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Aktif Karbon ile Gelistirilmis Katyonik Kompozit Hidrojelin Hazirlanmasi ve Anyonik Boya Uzaklastirilmasinda Kullanimi

One Cikanlar:

e MO uzaklastirilmasi
i¢in yeni bir adsorban
olarak aktif karbon
iceren katyonik
kompozit hidrojel

e Maksimum MO
adsorpsiyon kapasitesi
909,09 mg/g dir.

e Kompozit hidrojel,
anyonik boyalarin
giderimi igin dnemli bir
potansiyele sahiptir.

Anahtar Kelimeler:

+ Kompozit hidrojel

«  Aktif karbon

«  Metil turuncu

« Adsorpsiyon izoterm
« Adsorpsiyon kinetik

Alper ONDER*
OZET:

Kuarterner amonyuum igeren suda ¢oziinmeyen p(AETAC)/AC kompozit hidrojelleri [2-
(Akriloiloksi)etilJtrimetilamonyum klorlir (AETAC) ve aktif karbon (AC) ile serbest radikal
polimerizasyonu yontemiyle hazirlandi. Kompozit hidrojel Fourier Doniisiimlii Kizil6tesi Spektroskopisi
(FT-IR), Termogravimetrik analiz (TGA), X-Isim1 Kirinim (XRD) ve Taramali elektron mikroskobu
(SEM) yontemleriyle karakterize edildi. Ek olarak, 50 mg, 75 mg, 100 mg ve 150 mg AC igeren
pP(AETAC)/AC kompozit hidrojellerinin deiyonize sudaki sisme davranisi incelendi. 75 mg AC igeren
pP(AETAC)/AC7s kompozit hidrojelinin ¢esitli sulardaki sisme kapasitesi belirlendi. p(AETAC)/ACr7s
kompozit hidrojelinin MO adsorpsiyonunu etkileyen baglangi¢ boya konsantrasyonu, temas siiresi, boya
¢ozeltisinin pH’1, adsorban miktar1 ve sicaklik parametreleri arastirildi. Elde edilen adsorpsiyon verileri,
Langmuir izoterm modeli ve PFO kinetik modeliyle uyum saglar. p(AETAC)/AC7s kompozit
hidrojelinin Langmuir izotermine gore maksimum adsoprsiyon kabiliyetinin 909.09 mg/g oldugu
belirlendi. p(AETAC)/AC7s kompozit hidrojelin MO boyar maddesinin adsorpsiyonu igin AH® ve AS®
degerleri sirasiyla 22.25 + 1.43 ve 85.40 = 4.60 olarak hesaplandi. Ek olarak, dort farkli sicaklikta
sifirdan kiigiik olan AG® degeri boya adsorpsiyonunun kendiliginden oldugunu ifade eder. Elde edilen
tiim verilere gére p(AETAC)/AC7s kompozit hidrojeli anyonik boyar maddelerin sudan uzaklastirilmasi
i¢cin umut verici bir aday olarak kabuledilebilir.

Preparation of Cationic Composite Hydrogel Improved by Activated Carbon and Its Use in Removal of Anionic Dye

Highlights:

e The cationic composite
hydrogel with activated
carbon as a novel
adsorbent for MO
removal

e The maximum MO
adsorption capacity was
909.09 mg/g.

e The composite hydrogel
has significant potential
for the removal of
anionic dyes.
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ABSTRACT:

Water-insoluble p(AETAC)/AC composite hydrogels containing quaternary ammonium were prepared
by free-radical polymerisation method with [2-(Acryloyloxy)ethyl]trimethylammonium chloride
(AETAC) and activated carbon (AC). The composite hydrogel was characterized by Fourier Transform
Infrared Spectroscopy (FT-IR), Thermogravimetric analysis (TGA), X-Ray Diffraction (XRD), and
Scanning Electron Microscopy (SEM) methods. In addition, the swelling behavior of p(AETAC)/AC
composite hydrogels containing 50 mg, 75 mg, 100 mg, and 150 mg AC in deionized water was
investigated. The swelling capacity of the p(AETAC)/AC7s composite hydrogel containing 75 mg AC in
various waters was determined. Initial dye concentration, contact time, pH of dye solution, amount of
adsorbent, and temperature parameters affecting MO adsorption of p(AETAC)/AC7s composite hydrogel
were investigated. The obtained adsorption data agree with the Langmuir isotherm model and the PFO
kinetic model. It was determined that the maximum adsorption ability of p(AETAC)/ACzs composite
hydrogel according to Langmuir isotherm was 909.09 mg/g. AH® and AS°® values for the adsorption of
MO dye-stuff of p(AETAC)/AC7s composite hydrogel were calculated as 22.25 + 1.43 and 85.40 + 4.60,
respectively. In addition, the value of AG® less than zero at four different temperatures indicates that the
dye adsorption is spontaneous. According to all the data obtained, p(AETAC)/ACs composite hydrogel
can be considered a promising candidate for the removal of anionic dyestuffs from water.
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INTRODUCTION

The most important threat to the existence of people around the world is the lack of sufficient
potable water. According to the World Health Organization (WHO), 15% of people depend on surface
water as a source of drinking water. WHO is working hard to solve the problem of potable water
supply in the world (Anirudhan et al., 2022). In addition, for the accessibility of drinking water to the
world, the United Nations (UN) has defined as the sixth sustainable development goal. Among the
pollutants of drinking water, industrial dyes pose significant threats to the environment and human
health (Anirudhan et al., 2022; Glaas-WHO, 2022). Dyes present in water can reduce the effect of
sunlight on aquatic plants and thus affect the growth of living ecosystems. At the same time, industrial
dyes can cause adverse effects on DNA in cells, various types of cancer, and toxicity (Xu et al.,
2019;Chowdhury et al., 2020; Giingor & Ozay, 2022b).

Various physical, chemical and biological methods are used to remove industrial dyes from
wastewater (Kim et al., 2023). Researchers are working on various techniques to purify contaminated
water and make it portable for the world's population. Among these techniques, the adsorption method
has come to the fore with its easy use, high feasibility, affordable cost, and sustainability aspects
(Ozsoy et al., 2022; Kim et al., 2023). So far, various adsorbents have been used to remove organic
dyes such as hydrogels, nanospheres, nanotubes, metal-organic framework (MOF), and composite
hydrogels (Onder & Ozay, 2021; Giingér & Ozay, 2022a; Abutaleb et al., 2023; Ilgin et al., 2023).
Composite hydrogels are materials prepared with a filler with a different chemical structure into a
three-dimensional cross-linked polymer network with various functional groups (Sugawara et al.,
2020). Composite hydrogels, which have high adsorption capacity and excellent swelling properties,
have attracted the attention of researchers because of their functional ability and efficiency (Onder et
al.,, 2023). Composite hydrogels can remove dyes in aqueous solutions through hydrophobic
interactions, electrostatic interactions, hydrogen bonding, and ion exchange interactions between the
dye molecules and the composite hydrogel (Jiang et al., 2018; Ozsoy et al., 2022; Onder et al., 2023).
Quaternary ammonium (RsN¥) based composite hydrogels are cationic superabsorbents. Cationic
composite polymers can be used to remove anionic dyes. [2-(Acryloyloxy)ethyl]trimethylammonium
chloride (AETAC), which has a RsN* group in its structure, is an excellent monomer for the
preparation of selective adsorbent materials for the removal of anionic dyes. Ozsoy et al. reported that
the composite polymeric material they prepared with AETAC monomer has a significant potential for
anionic dyestuff ARS (Ozsoy et al., 2022). Composite hydrogels prepared with various materials such
as montmorillonite, clay, and active carbon have been studied in various application areas such as
biomedical, environmental, and energy (Tian et al., 2010; Zhang et al., 2018; Rong et al., 2021; Singh
et al., 2022). Active carbon (AC) is an important adsorption material thanks to its porous structure and
various properties such as biocompatibility.

In this study, water-insoluble p(AETAC)/AC composite hydrogels containing RsN* group with
four different amounts of active carbon were synthesized. The characterization of the prepared
P(AETAC)/AC composite hydrogels was performed by FT-IR (Fourier Transform Infrared
Spectroscopy), XRD (X-Ray Diffraction), TGA (Thermogravimetric analysis), and SEM (Scanning
Electron Microscopy). The effects of AC amount on the swelling behavior of p(AETAC)/AC
composite hydrogels were investigated. In addition, the swelling behavior of p(AETAC)/AC7s
composite hydrogels in various waters was investigated. The effects of initial dye concentration, pH,
temperature, and adsorbent amount on azo dye anionic dye MO adsorption of p(AETAC)/AC7s
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composite hydrogel developed as anionic dye removal material were investigated. With the help of the
obtained data, isotherm, kinetic and thermodynamic parameters were obtained.

MATERIALS AND METHODS

In order to create the composite hydrogel, Sigma-Aldrich provided the AETAC monomer, N,N'-
methylenebisacrylamide (MBA), ammonium persulfate (APS) initiator, and N,N,N',N'-
tetramethylethylenediamine (TEMED) accelerator. AC with a surface area of 99.25 m?/g and an
average pore radius of 1.73 nm was obtained from Kimetsan Co. Ltd (llgin et al., 2023). The anionic
dye MO used in adsorption studies was obtained from Sigma-Aldrich. The concentrated hydrochloric
acid (HCI, 36.5%) and sodium hydroxide (NaOH) used to prepare solutions with different pH were
obtained from Sigma-Aldrich and Merck. Deionized water was used in all studies. Throughout the
course of the investigation, every experiment was run three times.

In the AC and p(AETAC)/AC7s composite hydrogel structural FT-IR spectra, a Perkin Elmer
Spectrum 100 FT-IR device was employed. The Swollen p(AETAC)/AC7s composite hydrogel was
lyophilized and surface morphology was performed with the FEI Quanta FEG 250 model SEM device.
Thermal analysis of AC and p(AETAC)/AC7s composite hydrogel was completed with Perkin Elmer
brand TGA 8000 model instrument (30-1000 °C, 10 °C/min, nitrogen gas). XRD analyses of AC and
P(AETAC)/AC7s composite hydrogel were performed using Empyrean (Malvern Panalytical) (Cu-Ka,
radiation, 45kV, 40mA, and 260 range of 10°-80°). A pH meter (Hanna edge pH) was used for the
preparation of various pH solutions. The amount of dye adsorbed by hydrogels was determined using
T80 + UV/VIS Spectrometer (PG Ins. Ltd.) with calibration graphs.

Preparation and Characterization of Composite Hydrogel

P(AETAC)/AC composite hydrogels were prepared by the radical polymerization method,
similar to our previous study, as given in the reaction scheme in Figure 1a (Onder et al., 2022). Briefly,
1 mL of AETAC and 1% mole of MBA (7.4 mg) based on the amount of monomer crosslinker were
mixed in an ultrasonic bath. Various amounts of AC (50 mg, 75 mg, 100 mg, and 150 mg) were added
to the medium and mixed in an ultrasonic bath until a homogeneous mixture was obtained. 50 puL of
TEMED was added to the reaction mixture. Finally, according to the mole amount of monomer, 1%
APS was dissolved in 100 pL deionized water and added to the reaction mixture, and polymerization
was started. The resulting composite hydrogels were washed in distilled water for 24 h (3x8 h) to
remove unreacted compounds. The swollen and washed p(AETAC)/AC composite hydrogels were cut.
Then it was dried in a vacuum oven at 40 °C for 2 days. p(AETAC)/ACso, p(AETAC)/ACys,
P(AETAC)/AC100, and p(AETAC)/AC1s0 composite hydrogels obtained from 50, 75, 100, and 150 mg
AC amounts were stored in a desiccator for adsorption experiments and characterization.

Swelling and adsorption experiments

The gravimetric method was applied for the swelling characterization of composite hydrogels.
For this purpose, the composite hydrogel containing different amounts of AC was kept in deionized
water for 24 hours to determine the effect of the amount of AC on the swelling capacity of
P(AETAC)/AC composite hydrogels. Final weights were measured to determine their swelling
amount. Swelling capacities (ESR, Qwater/Ohydrogel) Of P(AETAC)/AC composite hydrogels were
calculated (Giingor & Ozay, 2022b). In addition, the effects of various waters (sea water (SW), river
water (RW), synthetic textile waste (STWw), tap water (TW), and drinkable water (DbW)) on the
swelling behavior of p(AETAC)/AC7s composite hydrogel were investigated.
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MO dye solution was used for anionic dye adsorption of p(AETAC)/AC7s composite hydrogel
from an aqueous medium. The chemical structure and properties of MO are shown in Table 1. The
effects of initial dye concentration (in the range 25-1500 mg/L), contact time (0-24 h), dye solution pH
(pH =4, 5, 6, 7, 8, 9 and 10), temperature (30, 40, 50 ve 60 °C), and amount of adsorbent on the
adsorption process were investigated for the removal of dyes from aqueous solutions. Here, 750 mg/L
MO (pH=5.81 + 0.2) aqueous solutions were used for the effect of adsorbent amount and temperature.
At the same time, 500 mg/L MO aqueous solution was used to examine the effects of pH and contact
time on adsorption. Equilibrium concentrations of MO (Amax = 464 nm) dyestuff were measured with
the help of a UV/Vis spectrophotometer. The adsorption capacity and dye removal percentages at
equilibrium were calculated as in the literature (Onder et al., 2020).

Table 1. Characteristics of MO (Iwuozor et al., 2021)

Chemical structure of MO Property MO Dye

IUPAC name Sodium-4-(4-dimethylamino phenyl diazenyl)

SO;Na
benzenesulfonate
N Molecular formula C14H14N3SO3Na

Il Molecular weight 327.34 g/mol
N pKa 3.4
Colour & form Orange-yellow powder & crystalline scales
Melting point > 300 °C
Solubility 5 g/L (20 °C) in water

RESULTS AND DISCUSSION

Synthesis and Characterization of p(AETAC)/AC Composite Hydrogel

Removal of synthetic dyestuffs, which is one of the most important pollutants of usable water, is
very important for a sustainable water economy. Therefore, p(AETAC)/AC composite hydrogels as a
new adsorbent material were synthesized using the free-radical copolymerization method in four
different AC amounts (Fig. 1a). The FT-IR spectrums of AC, AETAC monomer, and the prepared
P(AETAC)/AC7s composite hydrogel are given in Fig. 1b. In the spectrums of AC, AETAC, and
composite hydrogel, absorption bands were determined at 3660-3100 cm™ and 3021 cm™?, respectively,
because of -OH and C—H stretchings. In the FT-IR spectrum of the p(AETAC)/AC7s composite
hydrogel, the characteristic C = O stretch (1721 cm™) of the AETAC monomer was observed (Wang et
al., 2020; Ozsoy et al., 2022). In addition, N-H stretching (1640 cm™) in the structure of crosslinker
MBA and C-N stretching (955 cm™) of quaternary ammonium groups in the structure of AETAC were
observed (Wang et al., 2020; Ozsoy et al., 2022). The aromatic C=C stretch band in 1557 cm™ and the
C-O stretch band at 1087 cm™ in the FT-IR spectrum of AC were determined in the FT-IR spectrum of
the p(AETAC)/AC7s composite hydrogel at 1577 cm™ and 1089 cm™ (Liu et al., 2017; Shu et al., 2017;
Zhang et al., 2018). The FT-IR spectra show similar adsorption peaks with the p(AETAC)/ACs
composite hydrogel, indicating that AETAC and AC have similar chemical properties. These results
indicate that AC was successfully incorporated into the p(AETAC)/AC7s composite hydrogel.
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Figure 1. (a) Schematic illustration of p(AETAC)/AC Composite Hydrogels Synthesis; (b) FT-IR Spectra of AC, AETAC
and p(AETAC)/AC+s Composite Hydrogel
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Figure 2. (a) XRD Spectra of AC and p(AETAC)/AC+s Composite Hydrogel; TGA Thermograms of; (b) AC; (c)
pP(AETAC)/AC75 Composite Hydrogel

The XRD patterns of the AC and p(AETAC)/AC7s composite hydrogel are shown in Fig. 2a. The
broad peaks at 23.65° and 43° of the commercial AC XRD model indicate the presence of an
amorphous structure containing irregular carbon and planes, respectively. Moreover, sharp peaks of
AC 20.90° (d=4.26 A), 26.70° (d=3.34 A), 36.55° (d=2.46 A), 39.50° (d=2.28 A), 50.18° (d=1.82 A),
59.99° (d=1.54 A), and 68.20° (d=1.37 A) show quartz 100, 101, 110, 102, 112, 211, and 203
respectively (Dutournié et al., 2019; Saafie et al., 2019; Bedia et al., 2020). These sharp peaks are
related to the presence of quartz as an impurity (Dutournié et al., 2019). When the XRD pattern of
pP(AETAC)/AC7s composite hydrogel was examined, it was determined that it had an amorphous
structure. In addition, it was observed that the sharp peaks of AC disappeared within the amorphous
structure of the p(AETAC)/AC7s composite hydrogel. This may be a result of the homogeneous
distribution of AC within the meshwork of the p(AETAC)/AC7s composite hydrogel.
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TGA thermograms of activated carbon and p(AETAC)/AC7s composite hydrogel are shown in
Fig. 2b and c. When the TGA and DTG thermograms of AC in Fig. 2b were examined, it was
determined 3 decomposition stages with sharp at 40.58 °C and wide DTG endothermic peaks at 691.12
°C and 974.61 °C. These results showing that commercial activated carbon has good thermal stability
are in agreement with the literature (Sharma et al., 2021). However, only 37.26% of the total mass was
lost at 1000 °C. This may be due to impurities in the XRD spectrum of AC observed in Fig. 2a. The
TGA thermogram of p(AETAC)/AC7s composite hydrogel exhibited three specific gravity losses.
Initial weight loss was observed below 200 °C and this could be attributed to water molecules. The
rapid and significant mass decrease brought on by the breaking of polymer chains can be blamed for
the second weight loss in the temperature range of 200-350 °C. The third weight loss in the 350-550
°C range can be attributed to a complex process dominated by the degradation of AETAC and
thermally stable AC structures. Also, 89.33% of the total mass was lost after 1000 °C. The remaining
10.67% mass may be due to crystalline structures within it as determined in the XRD spectra of AC
(Fig. 2a). All three degradation steps of the p(AETAC)/AC7s composite hydrogel are consistent with
the major peaks of the DTG curves. In the DTA curve of p(AETAC)/AC7s composite hydrogel, an
endothermic peak at 276.21 °C of depolymerization causing mass loss was observed. It can be said
from the results that the incorporation of AC into the network structure results in the formation of a
thermally stable composite hydrogel.

The morphological structure of the swollen p(AETAC)/AC7s composite hydrogel, which was
freeze-dried with the help of a lyophilizer, was examined by SEM. According to the SEM image in
Fig. 3a, it was determined that the dry p(AETAC)/AC7s composite hydrogel had pores ranging from
approximately 10 um to 100 um. At the same time, AC in the p(AETAC)/AC7s composite hydrogel
were observed in the SEM image in Fig. 3b at x20 000 magnification. SEM images show that the AC
material is homogeneously dispersed in the p(AETAC)/AC composite hydrogel.

Figure 3. SEM images of the p(AETAC)/AC7s Composite Hydrogel at (a) 500x ; (b) 20 000x Magnifications

Swelling behavior is one of the most important factors affecting the efficiency of hydrogel
systems used to remove impurities from water. Swelling, which is the most important feature of
hydrogel systems, depends on the structure of the material. In deionized water, the effects of ambient
pH and the quantity of AC on the swelling behavior of the p(AETAC)/AC7s composite hydrogel were
examined (~25 °C and 24 h). The effect of the amount of AC (50 mg, 75 mg, 100 mg, and 150 mg) on
the swelling behavior of the composite hydrogels (p(AETAC)/ACso, pP(AETAC)/AC7s,
P(AETAC)/AC100, and p(AETAC)/AC150) was determined and given in Fig. 4a. Equilibrium swelling
values of p(AETAC)/ACso, p(AETAC)/AC75, p(AETAC)/AC100, and p(AETAC)/AC1s0 composite
hydrogels were 41.29+0.32 gwater/Qgel, 80.26 5,58 gwater/Jget, 187.18 £17.04  gwater/gger  and
278.47+73.27 gwater/dgel, respectively. Fig. 4a shows that as the amount of AC was raised, the
composite hydrogel's swelling capability also rose. This is due to the fact that AC has a porous
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structure. In addition, p(AETAC)/AC10 and p(AETAC)/ACis0 composite hydrogels could not
maintain their form due to excessive water retention at the equilibrium swelling point. The easy
collection of adsorbent systems developed for water pollution is an important parameter in terms of its
usefulness. Therefore, p(AETAC)/AC7s composite hydrogel was chosen to be used in subsequent
experiments.

100
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Figure 4. The effects of (a) AC Amount on Swelling Behavior of p(AETAC)/AC Composite Hydrogel and (b) pH on
Swelling Behavior of p(AETAC)/AC Composite Hydrogel
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Various waters containing different ion concentrations can affect the swelling ability of
composite hydrogels (Giingér & Ozay, 2022b). On the swelling behavior of the p(AETAC)/ACs
composite hydrogel, the effects of SW, RW, STWw, TW, and DbW were examined (Fig. 4b).
Equilibrium swelling values of DW, DbW, STWw, TW, RW and SW were 80.26 + 5.58 gwater/Qgel,
72.27 £ 4.19 gwater/Jgel, 40.68 £ 4.70 gwater/Jgel, 36.27 + 3.86 gwater/Jgel, 18.11 + 4.72 gwater/gger and 13.46
+ 3.60 gwater/ggel, respectively. According to the equilibrium value of swelling in DW, a decrease in
swelling values of DbW, STWw, TW, RW, and SW was determined. This situation was attributed to
the decrease in swelling capacity with the effect of osmotic pressure in DbW, STWw, TW, RW, and
SW environments containing different ion types. However, given that the p(AETAC)/AC75s composite
hydrogel with quaternary ammonium and porous AC has the capacity to swell in the STWw and is
cross-linked, water-insoluble, and hydrophilic in nature, it could be a viable adsorbent for anionic

dyes.

Adsorption studies of methyl orange by p(AETAC)/AC composite hydrogel

The adsorption behavior of p(AETAC)/AC7s composite hydrogel, which was prepared and
characterized as an adsorbent for anionic dyes in wastewater coming from the textile sector, was
examined using anionic azo dyestuff MO. The effects of initial dye concentration, contact time,
amount of adsorbent, pH, and temperature on the MO adsorption capacity of p(AETAC)/AC7s
composite hydrogel from aqueous solution were investigated.

The effect of MO initial dye concentration on the adsorption capacity of p(AETAC)/ACs
composite hydrogel was determined at 8 different concentrations in the range of 25—1500 mg/L and is
given in Fig. 5a. The p(AETAC)/AC7s composite hydrogel has a high adsorption capacity up to 500
mg/L concentration, as shown in the Fig. 5a. However, the adsorption capacity of p(AETAC)/AC7s
composite hydrogel at 750 mg/L, 1000 mg/L, and 1500 mg/L concentrations was 606.47 + 7.01 mg/g,
707.71 + 13.84 mg/g ve 836.24 + 15.42 mg/g, respectively. The adsorption capacity of
P(AETAC)/AC7s composite hydrogel decreased with increasing initial MO concentration. This may be
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due to the reduction in adsorption sites on the p(AETAC)/AC7s composite hydrogel (Omorogie et al.,
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Figure 5. The Effect of (a) Initial Dye Concentration, (b) Contact Time, (c) pH of Dye, and (d) Adsorbent Amount on the
MO Adsorption of p(AETAC)/ACs Composite Hydrogel

The effect of the contact time of the p(AETAC)/AC7s composite hydrogel with the MO dye
solution on the adsorption rate was investigated in 500 mg/L MO dye solution (pH=5.81 + 0.2) at 30
°C over a time period of 1-24 h and presented in Fig. 5b (1 mg p(AETAC)/AC75 / 1 mL MO). As the
P(AETAC)/AC7s composite hydrogel's contact time with the MO dye molecules lengthened, the
likelihood of interaction between the dye molecules and the composite hydrogel rose. However, as the
contact time increased, the adsorption equilibrium of the p(AETAC)/AC7s composite hydrogel with
the MO dye molecules began to occur and the adsorption rate slowed down.

Textile wastewater with various pH values can significantly affect the adsorption capacity of the
adsorbent. For this reason, it is important to examine the adsorption behavior of the developed
adsorbent materials in dye solutions at various pH values. The effect of the initial pH of MO aqueous
solution on the adsorption behavior of p(AETAC)/AC7s composite hydrogel was investigated in MO
solution at pH=4, 5, 6, 7, 8, 9, and 10 at 24 h and 30 °C (Fig. 5¢). The percentages of dye removal of
P(AETAC)/AC7s composite hydrogel from the MO dye solvents at pH= 4, 5, 6, 7, 8, 9, and 10 were
72.79%, 93.36%, 93.16%, 94.10%, 92.36%, 92.70% and 90.25%, respectively. At pH 5 to 10, the
P(AETAC)/AC7s composite hydrogel demonstrated a high dye removal rate. At pH 7, the
P(AETAC)/AC7s composite hydrogel had the highest percentage of MO removal. As the pH value
increased, the percentage of dye removal decreased. The adsorption sites on the composite hydrogel
might have affected the adsorption of anionic MO molecules because of the increased hydroxyl ion
concentration (Onder et al. 2023). In addition, the percent of dye removal of the p(AETAC)/ACs
composite hydrogel decreased at pH=4. The sodium sulfonate salt groups (-SOONa) in the MO dye
molecules are changed into sulfonic acid (-SOOH) in acidic environments. Thus, by reducing the anion
density at pH=4, the amount of dye removed from the p(AETAC)/AC7s composite hydrogel may have
decreased (Onder et al., 2020, 2023; Roa et al., 2021).

The effect of the amount of p(AETAC)/AC7s composite hydrogel on the MO dye removal
efficiency is given in Fig. 5d. Accordingly, 1-5 g of p(AETAC)/AC7s composite hydrogel was kept in
MO dye solution with a concentration of 750 mg/L (1 L) for 24 h and maximum dye removal amounts
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were determined. As can be shown in Fig. 5d, as the amount of p(AETAC)/AC7s composite hydrogel
increased in accordance with the amount of MO used, nearly all of the MO was removed. This can be
explained by the fact that when the amount of p(AETAC)/AC7s composite hydrogel increases, there
are more active regions interacting with MO dye molecules.
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Figure 6. (a) Effect of Temperature on MO Adsorption of p(AETAC)/AC7s Composite Hydrogel and (b) Plot of In(qe/Ce)
Versus 1/T for Adsorption of MO

The effect of temperature on the adsorption of p(AETAC)/AC7s composite hydrogel MO anionic
azo dyestuff was performed at four different temperatures and 750 mg/L dye concentration. The data
obtained are shown in Fig. 6a. In the presence of p(AETAC)/AC7s composite hydrogel as adsorbent,
when the temperature increased from 30 °C to 60 °C, the equilibrium adsorption amount of MO
dyestuff increased from 606.47 = 7.01 to 679.08 + 8.02, respectively. It demonstrates that when the
temperature increases, the interaction between MO dye molecules and the p(AETAC)/AC7s composite
hydrogel raises. The thermodynamic parameters (Enthalpy-AH®; entropy-AS°®; Gibbs free energy-AG®)
for the adsorption of the MO dyestuff of the p(AETAC)/AC7s composite hydrogel were calculated
using Eq. (1) and (2) below, and the graph of Fig. 6b was obtained (Giingér & Ozay, 2022b; Ozsoy et
al., 2022). All values are given in Table 2.

g\ _ A AR°
log (C_e) " 2.303R 2.303RT 1)
AG®° = AH® — TAS® (2)

When the thermodynamic parameters in Table 2 are examined, the AG® value less than zero at
four different temperatures indicates that the dye adsorption is spontaneous. 0<AH® indicates the
endothermic nature of the adsorption process, while 0<AS° indicates increased disorder at the
composite hydrogel and solution interface.

Table 2. Thermodynamic Parameters for p(AETAC)/AC75 Composite Hydrogel

Thermodynamic Parameters Unit MO Dye
AH° kj/mol 2225+143
AS° j/mol.K 85.40 + 4.60
AG® 303.15 K kj/mol -3.63
313.15K kj/mol -4.49
323.15K kj/mol -5.34
333.15K kj/mol -6.20
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Adsorption isotherms and kinetics

It is important to find the most suitable adsorption isotherm model to determine the interactions
between dye molecules and adsorbent and thus to design adsorption systems (Ayawei et al., 2017). In
this study, Langmuir and Freundlich isotherm models were applied with the help of linear equations in
the literature (Bulut et al., 2008a; Ozsoy et al., 2022). The graphs obtained for the Langmuir and
Freundlich isotherms are presented in Fig. 7a and b. The parameters of the isotherm models
corresponding to the MO dye adsorption of p(AETAC)/AC7s composite hydrogel were calculated from
the graphs shown in Fig. 7a and b and given in Table 3.
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Figure 7. (a) Langmuir, (b) Freundlich Isotherm Models Plots and (c) Pseudo First-Order Model, and (a) Pseudo Second-

Order Model for Adsorption of MO Dye by the p(AETAC)/AC7s Composite Hydrogel
Table 3. Isotherm and Kinetic Parameters for p(AETAC)/AC7s Composite Hydrogel

Isotherms Isotherm Models Kinetic Models

and Kinetics Unit Langmuir Freundlich PFO PSO
Models

Om mg/g 909.09

KL L/mg 0.0249

Re 0.62-0.03

K mg/g 1.49

n 1.11

Qe mg/g 489.78 628.93
k1 1/h 0.13

ko g/mg.h 1.78E-4
R? 0.994 0.988 0.984 0.942

According to Table 3, it was determined that the p(AETAC)/AC7s composite hydrogel MO
complied with the Langmuir isotherm model according to the regression (R?) values for the dye
adsorption processes. According to the Langmuir isotherm model, which expresses monolayer
adsorption, the maximum adsorption capacity for MO of the p(AETAC)/AC7s composite hydrogel is
909.09 mg/g (Table 3). The separation factor values (R.) of the Langmuir isotherm in Table 3 range
from 0 to 1 (RL > 1, Unfavourable; R. = 1, linear; 0 < Rp < 1, favourable; R = 0, irreversible). This
indicates the strong affinity between the p(AETAC)/AC7s composite hydrogel and the MO anionic azo
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dye. It also shows moderately difficult adsorption of the p(AETAC)/AC7s composite hydrogel for MO
relative to n obtained by the Freundlich isotherm model (Table 3).

Determining the potential rate control steps of the adsorption dynamics between the
P(AETAC)/AC7s composite hydrogel and the MO anionic azo dye by kinetic studies is important for
designing adsorption systems. The adsorption kinetic model was established using pseudo-first order
(PFO) and pseudo-second order (PSO) kinetic models (Fig. 7c and d). Kinetic parameters (Table 3)
were obtained with graphs (Figure 7c ve d) created with the help of equations in the literature (Bulut et
al., 2008b; Ilgin et al., 2023). Considering the R? values given in Table 3 for the adsorption of MO
anionic azo dyestuff with p(AETAC)/AC7s composite hydrogel, it was determined that the PFO kinetic
model fit better than the PSO kinetic model. In addition, the calculated ge value for PFO was closer to
the experimental value. The PFO model assumes that physical adsorption limits the rate of adsorption,
while the PSO model assumes that chemical adsorption limits the rate of adsorption. Thus the
P(AETAC)/AC7s composite hydrogel is decisive in the rate control step of physisorption, in the
adsorption of MO anionic azo dyestuff.

Table 4. Comparison of MO Adsorption Capacities of Different Adsorbents in the Literature

Adsorbents Unit  Maximum adsorption capacity References
Halloysite nanotubes 13.56

Chrysotile nanotubes 31.46 (Wuetal,, 2021)
The anionic Amberlite®IRA-410 resin malg 188.2 (Elabboudi et al., 2023)
Polymeric ionic liquid-graphene oxide-TiO2/Fe304 67.88 (Liu etal., 2023)
Anchote peel 103.03 (Hambisa et al., 2022)
P(AETAC)/ACrs 909.09 In study

The maximum adsorption capacities of different adsorbents used to remove MO dye from
aqueous solutions in the literature are given in Table 4. As shown in Table 4, the developed composite
hydrogel has a relatively high adsorption capacity compared to many adsorbents in the literature. At
the same time, the fact that the composite hydrogel has an efficient, cheap, and easy production
process shows the potential to be a competitive adsorbent.

CONCLUSION

The water-insoluble and quaternary ammonium-containing p(AETAC)/AC7s composite hydrogel
was obtained by free radical polymerization with MBA crosslinker from AETAC and AC. It was
characterized by FT-IR, TGA, XRD, and SEM methods. p(AETAC)/AC7s composite hydrogel
demonstrated swelling ability in STWw. The p(AETAC)/AC7s composite hydrogel had high MO
adsorption ability over a wide pH. The adsorption data agree with the Langmuir isotherm model and
the PFO kinetic model. The maximum adsorption ability of p(AETAC)/AC7s composite hydrogel
according to Langmuir isotherm was 909.09 mg/g. According to the obtained thermodynamic
parameters, the adsorption is spontaneous and endothermic. The p(AETAC)/AC7s composite hydrogel
showed excellent performance for the removal of MO, the anionic azo dyestuff. p(AETAC)/ACs
composite hydrogel may have significant potential for removing anionic dyes that pollute water.
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