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ABSTRACT

In this work, gelatin (G)-polyacrylamide (PAAm)-based interpenetrating polymer network (IPN) hydrogels
involving maleic acid (MA) was prepared using by free radical polymerization. Full-IPN and semi-IPN hydrogels
were synthesized by using glutaraldehyde and ethylene glycol dimethacrylate (EGDMA) as a crosslinker. The
water absorbency of hydrogels was investigated, and the values increased with MA and G. The chemical structures
of IPN hydrogels were tested by Fourier Transform Infrared Spectroscopy (FTIR). Morphological test was done
by using Scanning Electron Microscope/ Energy Dispersive X-ray Spectroscopy (SEM/EDX). Thermal properties
were examined with Differential scanning calorimeter (DSC) analyzer and Thermogravimetric analysis (TGA).
The mechanical analysis was performed with Universal Testing Machine. The degradation behavior of hydrogels
was investigated against pH. According to the results, IPN hydrogels had good water absorbency capability,
degradation, mechanical, and thermal stabilities. The values of full-IPN hydrogel were higher than semi-IPN. The
efficiency of adsorption parameters (contact time, initial feed concentration, and pH) on Chromium (VI) ion
adsorbing property of IPN hydrogels were also determined. The adsorption increased with increasing initial Cr
(V1) concentration from 30 to 150 mg/L. The adsorption was influenced with pH and the maximum adsorption
was obtained at pH 6 at 25°C and 80 mg/L Cr (VI) concentration. The effect of contact time on the adsorption
was also performed at same conditions. A remarkable increase in Cr (V1) adsorption occurred up to 300 min and
then reached at constant value. The adsorption data obeyed Langmuir and Freundlich sorption isotherms. Langmuir
isotherm was a better mathematical fit for equilibrium data than Freundlich isotherm, depended on its higher
correlation coefficient. Langmuir adsorption capacity (Q) was determined to be 555.55 and 322.58 mg/g for semi-
IPN and full-IPN, respectively. Freundlich constants (K), an adsorption capacity, were found to be 15.44 and 18.47
for semi-IPN and full-IPN, respectively. According to these results, it can be said that the hydrogel surface was
homogeneous, and the adsorption of Cr (V1) occurred in a monolayer.
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Jelatin/PAAm-tabanli IPN Hidrojelleri Kullanarak Sulu Cozeltiden
Krom (VI) Uzaklastirmasinin Degerlendirmesi

OzeT
Bu galigmada, jelatin (G) -poliakrilamid (PAAm) bazli, maleik asit (MA) igeren i¢ ige gecen polimer ag1 (IPN)
hidrojelleri, radikal polimerizasyon kullanilarak hazirlanmistir. Tam-IPN ve yar1-IPN hidrojeller, ¢apraz baglayici
olarak glutaraldehit ve etilen glikol dimetakrilat (EGDMA) kullanilarak sentezlendi. Hidrojellerin su emiciligi
incelendi ve degerler MA ve G ile artti. Tam IPN ve yar1 IPN hidrojellerin kimyasal yapilar1 Fourier Doniistimii
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Kizilotesi Spektroskopisi (FTIR) ile test edildi. Taramali Elektron Mikroskobu/ Enerji Dagilimli X-151n1
Spektroskopisi (SEM/EDX) kullanilarak morfolojik test yapildi. Termal O6zellikler Diferansiyel taramali
kalorimetre (DSC) analizorii ve Termogravimetrik analiz (TGA) ile incelenmistir. Mekanik analiz, Universal Test
Makinesi ile yapildi. Hidrojellerin bozunma davranigi pH'a kars1 incelenmistir. Sonuglara gére, IPN hidrojellerinin
iyi su emme kapasitesi, bozunma, mekanik ve termal kararliliga sahipti. Tam IPN hidrojelin degerleri yar1 IPN'den
daha yuksekti. Adsorpsiyon parametrelerinin (temas siiresi, baslangic besleme konsantrasyonu ve pH) IPN
hidrojellerinin Krom (V1) iyonu adsorplama 6zelligi tizerindeki etkinligi de belirlendi. Adsorpsiyon, baglangi¢ Cr
(VD) konsantrasyonunun 30'dan 150 mg/L'ye artmasiyla artti. Adsorpsiyon pH'dan etkilenmis ve maksimum
adsorpsiyon pH 6'da 250C'de ve 80 mg/L Cr (VI) konsantrasyonunda elde edilmistir. Temas siiresinin adsorpsiyon
iizerindeki etkisi de ayn1 kosullarda gerceklestirilmistir. 300 dakikaya kadar Cr (VI) adsorpsiyonunda kayda deger
bir artig meydana geldi ve daha sonra sabit degere ulagti. Adsorpsiyon verileri Langmuir ve Freundlich sorpsiyon
izotermlerine uymustur. Langmuir izotermi, daha yiiksek korelasyon katsayisina bagl olarak, denge verileri igin
Freundlich izoterminden daha iyi bir matematiksel uyumdu. Langmuir adsorpsiyon kapasitesi (Q), yari-IPN ve
tam-IPN i¢in sirasiyla 555.55 ve 322.58 mg/g olarak belirlendi. Bir adsorpsiyon kapasitesi olan Freundlich sabitleri
(K1), yar1-IPN ve tam-IPN i¢in sirasiyla 15.44 ve 18.47 olarak bulundu. Sonuglara gdre, hidrojel yizeyinin
homojen oldugu ve Cr (VI) adsorpsiyonunun bir tek tabakada meydana geldigi sdylenebilir.

Anahtar Kelimeler: Poliakrilamid, Jelatin, Hidrojel, Adsorpsiyon, krom (VI), Metal uzaklagtirma

. INTRODUCTION

Hydrogels involving polymer backbone (s), crosslinker(s), and water are high molecular weight three-
dimensional network structures Their most characteristic feature is that they can swell in water and
shrink in the lack of water. Swelling depends on the crosslink density and hydrophilicity of the structure
[1]. Generally, ionizable functional groups (such as carboxylic acid) increase the hydrophilicity and so,
the swelling capacity enhances. The increment of counter ions produces an additional osmotic pressure.
Due to these structural properties, hydrogels can absorb large amounts of aqueous solutions. They can
be utilized in several fields including drug delivery systems, enzyme systems, medical supplies [2].

Full-Interpenetrating polymer networks (full-IPN) hydrogels are consisting of two crosslinked
polymers, while semi-Interpenetrating polymer networks (semi-IPN) hydrogels are contained one
crosslinked polymer. The thermal and mechanical stabilities of polymeric material can be advanced by
preparing IPNs. IPNs have certain inimitable features like easy production into different geometric
forms. For this reason, they are used in some biomedical practice; stability against biological fluids,
minimal irritation to surrounding tissues, soft and rubbery tissue production, etc. They are also used for
controlled release kinetic and the control of hydrophilicity [3]- [5].

Adsorption study is used for the removal of heavy metal ions, due to the economic aspects, ease of
operation, convenience, and removal effectiveness. In recent years, the crosslinked polymeric materials,
which have functional groups such as carboxylic acid, hydroxyl amine, and sulfonic acid groups, have
been used as a support material for the removal of metal ions from aqueous solutions. These functional
groups within the polymeric matrix bind with the metal ions to provide the formation of complex
structures and so, heavy metal ions easy remove from the environment. For this purpose, ionic
polyacrylamide (PAAmM) gels have been widely used in recent years [6]. Additionally, it is used as the
main ingredient in hydrogels designed for drug release, due to its high biocompatibility and easy
manufacturing property. It has good permeability to hydrophobic and hydrophilic substances [2], [7].
Depending on the crosslinking density, it can increase the mechanical strength of structure. Biopolymers
such as gelatin (G) are commonly used for adsorption studies to obtain low-cost and non-toxic adsorbent
materials. It has biodegradable nature, easy availability, bioadhesive, and gelation properties. According
to literature, its functional groups (hydroxyl, amino, and carboxyl) act as an active site for the target
ionic species [8], [9]. These groups play a fundamental role in bonding with ionic species such as metal
ions. The ionic or polar interaction between functional groups and metal ions ensures the removal of
metal ions from the environment [9]. Thus, G has a good bioadsorbent properties. G has been used in
many studies to remove Chromium (V1) ions as a bioadsorbent [10]-12]. It is widely worked because of
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its biodegradability, low cost, non-immunogenic, and biocompatibility qualities [2]. It is extremely
utilized in biomedical industry such as adsorbent pad, wound dressing, microspheres, hard and soft
capsules etc. It is easily chemically crosslinked with crosslinker due to having the several number of
functional groups [7], [13], [14]. Maleic acid (MA) is a dicarboxylic acid, and it is utilized as a pH
adjuster and fragrance ingredient, especially in cosmetics. MA is disclosed as legal indirect ingredient
in the food industry [15]. It is commonly used the removal of heavy metal ions. According to the
literature, the carboxyl groups of maleic acid can be easily bonded with heavy metal ions by electrostatic
interaction [16]. Thus, heavy metal ions easily remove from the environment [17].

Effective uptake of heavy metal ions from water is a vital environmental research topic. Chromium (V1)
is one of the high toxic metal ions even at extremely low concentrations. It enters the environment from
the industries process like leather tanning, electroplating, paint, cement, dyes, ink, and textiles.
Furthermore, it causes health risks such as dermatitis, gastrointestinal ulcers, and liver damage. Many
methods such as reverse osmosis, chemical reduction, precipitation, electro dialysis and ion exchange
are used to remove chromium (V1) [18]. These methods have some disadvantages, for example, such as
the formation of large contents of toxic waste sludge, incomplete metal removal, and high energy
requirements.

In this study, it was aimed to synthesize effectual hydrogel that could exactly the remove of Cr (VI)
metal ion from water. PAAm and PAAM/G, full-IPN (PAAM/G/MA-1) hydrogel, and semi-IPN
(PAAM/G/MA-2) hydrogel were prepared. The characterization of hydrogels was performed by FTIR,
SEM/EDX, TGA, DSC and Universal Testing Machine. The water absorbency and degradation behavior
of hydrogels were also researched. Full-IPN and semi-IPN hydrogel were utilized as an adsorbent for
the removal of Cr (V1) from aqueous solution by the assessment of initial feed concentration, contact
time and pH parameters.

Il. MATERIALS AND METHODS

A. MATERIALS

Gelatin (G; Type B, 280 Bloom, from pig skin), acrylamide (Aam; for molecular biology, purity>99%),
maleic acid (MA; ~99%, analytical reagent grade), glutaraldehyde (25% aqueous solution, GA),
ethylene glycol dimethacrylate (EGDMA; ~98%), ammonium persulfate ((NH4).S,0s, ACS reagent,
>98.0%), and sodium metabisulfite (Na,S.0s, reagent grade, 97%) were obtained from Sigma-Aldrich.
Double deionized water was utilized in the synthesis procedure of IPN hydrogels and metal adsorption
test [19].

B. METHODS
B. 1. Full-IPN and Semi-IPN Hydrogels Preparation

Full-IPN and Semi-IPN hydrogels were synthesized by radical polymerization. The reaction was started
by using (NHa).S,0s/NayS,05 redox pair at 25°C for both hydrogel synthesis. While the full-IPN
hydrogel had two crosslinking agents (GA and EGDMA), semi-IPN hydrogel was involved one cross-
linking agent, only EGDMA. GA was used for crosslinking of G and EGDMA was utilized for
crosslinking of PAAmM.

Synthesize Procedure: Around 4.00 mL of 6.0 M AAm solutions was added into 10% G solutions and
MA (0.08 g) with different volumes of crosslinkers. After the adding two initiators (0.02/0.02 g/g), the
mixture was taken into tubes. The mixture was left at room conditions for 24 h to complete the reaction.
The tubes were broken and then samples were cut to obtain pieces with a length of 0.5 cm. After washing
process, the cylindrical type hydrogels were dried at 25°C and then, at 40°C in a vacuum oven. Dried
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samples were stored at room temperature. The contents of components are presented in Table 1. The
Full-IPN hydrogel preparation method is given schematically in Fig. 1.

Table 1. The contents of components used for hydrogel synthesis procedure.

Hydrogel AAmM G MA EGDMA GA

(9) (ml) (9) (ml) (ml)
PAAM 1.70 - 0.04 B
PAAM/G 1.70 1.28 - 0.04 -
(PAAM/G/MA)-1 1.70 1.28 0.08 0.04 -

(PAAM/G/MA)-2 1.70 1.28 0.08 0.04 0.3

2.AAm

1. (NH,),S,05/Na,S,05 |:| 3.G.MA

4. EGDMA. GA
0 PAAM/G/MA
solution
— Broken the tube and
; B hdyrogel was cut to
Vortex obtain disk

- o~

Figure 1. Schematic diagram of formation of Full-IPN hydrogel.

Hydrogel disk

B. 2. Characterization

FTIR, SEM, thermal and mechanical tests were performed at Duzce University Scientific and
Technological Application and Research Center.

B. 2. 1. FTIR analysis

FTIR spectrum of AAm, G, MA, (PAAM/G/MA)-1 and (PAAM/G/MA)-2 samples were obtained from
FT-IR Shimadzu IR-Prestige 21. Approximately 1 mg of the pounded samples were blended with KBr.
The hydraulic press was utilized for generation of pellets. The pressure was arranged at 600 kg/cm?.
Spectrum were scanned between 400 and 4000 cm™ [7], [13].

B. 2. 2. Water absorbency test
Dry hydrogels of known weight (wg) were placed in distilled water (at 25°C and pH 7.0). The swollen
hydrogels that were taken at different times were weighed (ws) after wiping with filter paper. The

weighing was done by the time it reached a constant weight. The experiment was repeated three times.
Equation (1) is used to calculate the water absorbency [2], [7]:

Water absorbency (%) = (W%dwd)xloo Q)

B. 2. 3. Degradation test

The in vitro degradation studies of hydrogels were performed in phosphate buffer solution (PBS) at
different pH [20]. Samples were placed in vials, each containing 25 mL PBS. At predetermined time,
hydrogels were picked out of PBS, the residual water was wiped off from the sample surface and then,
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the samples were weighted [21]. The weighing was performed at 25°C and 120 h (according to water
absorbency results).

The degradation (%) was determined as follows [21], [22]:

Degradation (%) = (mi mf)xlOO (2

my

where m is the final mass and m; is the initial mass.
B. 2. 4. SEM/EDX analysis

Surface properties of samples were observed with FEI QUANTA FEG 250 Scanning Electron
Microscope (SEM). Investigation of the hydrogels coated with Au/Pd was carried out under 10 kV
accelerating voltage [2], [5]. The presence of Cr into the Cr(V1)-loaded (PAAM/G/MA)-2 hydrogel was
determined using an Octane Pro Ametek energy-dispersive X-ray (EDX).

B. 2. 5. Thermal analysis

The alteration of the physical properties with temperature was performed by thermal analysis. The mass
change of hydrogels was detected with thermogravimetric analysis (TGA). The thermal test was
performed by DTG 60 H Shimadzu Simultaneous DTA-TG Apparatus analyzer under dynamic nitrogen
atmosphere. Measurements were done at from 20 to 700°C at heating speed of 10°C.min" [23], [24].

The amount of heat required to increase the temperature of a sample and a reference is determined in
Differential scanning calorimetry (DSC) as a function of temperature. DSC-60 Shimadzu Differential
Scanning Calorimeter was utilized for this analysis. The range of temperature was 20—700°C (10°C.min°
1) under nitrogen gas atmosphere. The mass losses were evaluated as a function of time and temperature
[23], [25].

B. 2. 6. Tensile test

The percentage of elongation at break and the tensile strength of the samples were examined using
Universal Testing Machine Type Z 0.5. The elongation values (%) at break were calculated by dividing
the sample by the initial length and multiplying by 100. Tensile strength (unit MPa) was found by
dividing by the maximum load (N) by the sample cross-section (mm?). Equation (3) and Equation (4)
was used to determine the elongation at break (%) and tensile strength [26].

. Displacement at break x100
Elongation at break (%) = —> (3)
Gauze Length

Load (N)

Tensile Strength (Mpa) = Thickness (mm)x Width (mm)

(4)
B. 3. Adsorption Studies

A series of experiments were conducted to research the influence of pH, contact time, and initial
concentration of metal solution on adsorption. The stock 1000 mg/L of Chromium (V1) solution was
obtained by dissolving K>Cr,O7 in double distilled water. 50 mg of full-IPN and semi-IPN hydrogels
were put into 50 mL of Cr (VI) solution (80 mg/L) [27]. The pH was adjusted with 0.1N NaOH and
0.1N HCI [28]. The solution was shaken continuously at 120 rpm in shaker water bath at 25°C. A certain
amount of sample was removed from the solution at certain time intervals for determining of Cr (V1)
concentration. The experiment was continued until the equilibrium value was observed. The metal
contents were detected by a Shimadzu-18A UV-Visible spectrophotometer) at 540 nm. The adsorbed
Cr (V1) ions per unit weight of sample at time t, Q (mg/g), was found from the weight balance equation
as [18]:
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Q — (CO_Ct)V (5)
w

where C; and C, are the equilibrium and initial Cr (V1) concentration (mg/L), respectively, W (g) is the

weight of sample and V (L) is the volume of solution.

1. RESULTS AND DISCUSSION

The mechanism of full-IPN and semi-IPN hydrogels is given in Figure 2. Initially the reduction of the
persulfate to the anion radical (SO4)~ was formed and then, the generation of vinyl radical from the
monomer took place. Finally, the radically polymerization were occurred. In semi-IPN structure, G was
the guest polymer and PAAmM was host polymer. The polymer chains were crosslinked with EGDMA.
In full-IPN structure, both polymers (G and PAAm) were crosslinked with their crosslinker.
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Figure 2. The formation of full-IPN and semi-IPN hydrogels mechanisms.
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Figure 3. FTIR spectra of AAm, G, MA, full-IPN and semi-IPN hydrogels.

In order to detect the chemical structure of G, AAm, MA, and P(AAM/MA/G) hydrogels, FTIR analysis
was performed (Figure 3). MA spectrum displayed the specific absorption broad bands at 3400-2400
cm? of hydroxyl (-OH) stretch; at 3103.2 cm™ of (vinyl) C-H stretch, at 1668.44 and 1710.22 cm* of
conjugated C=C and C=0 [29]. AAm spectrum displayed specific bands at 2924.09, 1625.99 and
1550.33 cm? because of the existence of C-H aliphatic, C=0 and primary amine (N-H bend),
respectively [30,31]. In FTIR spectrum of G, the band at 3290.56 cm™* ascribed to the existence of -H

63



bond of hydroxyl group and -H bond of amide. At 1627.92 cm™ peaks accorded to the existence of
amide-I, at 1506.41 cm™ pointed amide-I1, band at 1240.23 cm™ pointed out the amide-IIl, the peaks
range from 1435.04 cm™ to 1398.39 cm™ were attributed to the symmetric and asymmetric bending
vibrations of -CHs group [30,31]. (PAAM/G/MA)-1 spectra showed the characteristic bands at 2881.65
and 1718.58 cm™ due to the existence of C-H aliphatic and C=0 group, respectively. The absorption
band of C-H and O-H bends were observed at 1465.90 and 1342.56 cm™. The peaks at 1100.44 cm™
were attributed to C-O stretch [7], [32]. The absorption bands at ~3100 cm™ (C-H stretch of vinyl group)
and ~1600 cm™* (conjugated C=C) were disappeared. This result can be explained by the formation of
semi-IPN hydrogel through CH,=CH- of AAm, -NH; groups of G, and conjugated C=C of MA. Unlike
semi-IPN hydrogel, the peak at ~1540 cm™* was observed in the spectra of full-IPN hydrogel. This result
can be explained by the formation of imine bonds (-C=N) because of the crosslinking between the amino
group in G and the aldehyde group in GA [31].
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Figure 4. The water absorbency (%) of hydrogels with time.

The water absorbency values were researched, and they were found by plotting as a function of time in
Figure 4. When a dried hydrogel is immersed in distilled water, the water penetrates the structure. The
diffusion rate depends on chemical and physical properties of the gel sample. In Figure 4, the maximum
value was obtained to be nearly 4822% for (PAAM/G/MA)-1 hydrogel, whereas the minimum value
was found to be nearly 2466% for PAAmM hydrogel. Water absorbency increased rapidly in 10 h, then
reached equilibrium value in 120 h. The water absorbency increased with the enhancing of the presence
of ionic groups in the structure like diprotic acid. In other words, absorbency increased with the presence
of G and MA [5]. This can be explained by the repulsive force that occurs between the electron pair of
the N atom and the negatively charged COO" groups in G and AAm. The full-IPN hydrogel had less
water absorption than semi-IPN hydrogel. This can be explained by using two crosslinkers in the full
IPN type hydrogel. The presence of two crosslinkers made the structure tighter and this limited the
diffusion of water into the structure [33], [34].
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Figure 5. The degradation behavior (%) of hydrogels with pH (at 25°C, 120 h).

The degradation behavior of hydrogels with pH is shown in Figure 5. The degradation (%) were ranged
from 0.43% to 1.71%. As pH was increased from 2 to 12, the values were nearly constant. It can be
clearly said that all hydrogels had resistant to degradation with pH. Especially, full-IPN hydrogels had
high resistance compared to other hydrogels. It can be said that the presence of two crosslinkers in
hydrogel structure increases the degradation stability [35,36].

SEM images of dried hydrogel, semi-IPN and full-IPN hydrogels are displayed in Figure 6. The
morphological distinctness between dry and swollen samples is obviously appeared. While the surface
of swollen samples had pores, dried hydrogel exhibited a nonporous smooth surface. The porosity
ensures easy absorption and diffusion of water into structure. The smallest and largest pores were
obtained for full-IPN and semi-IPN, respectively. It can be said that the sizes decreased with using two
crosslinkers in hydrogel synthesis process. SEM results were in good agreement with water absorbency
results. The EDX spectra of the adsorption of Cr (V1) in (PAAM/G/MA)-2 hydrogel is shown in Figure
7. The weight and atomic fraction values are given in Table 2. It has been proven that Cr (V1) adsorbed
to the hydrogel.

M | 10.00 kv
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Figure 6. The surface SEM images of a) dried hydrogel, b) swollen (PAAM/G/MA)-1 hydrogel, c) swollen
(PAAM/G/MA)-2 hydrogel d) Chromium(VI)-loaded (PAAM/G/MA)-2 hydrogel.

Figure 7. EDX analysis of Chromium(VI)-loaded (PAAM/G/MA)-2 hydrogel.

Table 2. The weight and atomic fraction values of Chromium(VI)-loaded (PAAM/G/MA)-2 hydrogel.

Element Wt % At %
CK 39.7 35.1
OK 50.1 53.5
CrK 10.2 11.4

The TGA curves of PAAM, PAAM/G, (PAAM/G/MA)-1 and (PAAM/G/MA)-2 hydrogels are shown in
Figure 8a. The thermal degradation of the PAAm formed via three stages process. The first stage at
155-220°C was associated with the separation of water absorbed or moisture. The second stage from to
220-298°C was related to the loss of NH, of amide side groups in ammonia form by imidization. The
third level at 298-455°C was ascribed to the process the main chain dissociation. The degradation of
PAAM/G was resembled PAAmM. The curves of PAAM/G had three thermal decomposition steps. The
first weight loss occurred ranged at 0-155°C because of the elimination of moisture. The second stage
was ensued at 165-307°C, the weight loss was associated with thermal decomposition of G and the loss
of ammonia by imidization [37]. The third decomposition ranged at 307-460°C was attributed the main
chain dissociation. Semi-IPN (PAAM/G/MA)-1 hydrogel had slightly lower thermal stability than
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PAAM/G. It exhibited three degradation steps. The first degradation step, was under 230°C, could be
related to moisture and the elimination of the carboxylic groups of MA. The second step, from 230 to
326°C was associated with ammonia via dehydration and imidization [38]. The main chain dissociation
process occurred in the third stage above 326°C. Full-IPN (PAAM/G/MA)-2 hydrogel degraded in a
similar manner. The first weight loss occurred ranged at 0-285°C because of the elimination of the
carboxylic groups of MA, and the separation of moisture. The second weight loss, from 285 to 422°C
was associated with ammonia via dehydration and imidization. The main chain dissociation process
occurred in the third stage above 422°C. Semi-IPN hydrogel completely degraded at 700°C, whereas the
full-1IPN hydrogel did not completely degraded. It can be said that the generation of full-IPN structure
enhanced the thermal stability. The strength of the covalent bond between the atoms formed in the
structure may be affected the thermal stability of the polymer material. Therefore, it can be said that the
increased thermal stability is evidence of the presence of two crosslinkers in the structure and the
formation of covalent bonds.

The DSC curves of PAAmM, PAAM/G, (PAAM/G/MA)-1 and (PAAM/G/MA)-2 hydrogels show in
Figure 8b. The DSC thermograms were detected to be accordance with the TGA results. Three
endothermic peaks were obtained for PAAm. The first endothermic peak was observed at 170°C due to
moisture. The second endothermic broad peak may have arisen from the loss of ammonia via imidization
in the structure at 230-285°C. According to the literature, the melting temperature (Tr) of PAAM is
273°C and the generation of imide groups occur in this temperature. The third endothermic peak
occurring at 320-360°C can be correlated with the glassy temperature (Tg) of the new imide groups of
PAAm. In literature, Ty of new imide groups was occurred at 324°C after imidization of PAAm [36].
Three endothermic peaks were obtained for PAAM/G. The first endothermic peak at 100-120°C may
have been occurred due to Ty of G and the moisture content in structure. The result was in accordance
with the literature. G has low Ty at 116°C and multi high Ty at 145-230°C [39]. The second endothermic
broad peak at 220-280°C may have occurred because of the multi Ty of G and imidization. It may have
been formed because of phase distinction between G and PAAm or due to the bond disconnection of
amino acids with glycine, hydroxyproline and proline in G matrix and generation of imide groups. With
respect to literature, the low Ty of G was attributed to the devitrification of the soft blocks a-amino acids
with glycine, hydroxyproline and proline while the multi high T4 of G transition was assigned to the
devitrification of the rigid amino acids with glycine, hydroxyproline and proline. The third endothermic
peak at 330-365°C may be Tq of new imide groups in PAAm matrix [40]. Three endothermic peaks were
obtained for semi-IPN hydrogel. The initial broad endotherm temperature at 110 to 125°C could be due
to low Ty of G, and moisture content [29]. The second endothermic broad peak at 225-285°C may have
occurred because of the multi Ty of G and imidization. The third endothermic peak at 325-345°C may
be Tq of new imide groups. Full-IPN hydrogel had three endothermic peaks like semi-IPN hydrogel. The
degradation with temperature was slower than semi-IPN, so shift of peaks was observed in the
thermogram. Semi-IPN hydrogel was completely degraded at 700°C, whereas the mass loss of full-IPN
was observed nearly %90 at 700°C. Therefore, it can be said that full-IPN hydrogel was more resistant
to temperature than semi-IPN hydrogel.
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Figure 8. a) TGA and b) DSC curves of PAAmM, PAAM/G, (PAAM/G/MA)-1 and (PAAM/G/MA)-2 hydrogels.

The mechanical properties of PAAmM, PAAM/G, (PAAM/G/MA)-1 and (PAAM/G/MA)-2 hydrogels
were examined. Figure 9 displays the elongation (%) at break of hydrogels and tensile strength (M.Pa).
No major differences were observed. With preparing full-IPN hydrogel, the tensile strength enhanced
from 39.22 MPa to 43.44 MPa and the elongation (%) aroused from 6.77% to 8.35%. It can be said that
the addition of crosslinker developed the mechanical stability. This can be explained by the possible
molecular interaction that forms when two crosslinking reactions occurs in structure. The intense
molecular interactions may be strengthening the structural integrity by enhancing tensile strength [24].
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Figure 9. The mechanical properties of hydrogels (a) tensile strength (M.Pa) and (b) elongation (%). Results
shown are mean + standard deviation, n = 3.

According to characterization results, the highest thermal and mechanical stability, and good water
absorbency were observed for (PAAM/G/MA)-1 and (PAAM/G/MA)-2 hydrogels. These hydrogels
were chosen for the adsorption capacity study due to their characterization properties and MA contents.
There are many studies in which MA is used to remove heavy metal ions [41]-[43]. According to
literature, its carboxyl groups are responsible for the metal binding [41]. The electrostatic interaction
occurs between the carboxylic groups of MA and heavy metal ions [44], [17]. This interaction form
through the ion exchange mechanism. In addition, the oxygen in the carbonyl group of MA plays a role
in the interaction of the metal ion with the polymer through the coordination bond [41], [43]. Therefore,
the binding of metal ions to the polymer is proceed with the combined action of coordination,
electrostatic interaction, and ion exchange [41]. Due to these properties, MA is frequently used in the
removal of heavy metal ions.

The effects of different initial feed Cr (VI) concentrations (C;) on the adsorption capacity of
(PAAM/G/MA)-1 and (PAAM/G/MA)-2 hydrogels were investigated in a range from 30 to150 mg/L at
pH 1.0 for a period of 15h. The adsorption values (Q) of hydrogels are given in Figure 10. The adsorption
increased directly with Cj, so it can be said that the adsorption depends on C;. The results are compatible
with the literature [44]. The number of adsorbed metal ions increases with an increase in Cj, so Q values
are increased. No major differences were observed between the Q values of the (PAAM/G/MA)-1 and
(PAAM/G/MA)-2 hydrogels. Q value of (PAAM/G/MA)-2 ranged from 28 to 117 mg/g, while Q value
of (PAAM/G/MA)-1 ranged from 33 to 121 mg/g. This difference can be explained by the increment of
crosslinking density in the structure slows down the penetration of water containing metal ion into the
structure and so, the adsorption rate reduces [45].
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temperature 25°C in period of 900 min). Results shown are mean + standard deviation, n = 3.

pH is an important factor for adsorption methods. The effect of pH on the adsorption efficiency of
(PAAM/G/MA)-1 and (PAAM/G/MA)-2 hydrogels, in the pH range 2-10, is given in Figure 11.
Hydrogel was added to 50 mL of Cr (VI) solutions (80 mg/l) of different pH values. Initially, the
adsorption increased speedily until pH 6. The maximum adsorption reached at pH 6. The adsorption
steadily decreased thereafter. Similar findings for the adsorption of Cr (V1) with pH has been reported
by Rengaraj et al. (2003) and Khan et al. (2017) with maximum adsorption reaching at pH 6 and 7,
respectively [45], [46].

According to literature, Cr (V1) exists in various oxoanionic forms in aqueous solution at different pH
values [43], [45]. Below pH 1.0, it is in the form of H.CrO4. Between pH 1-6, Cr (V1) is in the form of
HCrO4, which dimerizes to Cr.O-* with the release of a water molecule into the environment [43], [46].
Cr (VI) is in the form of Cr,04* above pH 6. In other words, at higher pH values the ionized form is
adsorbed, while at low pH the molecular form is adsorbed [47]. At pH 6, the reducing the Cr,O7*~ and
HCrO., and the forming of CrO4> form is occurred; then, the electrostatic attraction is increased, and
the adsorption capacity is enhanced too [47], [48]. Cr (VI) are adsorbed by the positively charged
adsorbent surface up to pH 6. The decrease in the adsorption capacity after pH 6, dominant species are
HCrO4 and CrO4*", can be explained by charge changes of the hydrogels from positive to negative, thus
decreasing the electrostatic interaction between hydrogel to metal ions [46]-[48].

2H.CrO, «» 2H* + 2HCrOy pH=1
2HCrO4 €»Cr,0;* + H,0 pH 1-6

Cr,0+* + H,O €+» 2CrO,% + 2H* pH> 6
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Figure 11. The effect of pH on the adsorption of Cr(VI) ions (under the conditions initial Cr(VI) concentration
of 80 mg/L, temperature 25°C in period of 900 min). Results shown are mean + standard deviation, n = 3.

The efficiency of contact time on the adsorption was researched and the equilibrium adsorption value
was determined. It was clearly seen that time had a vital effect on adsorption. The results are displayed
in Figure 12. The initial adsorption rate was high for both hydrogels. As the contact time increased, the
metal ion uptake rate slowed down and then it reached a constant value. The results are compatible with
the literature. According to literature, initially the functional groups of the hydrogels interact with metal
ion easily. Thus, initial rate of adsorption is very high [49]. As the interaction continues, the adsorption
rate slows down over time and eventually reaches a constant value. This time is defined as the
equilibrium time [50]. During this time, a dynamic equilibrium occurs between the hydrogel and the
solution; the adsorption rate is equal to the desorption rate from the hydrogel in the water, and the
adsorption reaches equilibrium [49], [50]. The Q values of hydrogels increased gradually till 110 min
and then the rate slowed down. The equilibrium adsorption value was found to be 75 mg/g for
(PAAM/G/MA)-2 hydrogel, while the equilibrium adsorption value was found to be 78 mg/g for
(PAAM/G/MA)-1 hydrogel.
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Figure 12. The effect of contact time on the adsorption of Cr(VI) ions (under the conditions initial
Cr(VI)concentration of 80mg/L, temperature 25°C and pH=1). Results shown are mean * standard deviation, n
=3
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Langmuir isotherm model was utilized with determining the adsorption isotherm [51], [52]. This
Langmuir isotherm equation is given in Equation 5:

1 1
1/qe:Q°XbXCe+E (5)

In Equation, the content of metal adsorbed is g. (mg/g), the equilibrium concentration is C. (mg/L), b
and Q° is Langmuir constants associated with energy of adsorption and adsorption capacity,
respectively. The adsorption isotherm is given in Figure 13. If a plot of 1/ge versus 1/C. is plotted and a
straight line is obtained and the calculated high correlation coefficient (R?) of the graph is remarkably
close to 1, the adsorption behavior can be assumed to fit the Langmuir isotherm. The intercept and the
slope of this line then yield the constants b and Q°, respectively. Q° was found to be 555.55 and 322.58
mg/g for semi-IPN and full-IPN, respectively, while b was calculated as 0.0323 and 0.0563 L/mg for
semi-IPN and full-IPN, respectively. The correlation coefficient (R?) was found to be 0.9992 and 0.9984
for semi-IPN and full-IPN, respectively. The correlation coefficient displays a good accordance between
parameters and indicates monolayer adsorption of metal ions on the adsorbent surface [51], [52].
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Figure 13. Langmuir isotherm for adsorption of Cr (VI) ions (under the conditions pH=6, temperature 25°C in
period of 900 min).

Freundlich isotherm displays in Equation 6 [9], [14]:

logq, = log Ky + nlogC, (6)
In Equation, the Freundlich constant is K, an adsorption capacity, depends on the binding energy.
Freundlich coefficient is n, a heterogeneity factor, links to the deviation of adsorption from linearity. It
can be detected from the plot of logge vs. logCe. The isotherm is displayed in Figure 14. n was found to
be 0.8231 and 0.8007 mg/g for semi-IPN and full-IPN, respectively, while Ks was calculated as 15.44
and 18.47 for semi-IPN and full-IPN, respectively. The correlation coefficient (R?) was found to be
0.9983 and 0.9885 for semi-IPN and full-IPN, respectively. R*values were over 0.96 indicating that the
adsorption of Cr (V1) ions by semi and full-IPN hydrogel fitted also well on Freundlich isotherm. It can
be said that the monolayer adsorption of the metal ions was occurred on the adsorbent surface [52].
Langmuir isotherm proved to be a better mathematical fit for equilibrium data than Freundlich model,
based on the higher R? value.
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Figure 14. Freundlich isotherm for adsorption of Cr (V1) ions (under the conditions pH=6, temperature 25°C in
period of 900 min).

V. CONCLUSION

In this study, the gelatin (G)-polyacrylamide (PAAm)-based interpenetrating polymer network (IPN)
hydrogels containing maleic acid (MA) was synthesized by free radical polymerization. The so-prepared
hydrogel was utilized for removal of Cr (VI) from its aqueous solutions. The hydrogels were
characterized by FTIR, TGA, DSC and SEM/EDX analysis. The degradation and mechanical behavior
of hydrogels was also investigated. It was detected that IPN hydrogels had good water absorbency
capability, degradation, mechanical, and thermal stabilities. Factors affecting the adsorption process
such as pH, contact time, and initial concentration were extensively researched. It was observed that the
extent of Cr (V1) adsorption increased with increasing initial Cr (V1) concentration within the range
studied. It was found that adsorption of Cr (VI) by hydrogels was influenced by the increasing of the
crosslinking amount in structure. Also, it was observed that the adsorption is pH-dependent and
maximum sorption was obtained at pH 6. According to the study of the influence of contact time on the
adsorption, a remarkable increase in Cr (V1) adsorption occurred up to 300 min. The adsorption data
was determined to accord both Langmuir and Freundlich sorption isotherms, but Langmuir isotherm
demonstrated to be a better mathematical fit for equilibrium data than Freundlich model, based on the
higher the correlation coefficient value. The Langmuir adsorption capacity (Q) was determined to be
555.55 and 322.58 mg/g for semi-IPN and full-IPN, respectively. Freundlich constants, K, were found
to be 15.44 and 18.47 for semi-IPN and full-IPN, respectively. According to results, it can be said that
the synthesized IPN hydrogel could be utilized as metal adsorbents from aqueous solutions.
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