-second order linear plots of As-IIP cryogels.

Pseudo-first and second-order kinetic constants of As-
IIP cryogels are given in Table 5. As a result of the cal-
culations, it is seen that the second-order kinetic model 
is more suitable for As(V) in aqueous solutions in As-IIP 
cryogels. The theoretical Qe values obtained in second-
order kinetic calculations are very close to the experi-
mental Qe values. These results show that adsorption 
of As(V) in aqueous solutions in As-IIP cryogels takes 
place under chemical control. That is, the adsorption 
behavior conforming to the pseudo-second-order kine-
tic model shows that diffusion restrictions are negligib-
le, therefore chemical adsorption, that is, the specific 
binding reaction between MAC and As(V), controls the 
kinetic behavior.

Figure 14. Pseudo-second order graphs of As-IIP cryogels.
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Selectivity Experiments
To demonstrate the selectivity of As-IIP cryogel, compe-
titive adsorption experiments were carried out in aqu-
eous solution and continuous system. PO4

3-, SO4
2- and 

NO3
- were used as competitive anions. As oxy-anions 

were added to the competitive anion mixtures.

Table 6 gives the selectivity and relative selectivity coef-
ficients (K and K’ values) of As oxyanions for As-IIP and 
NIP cryogels, respectively. The K value is calculated by 
the ratio of the distribution coefficient of the imprinted 
ion (KD As) to the distribution coefficient of the compe-
ting anion (KD Anyon). As a result of the analyses, it was 
calculated that the K values of As-IIP cryogels in the 
presence of competitive anions were higher than the K 
values of NIP cryogels. The relative selectivity coeffici-
ent (K’ value) shows the selectivity of the active binding 
sites of As-IIP cryogels compared to NIP cryogel. Accor-
dingly, when the K’ values of As-IIP cryogel are exami-
ned, it is seen that it is 1.52, 2.61 and 1.53 times more 
selective than PO4

3-, SO4
2- and NO3

- anions, respectively.

In selectivity studies of NIP, As-IIP cryogels, the initial 
concentrations of competitive anions (PO4

3-, SO4
2- and 

NO3
-) and As oxy-anion are 5 mg/L. The amounts of 

As(V) adsorbed in the presence of these competitive 
anions are seen in Figure 15. When these results are 

examined, while As-IIP cryogels show high selectivity 
for As(V) in the presence of other anions, while As(V) 
adsorbed to NIP cryogel does not show significant se-
lectivity. However, the amounts of competitive anions 
adsorbed to As-IIP and NIP cryogels are negligible.  The-
se results show that active recognition sites of As-IIP 
cryogels created for As(V) have successfully synthesized 
in terms of providing high selectivity over other compe-
titive anions in the solution medium.

Desorption and Reusability
50 mM EDTA (pH: 4.0) solution was used as a desorption 
agent for the desorption of As(V) ions adsorbed on the 
As-IIP cryogel. In order to determine the reusability of 
the As-IIP cryogel, the adsorption-desorption process 
was repeated at least 10 times using the same cryogel. 
The adsorption-desorption cycle showing the reusabi-
lity of As-IIP cryogels is given in Figure 16. In the ad-
sorption study of As-IIP cryogels repeated at least 10 
times, the desorption rate was recorded as 95%. The 
desorption rate is quite high for these cryogels and 
no significant decrease in As(V) adsorption capacity 
was observed. The interconnected supermacroporous 
structure of cryogels is a feature that allows desorption 
to develop easily. Accordingly, desorption reached equ-
ilibrium within 30 minutes.

Experimental 1st Order Kinetics 2nd Order Kinetics

c k1 
(1/min)

Qe R2 k2

(g/mg.min)
Qe R2

(mg/g) (mg/g) (mg/g)

As-IIP 62.48 0.050 6.77 0.969 6.41x10–4 73.52 0.990

Table 5. Pseudo-first and second-order kinetic constants for As-IIP cryogels (Equilibrium concentration: 0.5 mg/L).

As(V)-IIP NIP As-IIP

K (KD As/KD Anyon) K (As(V)) K' (KIIP/KNIP)

As(V) - - -

PO4
3- 9.12 6.00 1.52

SO4
2- 16.86 6.46 2.61

NO3
- 12.77 8.36 1.53

Table 6. K and K’ values of As-IIP cryogels in the presence of competitive anions.
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Figure 15. Amounts of As(V) and competitive anions adsorbed to As-IIP and NIP cryogels (mg/L). 

Figure 16. Adsorption-desorption cycle showing the reusability of As-IIP cryogels. 
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CONCLUSION 

As a result of increasing environmental pollution due 
to increasing human population and industrialization, 
heavy metal pollution in water is one of the most im-
portant problems that concerns all humanity. Heavy 
metal pollution has reached levels that not only harm 
the ecosystem but also threaten human health. Arsenic 
pollution is at the top of the list of heavy metal pollution 
and is the most harmful. Long-term consumption, es-
pecially above the levels determined in drinking water, 
causes cancer [1-6]. Access to clean water is one of the 
major unsolved human problems.

In this study, polymeric adsorbents in column form that 
can be used in tap water were prepared for the removal 
of arsenic (V), which is a common species in drinking 
water. Due to its spongy structure, it allows water pas-
sage of water without applying pressure and has a high 
surface area, making the prepared cryogel a potential 
candidate for water purification.

It was investigated whether poly(HEMA-MAC) cryogel, 
prepared based on the affinity of arsenic to –SH functi-
onal groups, could be used selectively in the removal of 
arsenic ions from water. The physicochemical properti-
es of the synthesized cryogel were determined through 
characterization studies. Subsequently, optimum condi-
tions for arsenic removal from water were determined 
as the maximum adsorption was 189.4µg/g polymer at 
pH: 5.0, close to neutral pH. In experimental studies, it 
has been observed that polymeric cryogel selectively 
removes As(V) ions in the presence of competitive ions 
such as PO4

3-, SO4
2- ve NO3

- ions in the medium, which 
cause problems in arsenic removal by adsorption met-
hod. In addition, it is economically important that the 
synthesized adsorbent can be regenerated and used 
again and again without losing its adsorption ability. In 
experimental studies conducted to determine the re-
generation and reusability properties of the prepared 
As-IIP cryogel, it was revealed that the polymeric adsor-
bent can be used again and again without significant 
changes in its adsorption capacity.

As a result of all these experimental studies, it can be 
stated that the synthesized As-IIP polymeric cryogel re-
moves Arsenic ions from drinking water and can easily 
bring it to the levels required by WHO. As a result, it 
appears that the synthesized polymeric adsorbent is a 

candidate with significant potential in removing arsenic 
from water.
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