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ABSTRACT

Poly((3-Acrylamidopropyl)trimethylammonium chloride) (p(APTMACI)) cryogels were used as a super-
porous polymer network for the removal of toxic arsenate anions from an aqueous medium. The fast
swelling in water, in about 7 s, was shown to be very useful leading to fast arsenate adsorption by
P(APTMACI) cryogels within 30 min in comparison to 12 h for bulk common p(APTMACI) hydrogels. A
maximum adsorption capacity of about 120 (mg/g) arsenate was obtained for p(APTMACI) cryogels. Both
the Langmuir and Freundlich adsorption isotherms were applied for adsorption of arsenate anions by
P(APTMACI) cryogels, and it was observed that the adsorption of arsenate anions by p(APTMACI) cryogels
are represented better via Langmuir adsorption isotherm providing the R? value of 0.998. Furthermore,
mag-p(APTMACI) cryogels were synthesized, and shown to be very useful in the fast removal of toxic
arsenate anions. The mag-p(APTMACI) cryogels including the adsorbed arsenate were removed by an
externally applied magnetic field, with some reduction in the arsenate ion adsorption capacity. It was
also further demonstrated that p(APTMACI) cryogels can be reused in the adsorption of arsenate 5 times
from aqueous environments without significant loss of adsorption capacity, from 113.47 + 9 to

102.67 + 6 mg/g.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Contamination in water has been a long-standing environ-
mental problem and gains serious attention worldwide due to the
scarcity of fresh water. In addition to organic contaminants, inor-
ganic contaminants and different metals types such as arsenic,
chromium, lead, mercury and so on, are the main problems for
industrial effluents. Water sources can be polluted with arsenic
from industrial effluents, and agriculture activities such as fertil-
izers and pesticides, glass and ceramics industries and medicinal
activities, and discharges from chemical processing/manufacturing
plants (Jain and Ali, 2000; Pan et al., 2010; Welch et al., 1988).
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Arsenic (As) can assume various oxidation numbers and the most
commonly found forms are As(V) and As(lll) (Chang et al., 2009;
Sarkar et al., 2008) that are toxic and carcinogenic (Guan et al.,
2009). Prolonged exposure to arsenic, can cause severe problems
such as black foot, skin, bladder and even lung cancer, and there is
high risk of heart attacks, anemia and anorexia (Chen et al., 2007;
Sarkar et al., 2010; Smedly and Kinniburgh, 2002). Recently, the
United States Environmental Protection Agency (USEPA) decreased
the maximum amount of arsenic in water from 50 to 10 pg/L
(USEPA, 2001). Because of the harmful effect of arsenic on the
environment and living organisms, the removal of arsenic in
aquatic environments has paramount significance (Zhoa et al,,
2010). The most frequently used methods for removal of arsenic
are complex formation, sedimentation, ion exchange, membrane
filtration, adsorption and adsorption onto various porous and non
porous materials (Barakat and Sahiner, 2008; Cumbal and
SenGupta, 2005; Sahiner et al., 2011).

A special form of hydrogel, cryogels are prepared under
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cryogenic conditions with pore sizes over few tens of micrometer
range and form super porous polymeric networks. Cryogels are
synthesized below the freezing point of the solvent of the mono-
mer, crosslinker and the initiator. As most of solvent for hydrogel is
water, below the freezing point of water (T < 0 °C), the formed ice
crystals are responsible for the formation of pores that the sizes
ranges from few tens of micrometers to a few hundreds of micro-
meters. These pores are connected and provide high elasticity to
the cryogels in comparison to common hydrogels (Karacan and
Okay, 2013; Koshy et al., 2014; Lozinsky, 2008; Sahiner and
Seven, 2014). Due to their structural flexibility, higher mechanical
strength and fast responsiveness, cryogels provide many advan-
tages in comparison to conventional hydrogels (Gulsu et al., 2010;
Lozinsky, 2008; Sahiner and Seven, 2014a; Sahiner and Yildiz,
2014). The applications of cryogels include template for metal
nanoparticles (Sahiner and Seven, 2014b; Sahiner and Yildiz, 2014),
bioreactor (Wang et al., 2013), column (Wang et al., 2014; Yao et al.,
2006) cell-scaffolds (Hwang et al., 2010), biosensor (Hedstrom
et al., 2008; Tsai et al., 2007), and absorbents for environmental
applications (Koc et al., 2011; Yamamoto et al., 2009, 2010).

Earlier the removal of arsenic with p(APTMACI) and bulk
hydrogels was reported (Barakat and Sahiner, 2008; Sahiner et al.,
2011). Herein, we report the use of p(APTMACI) cryogel for
arsenic removal. The cationic p(APTMACI) cryogels were prepared
by cryopolymerization technique and were characterized by using
Fourier Transform Infrared (FT-IR) spectroscopy, Thermogravi-
metric Analyzer (TGA), and Scanning Electron Microscope (SEM).
The synthesized p(APTMACI) cryogels are used for removal of
arsenate anions from aquatic environments. Moreover, magnetic
field responsive p(APTMACI) cryogel composites were also pre-
pared by in situ reduction/preparation method from Fe(Il) and
Fe(Ill) precursors, and shown to be very useful for fast arsenate
recovery and control by externally applied magnetic field. Various
parameters affecting removal of arsenate anions such as the
amounts of absorbent and different initial concentration of arse-
nate were also investigated. Also, the application of Langmuir and
Freundlich isotherms on adsorption of arsenate anions was
examined.

2. Experimental
2.1. Materials

The monomer, (3-Acrylamidopropyl)trimethylammonium
chloride  (APTMACI) (75% in  Hy0O, Aldrich), N,N-
Methylenebisacrylamide (MBA, 99%, Sigma Aldrich) as a cross-
linker, N,N,N,N-Tetramethylethylenediamine (TEMED, 99%, Merck)
as an accelerator and potassium persulfate (KPS, 99%, Sigma
Aldrich) as an initiator were used for synthesis of p(APTMACI)
cryogels. Sodium arsenate dibasic heptahydrate (NaHAsO4.7H,0,
98.5%, Fluka) was used as an arsenic source. FeCl,.4H,0 (99%, Fluka)
and FeCl3.6H,0 (99%, Acros) as metal ion sources, ethanol (99.5%,
Sigma Aldrich), and sodium hydroxide (NaOH, 99%, Sigma Aldrich)
as precipitating/agent were used for synthesis of mag-p(APTMACI)
cryogels.

2.2. Preparation and characterization of p(APTMACI) cryogels

The cryogels of p(APTMACI) were synthesized by a cry-
opolymerization technique (Karacan and Okay, 2013; Sahiner and
Seven, 2014a; Sahiner and Yildiz, 2014). For the preparation of
P(APTMACI) cryogels; 0.832 g monomer (10.4 w/v %) and 0.0842 g
MBA (18 mol% of APTMACI) were dissolved in 5.5 ml distilled (DI)
water, and to this solution 50 ul TEMED was added and vortexed. In
a separate vial 0.0083 g KPS (1 mol% of APTMACI) initiator was

dissolved in 1 ml distilled water and cooled in an ice-bath at
0 + 2 °C. The initiator was added into the monomer solution and
then placed quickly into plastic straws (~8 mm in diameter). The
straws were placed in —18 °C freezer for 16 h to complete cryo-
polymerization. Thereafter, prepared cryogels were cut to similar
shapes, washed with 500 ml DI water and dried in an oven at 50 °C
for further studies.

The SEM images of p(APTMACI) cryogels were acquired on
freeze-dryed samples using SEM (JEOL JSM-5600) with an oper-
ating voltage of 20 kV. The images were obtained from the samples
of p(APTMACI) cryogels that are placed onto carbon tape attached
aluminum SEM stubs at ambient temperature after coating with
gold to a few nanometer thickness under vacuum. FT-IR (Nicolet
iS10, Thermo) and TGA (TG/DTA 6300, SEIKO) devices were also
used for the characterization of p(APTMACI) cryogels.

2.3. Synthesis of magnetic p(APTMACI) cryogels

In situ preparation of magnetic ferrites was performed by using
a previously reported method (Sahiner, 2013, 2014). Accordingly, a
clean and known amount of dried cryogel (0.5 g) was placed in
[FeCly] and [FeCl3] solution in ethanol medium with Fe(II):Fe(III)
mole ratio of 1:2 for 2 h for loading. After metal salt loading, the
cryogels were washed 2 times with pure ethanol to remove un-
bound metal salts. Then, the metal laden p(APTMACI) cryogels were
transferred into 0.75 M NaOH solution, and the reaction continued
for 3 h in a beaker under constant stirring of 500 rpm at room
temperature. Finally, the cryogels were washed with DI water and
dried in an oven at 50 °C for adsorption studies.

2.4. Adsorption studies of arsenate from aqueous medium

Batch type adsorption experiments were performed in beakers
equipped with a magnetic stirrer. To each beaker containing
400 ppm 100 ml solution of arsenate anions, 0.05 g p(APTMACI)
cryogels were added. The adsorption experiments were carried out
for 120 min, and 0.5 ml sample was taken from the adsorption
medium at 0, 5, 15, 30, 60, and 120 min during the adsorption ex-
periments and were diluted 10 fold before atomic adsorption
measurements (AAS, Thermo ICA 3500 AA SPECTRO). Besides,
pseudo-first-order, pseudo-second-order model was also applied
for adsorption of arsenate anions by p(APTMACI) cryogels. More-
over, the effects of arsenate concentration and the amount of
adsorbing agent, p(APTMACI) on the adsorption capacity were
investigated. For the arsenate source 200, 400, 600, 800 and
1000 ppm 100 ml for arsenate solution was used while keeping the
cryogel amount constant (0.05 g). Additionally, the amounts of
p(APTMACI) cryogels were also varied as 0.03, 0.05, 0.1 and 0.15 g
cryogel with a constant arsenate concentration of 400 ppm.

In addition to distilled water, the adsorption of arsenate anions
was also studied from different arsenate aqueous solution such as
seawater, and tap waters by placing 0.05 g p(APTMACI) cryogels in
their corresponding 400 ppm 100 ml arsenate solutions. The
adsorbed amounts of arsenates by p(APTMACI) cryogels from these
two media was determined via AAS measurements as mentioned
earlier.

2.5. Reusability of p(APTMACI) cryogels after removal of arsenate
anions

The reuse of synthesized p(APTMACI) cryogels for arsenate
anion removal was done by adopting multiple adsorp-
tion—desorption cycles. For that purpose, 0.05 g cryogel was placed
in a beaker with 400 ppm 100 ml arsenate solution by mixing at
300 rpm. The adsorption experiments were carried out for 120 min,
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and after this time period, the arsenate anions adsorbed p(APT-
MACI) cryogels were washed two times with DI water, and placed
into a beaker containing 100 ml 5 M HCl for the desorption of the
adsorbed arsenate for another 120 min at 300 rpm stirring rate.
From there, 0.5 ml samples were taken from the HCl solution and
diluted 10 times with DI water, and the amount of adsorbed/des-
orbed arsenate anions were measured with AAS. These adsorp-
tion—desorption cycles were repeated five times by using three
different sets of p(APTMACI) cryogels to present the result as mean
values with standard deviations.

3. Results and discussions

3.1. Synthesis and characterization of p(APTMACI) and mag-
P(APTMACI) cryogels

The p(APTMACI) cryogels were synthesized via cryopolymeri-
zation technique. The polymerization and the crosslonking of
p(APTMACI) hydrogels were reported earlier (Sahiner et al., 2006)
The schematic presentation of synthesis of p(APTMACI) cryogels is
illustrated in Fig. 1(a). The characterization of synthesized p(APT-
MACI) cryogels for the illustration of the super porous structure
was performed with scanning electron microscopy (SEM) (JSM-
5600, JEOL) and is shown in Fig. 1(b). As can be seen, the synthe-
sized p(APTMACI) cryogels have pore sizes ranging between 10 and
100 pm and are connected. Because of these super porous con-
nected pores, p(APTMACI) cryogels swell much faster than com-
mon hydrogel (Barakat and Sahiner, 2008). As illustrated in the

Unfrozen liquid phase

swelling digital camera images in Fig. 1(c), complete swelling of
p(APTMACI) cryogels was accomplished in 7 s. This is significantly
less time in comparison to bulk conventional hydrogels where
swelling can take hours and days depending on the amount of
crosslinker used. Even though higher amounts of crosslinker are
generally used for cryogel preparation, cryogel swelling is
tremendously fast because of their super porous structures that are
connected. These superporous structure make cryogels very useful
material for many applications e.g., fast adsorption of solutes for
environmental applications or separation and purification of bio-
logical species (Koshy et al., 2014; Lozinsky, 2008; Wang et al., 2013,
2014).

The FT-IR spectrum of p(APTMACI) cryogel is illustrated in
Fig. 2(a) and all the functional groups are in accordance with re-
ported literature (Barakat and Sahiner, 2008; Sahiner et al., 2014).
For example, the N—H stretching of amide groups for APTMACI was
observed at 3354 and 3247 cm™! respectively. The peaks for C—H
stretching from —CH3 at 2942 cm™, and the C=0 peak for amide
group at 1640 cm ™', and the bending at 1540 cm™! for N—H, and the
ammonium ion peak at 1480 cm™! are all clearly seen.

The usefulness of the magnetic ferrite or metal nanoparticles
within hydrogel or cryogels were reported in many studies (Sahiner
and Seven, 2014a, 2014b; Sahiner and Yildiz, 2014). The positively
charged cryogels, such as p(APTMACI), can absorb metal salts from
metal dissolved in ethanol solution. The mag-p(APTMACI) cryogel
composites were prepared by loading [FeCl] and [FeCl3] metal salt
mixture in 1:2 ratio into the p(APTMACI) cryogel network, and then
in situ reduction with 0.75 M NaOH shown in equation (1) (Laurent

Ice crystals

Fig. 1. (a) Schematic presentation of synthesis of p(APTMACI) cryogels, (b) SEM images of p(APTMACI) cryogels, and (c) swelling pictures of p(APTMACI) cryogels.
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Fig. 2. (a) The FT-IR spectrum of p(APTMACI) cryogels, (b) The preparation schema for
mag-p(APTMACI) cryogels, and (c¢) TGA thermograms of p(APTMACI), and mag-
pP(APTMACI) cryogel composites.

et al., 2008)
Fe?" + 2Fe3* + 8OH™ — Fe304 + 4H,0 (1)

The schematic presentation of mag-p(APTMACI) cryogels is
illustrated in Fig. 2(b). Additionally, the thermal stability of
P(APTMACI) and mag-p(APTMACI) cryogels were determined with
thermogravimetric analyzer (TGA, SII TG/DTA 6300) by comparing
thermal behavior of p(APTMACI) and mag-p(APTMACI) cryogel
composites by heating up to 750 °C at 10 °C/min heating rate under
N> flow of 20 ml/min, and the corresponding thermograms are also
given in Fig. 2(c). As can be seen, the p(APTMACI) cryogels have four
thermal degradation steps. Bare p(APTMACI) cryogel's first step is
between 50 °C and 122 °C with 3.4% weight loss; the second step is
between 230 °C and 324 °C with 58.2% weight loss; the third step is
between 325 °C and 446 °C with 92.2% weight loss, and the last step
is between 450 °C and 750 °C with 95.9% weight loss. On the other
hand, the mag-p(APTMACI) cryogel composite again has four
degradation steps. The first step of mag-p(APTMACI) cryogel
composite is again between 50 °C and 162 °C with 4% weight loss;
the second step is between 163 °C and 202 °C with 19% weight loss;
the third step is between 210 °C and 422 °C with 50% weight loss,
and fourth step is between 430 °C and 750 °C with 64% weight loss.
Therefore, it is apparent that the mag-p(APTMACI) cryogel com-
posites started to degrade earlier than bare p(APTMACI) cryogels;

however, resulted in lesser amounts of total % weight loss at 750 °C
in comparison to bare p(APTMACI) cryogels confirming the exis-
tence of magnetic ferrite particles.

3.2. Removal of arsenate anions with p(APTMACI) cryogels

The removal of arsenate (AsO3 ) anions was carried out by batch
type experiments from aqueous medium at room temperature. The
NayHAsO4.7H,0 was used as source of AsO?{ anions. For arsenate,
the corresponding values of pK, are given below (Barakat and
Sahiner, 2008);

H3AsOy4 —Ht + Hz/‘\SOE7 pK; =2.2,
H,AsO; —H*' + HAsO3~, pK, = 7.08, (2)
HAsOZ —H* +AsO3, pK;=115

It is obvious that these ionization steps are affected by changes
in solution pH. Here; The pH of 400 ppm 100 ml arsenate solution is
9.3, and upon addition of 0.05 g p(APTMACI) cryogel the pH was
lower to 8.2 in 30 min and stayed constant during the course of the
adsorption studies. As shown in Fig. 3(a), the maximum adsorption
amount of AsO3~ anions of about 118 (mg/g) by p(APTMACI) cry-
ogels was accomplished from the aqueous solution of 400 ppm
100 ml of AsO3~ using 0.05 g cryogel. During the adsorption pro-
cesses, 0.5 ml sample was taken from the medium at 0, 5, 15, 30, 60,
and 120 min and diluted 10 times, and then the measurements
were done with AAS. The p(APTMACI) cryogels can absorb about
118.2 + 6.5 mg/g AsO3~ anions within an hour; this adsorption
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Fig. 3. (a) The adsorption graph of p(APTMACI) arsenate anions [0.05 g cryogel, 100 ml,

400 ppm arsenate] (b) TGA thermograms of p(APTMACI) and arsenate anions adsorbed
in p(APTMACI) cryogels.
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amount is approximately four times more than the adsorption ca-
pacity of modified p(4-VP) microgels (Sahiner et al., 2011), and it is
about ten times faster than the conventional p(APTMACI) hydrogels
(Barakat and Sahiner, 2008). In addition, the TGA analysis of bare
p(APTMACI), and AsO3~ anions adsorbed in p(APTMACI) cryogels
were done and the corresponding graph thermogram is given in
Fig. 3(b). The degradation temperature ranges and the degradation
amounts are given in Table 1 for p(APTMACI) and p(APTMACI)-
AsO3~. The degradation temperature ranges for p(APTMACI)-AsO3~
are 50—246 °C (14.2% wt), 250—297 °C (44.1% wt), 300—446 °C
(82.5% wt) and 450—750 °C (86% wt) respectively. As can be seen
due to the adsorption of AsO3~ anions, the thermal degradation of
p(APTMACI) cryogel is changed and the difference between
p(APTMACI) and p(APTMACI)-AsO3 ™ is 12% which can be attributed
to adsorbed AsO3~ anions.

3.3. Adsorption kinetics studies

Different kinetic models such as pseudo-first-order model (Eq.
(3)), and pseudo-second-order model (Eq. (4)) are generally used
for the determination of the kinetic parameters such rate constants
and their capacities (Kumar et al., 2014).

log(Qe — Q) = logQ; — (kq/2.303)t (3)

t/Qc = 1/kQ2 +t/Qe (4)

where; Q. and Q¢ is the amounts of the adsorbed arsenate ion (mg/
g) at equilibrium and at time t, respectively. The resultant rate
constants for pseudo-first-order model is kq (min~1), and pseudo-
second-order model is k; (g.mg~".min). To determine the pseudo-
first-order rate constant k;, and the pseudo-second-order rate
constant kp log (Qe- Q) versus t, and t/Q; versus t graphs are
constructed (not shown), respectively. The determined rate con-
stants ki and kp Qe and R? correlation coefficient values were given
in Table 2, and these values provide a good judgment about the
mechanism of adsorption. The obtained correlation coefficients
(R?) for pseudo-first-order is 0.816, and the pseudo-second-order is
0.999. So, it can be assumed that the pseudo-second-order model
provide better fit for the adsorption of arsenate ion into p(APT-
MACI) cryogels. Moreover, both calculated Q. values are similar to
the experimental value of 118.2 + 6.5 mg/g that are 119.34 mg/g and
121.21 mg/g for the pseudo-first-order and pseudo-second-order
models, respectively. Consequently, pseudo-second-order affords
superior presentation with experimental data with the better cor-
relation coefficient.

Table 1
The thermal degradation ranges of p(APTMACI), mag-p(APTMACI), p(APTMACI)-
ASO?{, and Mag—p(APTMACl)—AsO;’i’ cryogels.

Materials Thermal degredation ranges (°C), and weight loses
(%)
L. 1L 1L v.
P(APTMACI) 50—122 230-324 325-446 450—-750
34 58.2 92.2 95.9
Mag-p(APTMACI) 50—170 175-210 288—442 445-750
7.5 20 52.4 63.8
p(APTMACI) AsO3~ 50—246 250-297 300—446 450-750
14.2 441 82.5 86
Mag-p(APTMACI) AsO3" 50—205 250—350 370577 580—-750
14.8 55 729 90.1

Table 2
Pseudo-first-order and pseudo-second-order constants and correlation coefficients
for adsorption of arsenaate anions by p(APTMACI) cryogels.

Metal  Exp. Pseudo-first-order-model Pseudo-second-order-model
ion
AsO}  Qe(mgfg) ki (min~') Qe (mg/ R? ko Qe (mg/ R?

g) (g mg ' min) g)
1182 +6.5 3.1 x 1072 11934 0.816 82 x 103 12121 0.999

3.4. Effect of the amount of adsorbent and concentration of
arsenate anion

The effect of the amount of cryogel on the removal of arsenate
anions was investigated and the corresponding graph is illustrated
in Fig. 4(a). Different amounts of p(APTMACI) cryogels of 0.03, 0.05,
0.1, 0.15 and 0.3 g were placed in 400 ppm 100 ml solution of
arsenate solution. The adsorption was observed as a function of
time by removing 0.5 ml sample from the adsorption solution and
diluting 10 times before AAS measurements. As is shown, the
removal efficiency increased with the increase in amount of
p(APTMACI) cryogels. The removal amounts were observed as
17.8%, 24.7%, 50%, 65.6%, and 95.3% for 0.03, 0.05, 0.1,0.15and 0.3 g
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Fig. 4. (a) The effect of the amount of cryogel. [Arsenate solution: 100 ml, 400 ppm],
and (b) The effect of initial arsenate ion concentration for arsenate removal [100 ml
toxic arsenate anion solution, 0.05 g cryogel].
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cryogels respectively in 120 min adsorption time. Although the
adsorbed amount of toxic arsenate anions increased with the in-
crease in amount of hydrogel, all the functional groups of the cry-
ogel network which are responsible for adsorption are not
completely full. This can be explained by the layer-by-layer
adsorption process. Accordingly, upon cryogel swelling, initially
the functional groups on the surface layer interact with toxic
arsenate anions. The other functional groups within the center of
cryogel become available for adsorption, and upon their interaction
then the next layer of functional groups within the cryogels become
available, and these processes go on until all the functional groups
are filled with toxic anions. Additionally, the effect of initial arse-
nate ion concentration in solution was investigated using 0.05 g
P(APTMACI) cryogels for different initial arsenate concentrations;
200, 400, 600, 800, and 1000 ppm aqueous solution of 100 ml each,
and the results are illustrated in Fig. 4(b). As can be seen, the
maximum amount of adsorbed arsenate anions slightly increases
with the increase in initial amount of arsenate solution from 99 to
121 mg/g, implying that the capacity of p(APTMACI) cryogel is
about 121 mg/g.

3.5. Arsenate adsorption isotherms

The adsorption of arsenate anions from their aqueous solution

.| @
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Fig. 5. (a) The application of (a) Langmuir, and (b) Freundlich isotherms on the
adsorption of arsenate by p(APTMACI) cryogels.

was carried out using five different concentrations; 200, 400, 600,
800, and 1000 ppm per 100 ml for arsenate anions. The very well
known Langmuir (Eq. (3)) and Freundlich (Eq. (4)) equations were
applied to determine and define the nature of adsorption of arse-
nate anions into p(APTMACI) cryogels:

Ce/de = (Ce/Am) +1/dmKL (4)

where, Ce (mg/L) is the equilibrium concentration of anions in so-
lution, qe (mg/g) is the adsorption capacity at equilibrium, qn, (mg/
g) is the maximum adsorption of anions, and Ki (L/mg) is the
Langmuir adsorption equilibrium constant. The application of
Langmuir adsorption isotherms on the adsorption of arsenate an-
ions are illustrated in Fig. 5(a) and their corresponding values are
given in Table 3. The q, (mg/g), that is the maximum adsorption
capacity, was approximately 126 mg/g for arsenate anions, values
which are higher than those previously reported (Barakat and
Sahiner, 2008). Also, to estimate the nature of arsenate anion
adsorption into p(APTMACI) cryogels, the Freundlich adsorption
isotherm was applied using the Freundlich equation (Eq. (4));

logg. = logKg + 1/nlogCe (5)

where, C. is the equilibrium concentration of arsenate anions (mg/
L), qe is the amount of adsorbed anions per gram absorbent (mg/g),
and Kr (g kg~! (gm—3))" and n are physical constants of the
Freundlich adsorption isotherm. K¢ and n are indicators of
adsorption capacity and adsorption intensity, respectively.
Accordingly, the application of the Freundlich isotherm for
adsorption of arsenate anions by p(APTMACI) cryogels is given in
Fig. 5(b) and their corresponding values are given in Table 3. Linear
regression analysis was used for K and n determination. As can be
seen from the table, the Langmuir model yields a better fit than the
Freundlich model with the R? value for the Langmuir isotherm is
0.998. From the Langmuir isotherm, the theoretical adsorption
capacity (qm) is expected to be 126.58 mg/g p(APTMACI) cryogels,
which is a little higher than the experimental value of
113.47 + 9 mg/g. This could be due to the high amount of cross-
linkers used for cryogel preparation that may prevent accessibility
of all the functional groups to bind arsenate anions.

3.6. The adsorption properties of mag-p(APTMACI) cryogel

Mag-p(APTMACI) cryogels were also used for adsorption of
arsenate anions from different aqueous solutions, and their results
were given in Table 4. Also, as can be seen the amount of the
adsorbed arsenate anions decreased compared to bare p(APTMACI)
cryogels from about 120 to 51 mg/g, shown in Fig. 6(a). Considering
36% of mag-p(APTMACI) cryogel composite is magnetic ferrite, the
amounts adsorbed by mag-p(APTMACI) cryogels can be calculated
as about 80 mg/g, suggesting that there is still reduction in the
arsenate ion adsorption capacity of p(APTMACI) cryogels. This
could be due to the interaction of some of the functional groups of
P(APTMACI) cryogels with ferrite ions, as well as the repulsion of
arsenate ions by the negatively charged ferrite ions. However, as
shown in Fig. 6(b), the digital camera images clearly demonstrates
the attraction of mag-p(APTMACI) cryogels towards a magnet.

Table 3
The AsO3~ anion adsorption parameters of p(APTMACI) cryogel with the application
of the Langmuir and Freundlich isotherms.

Metal ion Langmuir isotherm constants Freundlich isotherm constants

Ke (g kg~ '(gm™3)") n R?
10.24 0.966

Ki (L/mg) qm (mgfg) R
As03~ 0.042 12658 0998 65.93
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Table 4
The adsorption amount of arsenate anions by mag-p(APTMACI) cryogels from
different media.

Materials DI water (mg/g) Seawater (mg/g) Tap water (mg/g)

Mag-p(APTMACI) 51 + 4.9 225+52 9.4+05

60

@

40 -

30 4

q, (mg/g)

—A—Arsenate

0 50 100 150 200

Time (min)

(b) 10

(©)

\\. Magnetic p(APTMACI)

\.
AN
AN

Magnetic p(APTMACI) AsO,*

100 200 300 400 500 600 700
T(0)

Fig. 6. (a) The adsorption graph of mag-p(APTMACI) for arsenate [0.05 g cryogel
composite, 100 ml, 400 ppm arsenate], (b) digital camera image of arsenate adsorbed
in mag-p(APTMACI) cryogels under externally applied magnetic field, (c) the ther-
mograms of mag-p(APTMACI) and arsenate adsorbed in mag-p(APTMACI) cryogels.

Therefore, this mag-p(APTMACI) cryogels can be removed from the
adsorption medium by an externally applied magnetic field after
sorption of arsenate ions from contaminated waters. The thermal
behavior of mag-p(APTMACI) cryogels with adsorbed arsenate
anions changed as shown in Fig. 6(c). As can be seen, the first step of
degradation of mag-p(APTMACI) cryogels with adsorbed arsenate
anions started from 50 to 205 °C with 14.8% weight loss. The second
step of degradation was between 250 and 350 °C, and the third one
was between 370 and 577 °C with 55% and 72.9% weight losses,
respectively. At the end of the thermal degradation steps, the fourth
one started from 580 °C to 750 °C with 90.1% weight loss. For
comparison, without arsenate ions mag-p(APTMACI) cryogels
degraded at up to 750 °C with 64% wt losses. Thus proving the
interaction of magnetic ferrite with arsenate ions leads to less
thermal stability of the mag-p(APTMACI) cryogel composites.

3.7. The arsenate adsorption from different media

Toxic substances such as arsenate can seriously threaten envi-
ronments and are dangerous to human health owing to their
poisonous nature as can be encountered in many places due to
natural geological disasters and human activities such as sea, lakes
and even tap waters (Chen et al., 2007; Guan et al., 2009; Sarkar
et al, 2010; Smedly and Kinniburgh, 2002). Consequently, the

removal of arsenate from different aquatic environments has great
significance, therefore; here the removal of arsenate anions in
various arsenate contaminated aquatic environments such as DI
water, seawater, and tap water were investigated using 0.05 g
p(APTMACI) cryogels at 400 ppm 100 ml corresponding arsenate
solutions, and the corresponding graph is given in Fig. 7(a). As can
be seen, the adsorption capacity of p(APTMACI) cryogels for arse-
nate anions is much better in DI water than seawater and then tap
water; they are in the order of 1182 + 6.5, 711 + 7.5 and
47.7 + 5.1 mg/g respectively. However, it is shown here that even
harsh environments such as seawater that is contaminated with
toxic arsenate can be cleaned by using p(APTMACI) cryogel with
some sacrifice in the absortion capacity of p(APTMACI) in com-
parison to DI water environment. The higher amounts of arsenate
removal in seawater in comparison to tap water could be due to the
highly cationic nature of adsorbing agents that can can readly ex-
change chloride with arsenate anions in seawater. As the existence
of the excess amounts chloride that is used for disinfectant purpose
may hinder the anion exchange capability of p(APTMACI) cryogels
in tap water.

3.8. Re-use of p(APTMACI) cryogels on removal of arsenate anions

In industrial applications, the most significant capabilities of the
absorbents are their shelf life, reusability, durability and eco-

150
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)
= 90
g
&
60
30
0
0 30 60 90 120 150
Time (min)
140
(b) ® Absorption
120 0O Desorption
100
3 80
)
g
= 60
40
20
0 S S | S S
1 2 3 4 5

Number of usage

Fig. 7. (a) Arsenate anion adsorption from different aquatic environments: seawater,
tap water, and DI water by p(APTMACI) cryogels, and (b) the reusability of p(APTMACI)
cryogels for removal of AsOz~ with adsorption—desorption cycles, [Adsorption me-
dium 400 ppm 100 ml arsenate solution in DI, and the release medium 100 ml 5 M
HCl].
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friendliness, cost and simplicity. Therefore, reusability of p(APT-
MACI) cryogels in the removal of arsenate anions was tested by
using the same p(APTMACI) cryogel five times sequentially for
adsorption/desorption cycles. As shown in Fig. 7(b) the adsorption
capacity of p(APTMACI) cryogels decreased from 113.47 + 9 to
106.13 + 11, 105.2 + 5, 104.3 + 10, and 102.7 + 6 mg/g for the
1st,2nd, 3rd, 4th, and 5th use, respectively. On the other hand the
desorption amount of arsenate in 5 M HCl decreased from
111.82 + 2 t0 949 + 7,935 + 2,894 + 7, and 83.5 + 2 mg/g for
1st,2nd, 3rd, 4th, and 5th use respectively. In other words, the %
release of arsenate decreased from approximately 99% to 98, 89, 86
and 81% after fifth usage. Therefore, as demonstrated here p(APT-
MACI) cryogels can be repeatedly used up to 5 times with less than
20% reduction in arsenate adsorption/release capacity at end of five
uses.

4. Conclusion

Herein, it was demonstrated that p(APTMACI) cryogels can be
used as a fast absorbent for removal of toxic arsenate anions from
aqueous environments. The p(APTMACI) cryogels, which are
inherently positively charged, act as an cationic exchanger for
arsenate anions. The removal amount of arsenate is about 96% us-
ing 0.3 g cryogel from 400 ppm 100 ml of arsenate solution. It was
demonstrated that the p(APTMACI) cryogels show faster better
(about 30 min), adsorption characteristics in comparison to con-
ventional bulk p(APTMACI) hydrogels (Barakat and Sahiner, 2008).
Furthermore, the adsorption of arsenate anions by p(APTMACI)
cryogels fits both the Langmuir and Freundlich isotherms, with the
former being a better representation as the Langmuir isotherm for
adsorption of arsenate provided a very high R? value (0.998) and is
very close to theoretical and experimental adsorption capacities.
Moreover, it was estimated from the adsorption studies that the
interaction between the arsenate ion and p(APTMACI) cryogels are
ion—ion in nature.

Herein, it was also shown that the p(APTMACI) cryogels can be
made magnetic field responsive by loading [FeCl;] and [FeCls]
metal salts mixture with 1:2 mole ratio from their ethanol solution
into p(APTMACI) cryogels and reducing with 0.75 M NaOH within
cryogel network. These mag-p(APTMACI) cryogels were also shown
to be very useful for adsorption of arsenate anions, although some
reduction in the adsorption capacity of the cryogel composite was
observed. However, cryogels of p(APTMACI) provided promising
results for the fast removal of arsenate, as well as other oxyanions
from contaminated aqueous water and can be applicable in real
contaminated environmental waters. Even though there is reduc-
tion due to the existence of other metal ions, etc, still the p(APT-
MACI) cryogels had fast adsorption capability as well as reusability.
The reusability of p(APTMACI) cryogels for removal of arsenate
anions was investigated five times in a row without significant loss
of adsorption and desorption capacity in the consecutive adsorp-
tion—desorption cycles.
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