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ABSTRACT

n this study poly(hydroxyethyl methacrylate) (PHEMA) based activated carbon (AC) embedded cryogel discs were synthe-

sized, characterized and their application for dye removal from aqueous solutions were investigated. The effect of pH and
initial dye concentration on the adsorption capacity of the cryogels were studied in a batch system. Desorption of dyes was
also studied and it was shown that synthesized composite system could be repeatedly used without significant loss in the
adsorption capacity after five repetitive adsorption—desorption processes.
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0z

B u ¢alismada poli (hidroksietil metakrilat) (PHEMA) esasl aktif karbon (AC) gomull kriyojel diskleri sentezlenip, karak-
terize edilmis ve sulu ¢ozeltilerden boya giderimi performnsi arastiriimistir. pH ve baslangi¢ boya derisimlerinin kriyo-
jenlerin adsorpsiyon kapasiteleri Gzerindeki etkisi kesikli sistemde incelenmistir. Boyalarin desorpsiyon g¢alismalari gergek-
lestirilmis ve ard arda yapilan bes adsorpsiyon-desorpsiyon isleminden sonra sentezlenen kompozit sistemin adsorpsiyon
kapasitesinde 6nemli bir kayip olmadan tekrar tekrar kullanilabilecegi gosterilmistir.
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INTRODUCTION

nvironmental contamination due to wastewater

discharges containing high concentrations of dyes
is an important environmental issue since the efflu-
ents discharged from dyeing industries are highly co-
lored and also contain large amounts of organic solid
[1]. Most of these dyes are harmful for aquatic life or to
humans by mutagenic and carcinogenic effect when in
contact for a long time [2]. Dyes generated from textile
industries are difficult to biodegrade due to their struc-
tural stability [3].

Various conventional wastewater threatment methods
are present, such as coagulation and flocculation [4],
ozonation [5], electrochemical techniques [6], fungal
decolorization [7] and adsorption [8]. In recent years,
adsorption has increasingly received much attention
since the method is simple, relatively low-cost and ef-
fective for polutants inwater [1].

There are several research articles focusing on the
development and characterization of new adsorbents
such as polymeric materials, biomass, monoliths, cryo-
gels, molecularly imprinted polymers etc. [12-21]. Cryo-
gels having many advantages, like structural flexibility,
large pores and short diffusion pathways, can be one of
the best choices for adsorption of dye molecules. They
are also cheap, simple to produce in any shape and are
not toxic to the environment [19]. However, they have
relatively low specific surface area resulting in low ad-
sorption capacity in the adsorption process. In order to
overcome this drawback, composite cryogels can be
synthesized by embedding appropriate particles for the
desired separation or purification [22, 23].

Activated carbons are excellent and versatile adsor-
bents. Their important applications are the adsorptive
removal of color, odor, and taste, and other undesirable
organic and inorganic pollutants from drinking water,
treatment of industrial waste water; air purification in
inhabited spaces, such as in restaurants, food proces-
sing, for the purification of many chemical, food, and
pharmaceutical products; and in a variety of gas-phase
applications [24]. Research has been carried out in the
area of activated carbon adsorption during the past
four or five decades. In recent literature, activated car-
bons from different origins have been used for dye re-
moval [25-30].

In this study, high adsorption capacity of activated car-
bon and unique properties of cryogels are combined
and activated carbon embedded, composite PHEMA
cryogel discs are sythesized for the removal of selec-
ted dyes. The composite system is characterized using
swelling tests and SEM. Dye adsorption capacities of
the composite cryogel discs at various pH and initial
metal concentrations are studied. The reusability of the
synthesized cryogels are tested for five repeated runs.

MATERIALS and METHODS

Materials

2-hydroxyethyl methacrylate (HEMA) were obtained
from Fluka A.G. (Buchs, Switzerland). Ammonium per-
sulfate (APS), N,N'-methylene-bis(acrylamide) (MBA-
Am), N,N,N’,N’-tetramethylene diamine (TEMED) and
the dyes used in the experiments were purchased from
Sigma-Aldrich (Germany). Activated carbon in powder
form was obtained from Merck AG (Darmstadt, Ger-
many). All other chemicals used were reagent grade
and were purchased from Merck AG (Darmstadt, Ger-
many). Water used in the adsorption experiments was
purified using a Barnstead (Dubuque, IA, USA) ROpu-
re LPO reverse osmosis unit with a high flow cellulose
acetate membrane (Barnstead D2731) followed by a
Barnstead D3804 NANOpureQ organic/colloid removal
and ion exchange packed-bed system. The resulting pu-
rified water has a specific conductivity of 18 M Q/cm.
All glassware was washed with diute nitric acid solution
and rinsed with deionized water before use.

Preparation of PHEMA-AC Cryogel Discs

Monomers (1.6 mL HEMA and 0.3 g N,N-methylene-
bis(acrylamide) (MBAAmM) were dissolved in deionized
water (5 mL) and the mixture was d egassed under va-
cuum for about 5 min to eliminate soluble oxygen. Total
concentration of monomers was 16% (w/v). 3.0 mg ac-
tivated carbon (AC) was added to the resulting solution
and stirred until a homogeneous suspension is achieved.
The cryogel was produced by free radical polymerizati-
on initiated by TEMED and APS. After adding APS (20
mg, 1% (w/v) of the total monomers) the solution was
cooled in an ice bath for 2-3 min. Then, TEMED (20 uL,
1% (w/v) of the total monomers) was added and the re-
action mixture was stirred for 1 min. Then, the reaction
mixture was poured between two glass plates separa-
ted with 1.5 mm thick spacers. The polymerization so-
lution in the plates was frozen at =16 °C for 24 h and
then thawed at room temperature. The resulting cryo-
gel sheets were cut into circular pieces (2 cm diameter)



with a perforator. The cryogels were extensively was-
hed with ethanol and water to remove any unreacted
monomer or initiator and then stored in sodium azide
0.02% at 4 °C.

Characterization of PHEMA-AC cryogels

Swelling ratios of composite cryogel discs were deter-
mined in distilled water. Cryogel disc sample was was-
hed on porous filter paper until washing solution is clear.
Then, it was dried to constant mass weight in the oven
at 600C and was weighed carefully (£0.0001 g) before
placing in a 50 mL vial containing distilled water (WO).
The vial was put into an isothermal water bath with a
fixed temperature (25.0+0.5 °C) for 2 h. The cryogel
was taken out of the medium, wiped using a filter paper,
and weighed (WS). The swelling ratio was calculated by
using Equation 1.

Where, WO and WS are the weights (g) of cryogels befo-
re and after swelling, respectively.

The surface morphology of the com

posite cryogel discs were examined using scanning
electron microscopy (SEM, JSM-6400, JEOL) at an acce-
lerating voltage of 20 kV after coating the samples with
gold. The samples were initially dried in air at 25 °C for 7
days before being analyzed. The surface of the sample
was then scanned at the desired magnification to study
the morphology of the cryogels.
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Dye Adsorption Studies from Aqueous Solutions
Adsorption of all three dyes on the composite cryogels
from aqueous solutions was studied in batch systems.
The effects of pH and initial dye concentration on ad-
sorption were investigated in a 25 ml buffer solution.
The adsorption studies were conducted at different pH
values between 4-9 and different initial dye concentra-
tions between 50-300 mg/L. In the adsorption experi-
ments, 0.09 g cryogel discs were added to the corres-
ponding buffer solutions. The flasks were shakenin a 25
°C water bath at a speed of 150 rpm. After the desired
adsorption period (up to 180 min), dye concentration
in the agueous phase was measured using a Schimadzu
UV-1601 spectrophotometer. The percent dye adsorpti-
ons were calculated by using Equation 2.

Where CO and C are the initial and equilibrium concent-
rations of dye molecules in the aqueous solution (mg/L),
respectively.

Dye desorption studies were also performed in a batch
system using a 20 mL NaOH solution having a concent-
ration of 0.5 M. Cryogels were placed in the desorption
medium and shaken in a water bath shaker at a rate of
150 rpm for 120 min. The concentration of metal ions in
desorption medium were obtained as described before.
The desorption ratio was calculated from the amount of
metal ions adsorbed on the cryogels and the final metal
ions concentrations in the desorption medium.

Figure 1. SEM images of plain PHEMA discs (a) and PHEMA-AC composite discs (b).
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Figure 2. Effect of pH on dye adsorption using PHEMA-AC composite cryogel. (Temperature=25 °C, Initial Dye Concentration=200

mg/L).

RESULTS and DISCUSSION
Characterization of the Synthesized PHEMA-AC
Cryogel Discs

Cryogel discs were synthesized by radical polymerization in

the frozen state using HEMA as monomer with MBAA as a

cross linker in the presence of APS/ TEMED as initiator/acti-
vator pair. Activated carbon (AC) particles were embedded in

the structure of the cryogel. Even after the addition of AC par-
ticles, the discs maintained their elastic, sponge-like structure.
However, when compared with the plain PHEMA cryogels,
they were less elastic. The swelling ratio and equilibrium swel-
ling degree of PHEMA-AC cryogel discs were and 626 % and

6.42 g H20 / g cryogel respectively. The synthesized cryogel

discs were also characterized by SEM. The SEM images of the

plain PHEMA discs and PHEMA-AC discs were given in figure

1 a-b, respectively.

In the figure it is seen that, both of the cryogels have intercon-
nected continuous pores between 10-100 um. It was obser-
ved from figure 1b that the activated carbon particles were
successfully embedded to the structure of PHEMA cryogel.
The interconnected pores and macroporosity of the cryogels
provide easy diffusion of dye molecules into the structure
and may lead to effective interactions between the dyes and
composite cryogel discs.

Dye Adsorption on PHEMA-AC Cryogel Discs
Adsorption behavior of the dye molecules on cryogel
discs was studied at different initial dye concentration
and pH in batch mode to obtain the optimum conditi-
ons for dye adsorption.

Effect of pH

The pH of the solution is an important parameter to va-
lidate the feasibility of the adsorption process. It plays
an important role on the adsorption capacity by influ-
encing the chemistry of both dye molecule and activa-
ted carbon in aqueous solution [2]. The effect of pH on
the adsorption capacity of the composite cryogels was
investigated in the pH range between 4.0 and 7.0 with
an initial dye concentration of 200 mg/L.

In Figure 2 the effect of pH on dye adsorption using
composite cryogel discs is demonstrated. For all of the
dye molecules, adsorption is favorable in acidic conditi-
ons. This behavior may be explained by the behavior of
dye molecules and activated carbon in acidic solutions.
The activity of commercial activated carbon is due to
the presence of functional groups such as; carbocylic,
phenolic, etc. These functional groups possess anionic
properties at higher pH values. All of the dyes studied
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Figure 3. Effect of initial dye concentration PHEMA-AC composite cryogel at 25 °C. (pH= 4.0).

are anionic dyes. Therefore, due to ionic repulsion bet-
ween the anionic dye and negatively charged surface,
the adsorption of molecules on the composite cryogel
is low. Besides, the surface of the activated carbon can
be excessively protonated at low pH values, which re-
sults in in an increase in dye adsorption.

Figure 3 shows the dye adsorption curves for PHEMA-
AC cryogels. These adsorption curves were obtained
by the adsorption of dye molecules on the synthesized
composite system at different initial dye concentrati-
ons. The dye concentrations were changed between
50-300 mg/L. The percent adsorption of dye molecules
first increased with the initial concentration then reac-
hed a plateau value, which represents the saturation
of the active sites available for dye adsorption on the
PHEMA-AC cryogel. Similar behaviors were obtained for
all three dyes. Saturation levels at a bulk concentrati-
on of approximately 300 mg/L were reached for all of
the dye solutions. The maximum percent adsorption of
Congo Red, Remazol Orange and Reactive Green were
obtained as 93%, 75% and 74%, respectively. It was
observed that PHEMA-AC cryogel had more affinity to-
wards Congo red.

Reusability of synthesized adsorbent is an important
criteria in adsorption processes. PHEMA-AC cryogel lo-
aded with the maximum amounts of the target dye mo-
lecules were placed in desorption medium containing
0.5 M NaOH and the amount of metal ions desorbed
in 2 h was measured. High desorption ratios up to 95%
were obtained for all three dyes. Adsorption-desorpti-
on cycle was repeated five times using the same cryogel
to investigate the reusability of the composite cryogels
(Figure 4). Adsorption capacity of the PHEMA-AC cryo-
gel did not change significantly during the repeated
adsorption-desorption cycles, implying that the synthe-
sized cryogel can repeatedly be used in the adsorption
process without loosing its adsorption capacity.

Conclusions

Cryogels can be one of the best choices for adsorption
of dye molecules since they have structural flexibility,
large pores and short diffusion pathways. Moreover
they are cost friendly and can be scaled up for industri-
al applications. On the other hand, due to relatively low
specific surface area they have low adsorption capacity
in the adsorption process. In order to overcome this
drawback, in this study, activated carbon having high
adsorption capacity was embedded in the structure of
PHEMA cryogel discs. Plain PHEMA discs had very low
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dye adsorption capacities. The addition of AC in the
structure of PHEMA increased the adsorption capaci-
ties significantly. It can be concluded that embedding
plays an important role for the increase in the adsorp-
tion capacity of a cryogelic adsorbent and the material
proposed can be utilized as an efficient adsorbent and
an alternative for the control of dye pollution in aque-
ous solutions.
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