
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10965-022-03327-5

ORIGINAL PAPER

Graphene nanoplate incorporated Gelatin/poly(2‑(Acryloyloxy)
ethyl trimethylammonium chloride) composites hydrogel for highly 
effective removal of Alizarin Red S from aqueous solution

Fatma Ozsoy1 · Batuhan Ozdilek1 · Alper Onder2   · Pinar Ilgin3 · Hava Ozay2 · Ozgur Ozay4

Received: 24 July 2022 / Accepted: 19 October 2022 
© The Polymer Society, Taipei 2022

Abstract
The increasing water pollution day by day has increased the importance of developing new adsorbent materials. In this study, 
composite hydrogel containing gelatin, [2-(Acryloyloxy)ethyl] trimethylammonium chloride (AETAC) and Graphene Nanoplate 
(GNPt) was developed as an adsorbent for the removal of dyes from wastewater. Fourier Transform Infrared Spectrophotometer, 
Scanning Electron Microscope, X-Ray Diffractometer results confirmed the crosslinked polymer structure of Gelatin/p(AETAC)/
GNPt composite hydrogel (Gel 5). In addition, equilibrium swelling ratio, which is a parameter affecting the adsorption behavior, 
was 48.22 gwater /ggel. The adsorption behavior of Alizarin Red S anionic dyestuff on composite hydrogel from aqueous solutions 
was investigated under various experimental conditions such as initial dye concentration of solution, amount of adsorbent, contact 
time, pH of solution, temperature of solution. ARS dye adsorption on composite hydrogel is consistent with Pseudo-Second-Order 
kinetic model and Langmuir isotherm with max adsorption capacity of 649.35 mg/g. The composite hydrogel with high mechani-
cal strength has high dye removal ability in the ranging pH from 4 to 8. Therefore, it can be said that Gelatin/p(AETAC)/GNPt 
composite hydrogel has a substantial potential for the removal of anionic dyes from wastewater in a wide pH range.
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Introduction

With the increasing population and developing industrial 
diversity, large volumes of industrial and domestic wastes 
that may cause environmental problems have been gener-
ated. Synthetic dyes are among the most common hazardous 
and dangerous contaminants [1]. Alizarin Red S (ARS) dye 
is a synthetic dye commonly used in the textile industry and 
for colouring biological materials [2]. ARS dye with high 
thermal, optical and physicochemical stability may cause 
adverse effects on marine life by affecting photosynthesis 
[3]. It also causes significant health problems in humans, 
such as mutagenic effects, skin disorders, vision defects, and 
allergies [2]. Many synthetic dyes, which have a wide range 
of uses, have been separated from wastewater for a sustain-
able environment and life. Many methods such as electro-
chemical oxidation [4], membrane filtration [5], coagulation 
[6], photocatalytic process [7], and adsorption [8] have been 
reported to separate synthetic dyes from aqueous environ-
ments. The most successful, non-expensive, productive, and 
preferred of these processes is the separation of synthetic 
dyes by the adsorption method [9, 10]. With an adsorbent 
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with biocompatible, high surface area, high dye recovery, 
and reusable properties, highly polluting dye can be removed 
from wastewater, dye can be recovered and quality clean 
water can be obtained [3]. In recent years, various absorbent 
materials such as nanospheres [11], nanotubes [12], metal 
organic frameworks [13], hydrogels [14], and composite 
hydrogels [15] have been introduced to the literature. Among 
these, composite hydrogels prepared using various materials 
such as fly ash [15], bentonite [16], montmorillonite [17], 
graphene oxide [18], which contribute to the improvement 
of the properties of hydrogels, have attracted the attention 
of researchers. The materials added to the structure in the 
preparation of composite hydrogels are known to increase 
the hydrogel’s adsorption ability as well as their structural 
strength [19]. Gad and Nasef reported that graphene oxide-
containing poly(2-acrylamido-2-methylpropane sulfonic 
acid)/polyvinyl alcohol composite hydrogels could be used 
as an efficient adsorbent for the removal of basic blue 3 
dye from aqueous solutions [20]. In another study, it was 
reported that the poly(acrylic acid)/laponite nanocomposite 
hydrogel with high mechanical properties showed a supe-
rior adsorption capacity of 3796 mg/g for methylene blue 
[21]. Graphene-based hydrogels have become even more 
interesting in recent years for the development of versatile 
and functional materials [22]. Graphene has been widely 
investigated from energy to the environment because of its 
unique properties. It is currently the thinnest and most sturdy 
material with a large specific surface area [23]. Thanks to 
the nanopores in composite hydrogels made with graphene 
nanoplates (GNPt), they have a high amount of adsorption 
capability [22].

[2-(Acryloyloxy)ethyl] trimethylammonium chloride 
(AETAC) is a kind of cationic monomer and contains 
ammonium groups in its structure. It can interact with ani-
onic dyes/drugs thanks to its functional groups and elec-
trostatic effects [24]. Due to the most active groups in the 
molecular structure such as amino groups, hydroxyl groups 
and carboxyl groups, the chemical and physical properties 
of gelatin can be improved [25]. In many studies in the lit-
erature, researchers frequently use gelatin due to its superior 
properties such as biocompatibility [26], immunogenicity, 
water-solubility, non-toxicity, and biodegradability [27, 28]. 
However, gelatin hydrogels generally have relatively poor 
mechanical strength which limits their application in many 
areas. The physicochemical and mechanical properties of 
gelatin-containing hydrogels can be improved with various 
functional materials such as graphene oxide and microfibril-
lated cellulose [29, 30]. In this way, there is an increasing 
interest in gelatin-containing composite polymer structures 
with improved mechanical properties and stability for vari-
ous application areas.

Here, as far as we know, for the first time, a highly 
biocompatible mechanical strength composite hydrogel 
containing GNPt is developed using gelatin and AETAC 
monomers. The functionality of the successfully synthe-
sized Gelatin/p(AETAC)/GNPt composite hydrogels was 
demonstrated by the removal of ARS dye. The Gelatin/
p(AETAC)/GNPt composite hydrogel was characterized 
by Fourier Transform Infrared Spectrophotometer, Scan-
ning Electron Microscope, X-Ray Diffractometer analysis, 
and swelling behavior. It has been shown by studies that 
the synthesized new Gelatin/p(AETAC)/GNPt composite 
hydrogel has excellent stability for the removal of anionic 
dyes from industrial wastewater and has a guiding quality 
for future studies.

Experimental

Materials and instruments

AETAC (80 wt.% in H2O) as a monomer, N,N’-methyleneb-
isacrylamide (MBA) as a crosslinker, ammonium persulfate 
(APS) as an initiator, and N,N,N’,N’-tetramethylethylene-
diamine (TEMED) as an accelerator were obtained from 
Sigma-Aldrich. Gelatin was obtained from Carlo Erba. 
Graphene nanoplate (GNpt, Surface area 750 m2/g) was 
obtained from Sigma-Aldrich. Dyes (Methyl orange – MO, 
reactive black 5—RB5, alizarin red S—ARS, safranin O—
SO, methylene blue—MB, malachite green—MG) used 
for adsorption studies were obtained from Sigma-Aldrich, 
Merck and ISOLAB companies.

Fourier Transform Infrared Spectrophotometer (FT-IR) 
analysis of Gelatin/p(AETAC)/GNPt composite hydrogels 
were obtained using a Perkin Elmer spectrum 100 spectrom-
eter (650–4000 cm−1) with ATR apparatus. FEI QUANTA 
FEG 250 model scanning electron microscope (SEM) was 
used for the morphology of the composite hydrogel. Compos-
ite hydrogel samples were lyophilized before measuring with 
the SEM device. XRD analysis was completed on GNPt and 
Gelatin/p(AETAC)/GNPt composite hydrogel using a PANa-
lytical Empyrean model x-ray diffraction (XRD) device in the 
5–80 °2Th interval with CuKα (λ = 1.54 Å) radiation. The 
amount of dye adsorbed by the Gelatin/p(AETAC)/GNPt com-
posite hydrogels was determined by calibration charts using 
UV–vis spectrophotometry (T80 + UV/VIS Spectrometer, PG 
Ins. Ltd.). The mechanical compression test of the composite 
hydrogel was measured with a UniVert (Cellscale biomaterials 
testing). To determine the effect of pH on dye adsorption, a 
Hanna brand pH meter was used for the preparation of various 
pH solutions. All experiments within the study were repeated 
three times.
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Preparation of gelatin/p(AETAC)/GNPt composite 
hydrogels

Gelatin/p(AETAC)/GNPt composite hydrogel was prepared 
using the free radical copolymerization method similar to our 
previous studies [14, 15]. First, gelatin solution was prepared 
in hot (65 °C) distilled water at a concentration of 20% w/v. 
Different composite hydrogels were prepared with 100 rpm 
stirring in 20 ml vial, according to the proportions shown in 
Table 1. 0.01 g of APS in 100 µL of deionized water was added 
to initiate gelation. The solution was transferred into pipettes 
with a diameter of 0.5 cm. Then gelation was followed by tem-
perature control. In the case of overheating, the gelation reac-
tion was kept stable by cooling. After approximately 45 min 
of gelling, the graphene composite hydrogel was removed by 
precision cutting the pipette and cutting into 0.5 cm lengths. 
It was dried in an oven at 40 °C for about 5 h. Graphene com-
posite hydrogels were washed in deionized water for one day to 
remove soluble oligomer, uncrosslink polymer and unreacted 
monomers, and the water was changed approximately every 
8 h during this process. The washed Gelatin/p(AETAC)/GNPt 
composite hydrogels were left to dry by being careful not to 
break down, and after they were dried at room conditions for 
three days, they were placed in an oven again and dried at 
40 °C for approximately 24 h. After these procedures, yield 
and sol–gel calculations were made for the gels. The formulas 
used for these calculations are as follows.

where, Wc: gel mass dried in an oven before washing in distilled 
water to remove water soluble part, Wd: gel mass dried in an oven  
after washing in distilled water to remove water soluble part, Wi:  
total mass of AETAC, gelatin, MBA, graphene nanoplate.

(1)Yield % = (W
c
∕W

i
) × 100

(2)Gel % = (W
d
∕W

c
) × 100

(3)Sol Gel% = 100 − Gel

Swelling characteristic of Gelatin/p(AETAC)/GNPt 
composite hydrogels

Swelling behaviors and equilibrium swelling ratios of 
Gelatin/p(AETAC)/GNPt composite hydrogels in deion-
ized water were investigated using gravimetric methods. In 
this method, firstly, the initial dry mass (Wd) of the Gelatin/
p(AETAC)/GNPt composite hydrogel was weighed at room 
temperature. Each of them was thrown into the swelling 
media at the determined volumes separately. Swollen com-
posite hydrogel at certain time intervals was removed from 
the swelling medium. The excess amount adsorbed by the 
filter paper was taken and swollen composite hydrogel was 
weighed (Ws). These steps were repeated for all composite 
hydrogels and times. The equilibrium swelling ratio (ESR, 
gwater/ghydrogel) of Gelatin/p(AETAC)/GNPt composite 
hydrogels was determined using the Eq. (4) [31].

Adsorption studies

Adsorption behaviors were observed to determine the interac-
tions of the composite hydrogel with anionic and cationic dyes 
[14]. In the first stage, adsorption studies were carried out for 
dye selectivity in MO (464 nm), RB5 (596 nm), ARS (516 nm) 
as anionic dyes and SO (520 nm), MB (663 nm), MG (617 nm) 
as cationic dyes. Dye solutions prepared in distilled water were 
measured using a UV–Vis spectrophotometer in a wavelength 
range of 300–800 nm. (Fig. S1) [32–36]. A linear regression 
curve was produced from the calibration curve and used to 
convert dye adsorption to concentration throughout a concen-
tration range. 30 mg of the Gelatin/p(AETAC)/GNPt compos-
ite hydrogel (Gel 5) were transferred into 30 mL of each dye 
solution (250 mg/L) and allowed to equilibrate at 25 °C for 
24 h. In the second stage, adsorption studies were carried out 
at 25, 50, 100, 250, 500, 750, and 1000 mg/L concentrations 

(4)ESR = (Ws −Wd)∕Wd

Table 1   Chemical ratios used 
for Gelatin/p(AETAC)/GNPt 
Composite Hydrogel synthesis

MBA (7.3 mg), TEMED (20 µL)

Gelatin/p(AETAC)/GNPt 
composite hydrogel

AETAC 
(mL)

Gelatin (20% 
w/v) (mL)

Graphene 
(mg)

Gel % Sol % Yield %

Gel 1 1 0.1 0 85.16 14.84 93.89
Gel 2 1 0.1 10 85.43 14.57 95.35
Gel 3 1 0.2 10 86.35 13.65 97.96
Gel 4 1 0.1 20 86.59 13.41 97.60
Gel 5 1 0.1 30 87.73 12.27 97.77
Gel 6 1 0.3 10 89.35 10.65 95.99
Gel 7 1 0.4 10 88.61 11.39 95.09
Gel 8 1 0.5 10 88.44 11.56 95.96
Gel 9 1 0 10 87.83 12.17 96.50
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to determine the effect of the initial dye concentration of ARS 
on the adsorption of the composite hydrogel.

At the same time, temperature (25 °C; 35 °C; 45 °C and 
55 °C), amount of adsorbent (0.5 g/L; 1 g/L; 2 g/L; 3 g/L; 
4 g/L;) pH (4,5,6,7,8) and contact time (15 min -24 h) 
parameters affecting dye adsorption were studied within the 
scope of the study. The equilibrium adsorption capacity (qe, 
mg dye/g gel) percent removal ratio (R%) was calculated 
by considering the concentrations of the dye solutions in 
which graphene composite hydrogel was added before (C0) 
and after adsorption (Ce). For this, Eqs. (5) and (6) below 
are used.

where, V corresponds to the volume of the dye solution (L) 
and W corresponds to the dry graphene composite hydrogel 
mass (g) [14].

Desorption studies

To determine the reusability of the Gelatin/p(AETAC)/
GNPt composite hydrogel (Gel 5), the adsorption process 
of 100 mg/L ARS solution at 25 °C and 24 h was performed. 
Desorption process was carried out by keeping the dye 
adsorbed composite hydrogel in 0.01 M NaOH medium for 
24 h. After desorption, the composite hydrogel was kept 
in 0.01 M NaCl for 24 h. Then it was prepared for the next 
adsorption by washing with distilled water for 6 × 8 h. The 
above adsorption–desorption process was repeated 3 times 
for the composite hydrogel [37].

Porosity studies

The porosity properties for the Gelatin/p(AETAC)/GNPt 
composite hydrogel (Gel 5) was investigated using the 

(5)qe = (C
0
− Ce) × V∕W

(6)R% = (C
0
− Ce)∕C0

× 100

where, M1 and M2 represent the mass of the hydrogel before 
and after absolute ethanol immersion, respectively. ρ and 
V are ethanol density (0.789 g/mL) and hydrogel volume, 
respectively.

Result and discussions

Synthesis and characterization of composite hydrogels

Access to water resources is vital important for the continu-
ity of life. One of the most significant pollutants of usable 
water is synthetic dyes [18]. For this reason, p(AETAC-
co-Gelatin)/GNPt composite hydrogels as a new adsorbent 
material for the treatment of wastewater and sustainable 
water economy were synthesized using the free radical 
copolymerization method in the amount of different com-
ponents (gelatin, GNPt) in Table 1 (Fig. 1a). As can be seen 
in Table 1, the increase in the amount of GNPt has increased 
the gelation % and yield % of composite hydrogels. In this 
case, it can be said that the composite hydrogel crosslinks 
are supported by graphene nanoplates. At the same time, it 
was observed that the brittleness of the composite hydrogels 
was related to the increasing amount of gelatin. It has been 
reported that the mechanical strength properties of hydro-
gel systems prepared with gelatin are low [39]. Among the 
composite hydrogels prepared according to Table 1, Gel 5 
had a non-brittle structure.

The variables of the yield calculation (X1, X2, X3) 
according to the factorial design and the interactions 
between them were calculated using the signs in Table 2 
for the 23 factorial and matrix designs. Here, the relation-
ship between the dependent variables (X1, X2, X3) and 
the independent variable (% yield for hydrogels) was 
determined using the multiple linear regression method 
[40]. As a result of the analysis, the following polynomial 
Eq. (8) was obtained.

The variables X1, X2, X3 determined here are the total 
mass of gelatin, graphene, and reacted chemicals, y is the 
yield percentages of the hydrogels, respectively. The equa-
tions and data obtained were formulated in a similar way to 
the studies in the literature [31].

The FT-IR spectrum of the prepared composite hydro-
gel (Gelatin/p(AETAC)/GNPt, Gel 5) is given in Fig. 1b. In 
the FT-IR spectrum, the O–H stretching vibration or N–H 
stretching vibration of the amide A band of gelatin had a 
strong peak in the range of 3600 – 3200 cm−1. The C–H 

(8)y = 96.27 + 0.09X
1
+ 0.52X

2
+ 0.07X

3
+ 0.17X

1
X
2
− 0.18X

1
X
3
− 1.06X

2
X
3
+ 0.62 + ε

solvent exchange method [38]. First, graphene composite 
hydrogels, which were completely dried in an oven, were 
weighed. Then, it was discarded in the determined volume of 
ethanol and left for 24 h. Then, graphene composite hydro-
gels extracted from the solvent were removed from excess 
ethanol and weighed again. The porosity (%) was calculated 
by substituting the obtained data in Eq. (7). Porosity tests 
were performed in triplicate.

(7)Porosity = ((M
2
−M

1
)∕� × V) × 100
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stretch (3035 – 2956 cm−1) and C = O stretching (1729 cm−1) 
from the functional groups of gelatin, AETAC, and MBA 
in the composite hydrogel structure were observed in the 
spectrum. In addition, the characteristic absorption bands 
observed at 1646 and 951  cm−1 correspond to the N–H 
stretching in the structure of gelatin and MBA, and the C–N 
stretching vibration of the quaternary ammonium groups in 
the structure of AETAC, respectively [14, 41, 42]. Also, 

C = C aromatic ring stretching band of graphene observed at 
1571 cm−1. These results show that the Gelatin/p(AETAC)/
GNP composite hydrogel has been successfully obtained.

In the XRD model of GNPt in Fig. 2a, the broad peak 
at 26.7° and the weak intensity diffraction peaks at 43.5° 
are assigned to the graphene carbon crystal planes (002) 
and (100), respectively [43–45]. In the XRD model of Gel 
5 in Fig. 2b, the diffraction peaks of GNPt with a value of 

Fig. 1   a Illustration of the 
synthesis scheme and b FT-IR 
spectrum of Gelatin/p(AETAC)/
GNPt composite hydrogel (Gel 
5)

Table 2   23 full factorial 
and matrix design for yield 
optimization of Gelatin/
p(AETAC)/GNPt Composite 
Hydrogels

The (-) and (+) signs indicate low and high levels of a factor, respectively
TM total mass of chemicals involved in the reaction

Independent variables Independent variables Dependent 
variables

Gelatin/
p(AETAC)/GNPt

X1 X2 X3 GNPt
(g)

Gelatin
(g)

TM
(g)

Yield
%

Gel 2 - - - 0,01 0,02 1,08 95.35
Gel 3 + - - 0,01 0,04 1,10 97.96
Gel 4 - + - 0,02 0,02 1,08 97.60
Gel 5 + + - 0,03 0,02 1,08 97.77
Gel 6 - - + 0,01 0,06 1,12 95.99
Gel 7 + - + 0,01 0,08 1,14 95.09
Gel 8 - + + 0,01 0,1 1,16 95.96
Gel 9 + + + 0,01 0 1,06 96.50
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2θ disappear. This may be a result of the predominance of 
the amorphous structure of the composite hydrogel and the 
homogeneous distribution of GNPt within the network [46].

The surface morphology of the Gelatin/p(AETAC)/
GNPt composite hydrogel (Gel 5) was characterized by 
SEM method. Figure 2c represents the porous structure of 
freeze-dried Gelatin/p(AETAC)/GNPt composite hydrogel 
(Gel 5) at 250 × and 1000 × magnifications. The presence of 
graphene nanoplates caused the hydrogel surface to appear 
wrinkled. When the SEM images were examined, it was 
determined that the Gel 5 had pores ranging from 50 µm 
to 300 µm.

The effect of the swelling ability of adsorbent materi-
als such as hydrogel and composite hydrogel on adsorp-
tion is known [36]. Therefore, the effect of the amount of 
gelatin and the amount of GNPt on the swelling behavior 
of the composite hydrogel were investigated (Fig. 3a−d). 
In order to determine the effect of the amount of gelatin 
on the swelling behavior of the composite hydrogel, the 
equilibrium swelling values of the composite hydrogels 

prepared with varying amounts of gelatin in Table 1 are 
given in Fig. 3a. As seen in Fig. 3a, the swelling capacity of 
the composite hydrogel decreased with the increase in the 
amount of gelatin. The swelling capacities of the Gel 9, Gel 
2, Gel 3, Gel 6, Gel 7 and Gel 8 composite hydrogels were 
21.73 ± 0.73 gwater/ggel, 21.61 ± 1.64 gwater/ggel, 18.82 ± 0.81 
gwater/ggel, 17.24 ± 1.13 gwater/ggel, 14.20 ± 0.51 gwater/ggel 
and 13.96 ± 0.45 gwater/ggel, respectively. This is thought to 
be related to the decrease in the ratio of AETAC, an ionic 
monomer, compared to the ratio of total monomer. The 
effect of the amount of GNPt in the composite hydrogel on 
the swelling behavior of composite hydrogels prepared with 
varying amounts of GNPt given in Table 1 and their swelling 
capacity was determined and given in Fig. 3b. The swell-
ing capacities of the Gel 1, Gel 2, Gel 4 and Gel 5, com-
posite hydrogels were 19.15 ± 1.93 gwater/ggel, 21.61 ± 1.64 
gwater/ggel, 28.38 ± 1.29 gwater/ggel and 48.22 ± 1.42 gwater/ggel, 
respectively. It was determined that there was a significant 
increase in swelling capacity with the increase of GNPt con-
tent in the composite hydrogels. In addition, it was observed 

Fig. 2   a XRD spectra of GNPt and b Gelatin/p(AETAC)/GNPt composite hydrogel (Gel 5), and c SEM images of Gelatin/p(AETAC)/GNPt 
composite hydrogel (Gel 5)

481   Page 6 of 16
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that the Gel 5 composite hydrogel did not disintegrate like 
other composite hydrogels in swelling capacity experiments. 
It has been reported in many studies that composite hydro-
gels prepared with materials such as bentonite and clay 
increase the durability and swelling capacity [16, 17, 21]. 
With the increase in the amount of GNPt, the durability of 
the composite hydrogel increases, and the structure of the 
composite hydrogel can be attributed to a more porous struc-
ture. The effects of contact time and different swelling medi-
ums on the swelling behavior of Gel 5 composite hydrogel 
selected for use in the next experimental studies were inves-
tigated (Fig. 3c, d). As seen in Fig. 3c, Gel 5 composite 
hydrogel reached swelling capacity of 44.67 ± 1.77 gwater/
ggel at the 3 h. At the 6 h and 12 h, the swelling capacity was 
48.01 ± 1.60 gwater/ggel and 48.22 ± 1.42 gwater/ggel, respec-
tively. It was determined that the Gel 5 composite hydrogel 
reached the equilibrium swelling capacity in almost 3 h. Dif-
ferent swelling mediums can affect the swelling behavior of 
the composite hydrogel and therefore it is a parameter that 

can affect the adsorption ability of the adsorbent [14, 15]. 
For this reason, the swelling behavior of Gel 5 composite 
hydrogel in different water environments such as distilled 
water (DW), drinkable water (DbW), tap water (TW), syn-
thetic textile wastewater (STWw), and seawater (SW) was 
investigated and shown in Fig. 3d. It was determined that 
the order of swelling capacities of Gel 5 composite hydro-
gel in different water mediums from largest to smallest is 
DW (48.22 ± 1.42 gwater/ggel) > DbW (40.41 ± 1.89 gwater/
ggel) > TW (30.68 ± 0.56 gwater/ggel) > STWw (29.19 ± 0.85 
gwater/ggel) > SW (8.66 ± 0.38 gwater/ggel). Swelling capacity 
decreased in ion-rich water mediums. Also, the porosity 
value (50.01%) of the Gel 5 composite hydrogel, which has 
the highest swelling capacity among the composite hydro-
gels, also confirms its porosity. Such porous structures can 
facilitate the flow of dye molecules into the polymeric struc-
ture, which is important for developing materials with high 
adsorption capability. Considering all these results, Gel 5 
composite hydrogel was chosen for dye adsorption studies.

Fig. 3   Effect of a gelatin amount, b graphene nanoplate amount, c contact time (Gel 5) and d swelling medium (Gel 5) on swelling behavior of 
Gelatin/p(AETAC)/GNPt composite hydrogel

Journal of Polymer Research (2022) 29:481 Page 7 of 16 481
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Adsorption studies

Developing a material that can remove synthetic dyestuffs 
in industrial wastewater is important for sustainable water 
management. Adsorption experiments were carried out to 
determine the efficiency and optimum conditions of the pre-
pared Gel 5 in removing synthetic dyes from wastewater.

The adsorption capacity of the Gel 5 is determined by 
its active surface sites and structural properties such as the 
charge and functional groups of organic dyes [47]. The inter-
action of Gel 5 with different dyes was carried out in anionic 
(ARS, MO and RB5) and cationic (MB, SO and MG) dye 
(Fig. S1) solutions with dye concentrations of 250 mg/L at 
25 °C for 24 h. As seen in Fig. 4, the Gel 5 had a higher per-
centage of removal on anionic dyes than cationic dyes. The 
main reason for this situation was attributed to the interac-
tion of AETAC, the cationic monomer in the Gel 5, and ani-
onic dyes. At the same time, among the Gel 5 anionic dyes, 
the ARS dye molecule (90.72%) showed higher adsorp-
tion ability than the MO (69.32%) and RB5 (78.42%) dye 
molecules. ARS dye molecules, which have both hydroxyl 
groups and small sizes, can be effectively adsorbed on the 
surface-active sites of the Gel 5 [47]. In order to evaluate 
the adsorption efficiency for ARS dyestuff, in which Gel 
5 has the highest percentage of dye removal, the effects of 
various parameters affecting adsorption such as initial dye 
concentration, adsorbent dose, contact time and temperature 
are discussed.

The effect of the initial concentration of ARS on the 
adsorption capacity of the Gel 5 was investigated in 30 ml 
dye solution prepared at different concentrations (25, 50, 
100, 250, 500, 750 ve 1000 mg/L) (Fig. 5a) with 1 g/L adsor-
bent mass for 24 h at 25 °C. When Fig. 5a was examined, 
the percentage of dye removal of the Gel 5 was 90.37% at an 
initial concentration of 25 to 500 mg/L. The maximum ARS 

adsorption amount at the initial 500 and 1000 mg/L dye con-
centrations was 500.88 mg/g and 524.50 mg/g respectively. 
The dye adsorption capacity was decreased at solution con-
centrations higher than the initial concentration of 500 mg/L 
due to saturation of the adsorbent sites of the Gel 5 [18].

One of the most important parameters regulating the 
adsorption capacity at a fixed initial dye concentration is the 
amount of adsorbent [48]. The effect of the amount of Gel 5 
on the adsorption ability was investigated in 30 ml dye solu-
tion with a dye concentration of 750 mg/L for 24 h at 25 °C. 
As shown in Fig. 5b, ARS dye removal increased from 
57.56 ± 0.74% to 98.61 ± 0.13% by increasing the amount 
of Gel 5 from 0.5 g/L to 4 g/L. In general, as the amount of 
Gel 5 increases, the dye removal efficiency increases as there 
will be more active dye adsorption sites.

Another important factor examined is the effect of the 
contact time of the Gel 5 with the dye solution on the adsorp-
tion rate. Gel 5 (1 g/L) was analyzed in 30 ml of 500 mg/L 
ARS dye solution at 25 °C in a time interval of 15 min -24 h 
and the results are presented in Fig. 6a. With the increase in 
contact time, the Gel 5 increased the chance of interaction 
between hydrogel and dye molecules. However, after 6 h, the 
adsorption rate slowed down when the equilibrium between 
adsorbed dye molecules and adsorbent started to reach.

Since the pH value of wastewater can vary in a wide 
range, the pH of the solution can significantly affect the 
adsorption behavior of the adsorbent [49]. The effect of ini-
tial pH of ARS aqueous solutions was investigated using 
1 g/L of Gel 5, 30 mL of the dye solution (250 mg/L) at dif-
ferent pH values ranging from 4 to 8 (4, 5, 6, 7, 8) at room 
temperature for 24 h (Fig. 6b). The dye removal percent-
ages for the ARS dye solutions at pH 4, 5, 6, 7, and 8 of the 
Gel 5 were 90.54 ± 0.98%, 89.71 ± 1.12%, 90.84 ± 0.15%, 
87.27 ± 1.09%, and 87.73 ± 1.25%, respectively. The Gel 5 
showed high ARS dye adsorption over a wide pH range. This 
may be related to the fact that the Gel 5 contains strongly 
ionized groups.

The temperature of the dye solution is one of the most 
important factors determining the adsorption capacity and 
yield by affecting the speed of dye molecules [50]. For the 
effect of temperature on adsorption, the maximum adsorp-
tion of the Gel 5 (1 g/L) in 750 mg/L ARS dye solution 
(30 mL) at different adsorption temperatures (25, 35, 45 
and 55 °C) for 24 h was investigated (Fig. 7a). Equilibrium 
adsorption capacities at 25, 35, 45, and 55 °C tempera-
tures were determined as 500.88 ± 10.61, 576.76 ± 14.45, 
667.07 ± 8.96, and 706.41 ± 12.57 mg/g, respectively. It 
is clear from Fig. 7a that the adsorption capacity of Gel 5 
increases as the temperature of the dye solution increases. 
With the increase in temperature, the mobility of ARS 
dye molecules increases and the viscosity of the solution 
decreases, thus facilitating the mobilization of the Gel 5 
to the adsorbent sites [18, 51]. In addition, the obtained 

Fig. 4   Gelatin/p(AETAC)/GNPt composite hydrogel (Gel 5) for 
removal of various dyes (C0 Dyes: 250 mg/L, 25 °C, 1 mL ARS Solu-
tion for 1 mg adsorbent and 24 h)
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data were used to calculate the thermodynamic parameters 
(Gibbs Free Energy – ΔG°, enthalpy – ΔH° and entropy 
– ΔS°) of the adsorbent that can guide its practical applica-
tions (Table 3). Thermodynamic parameters were calculated 
using the 1/T versus log (qe/Ce) plot (Fig. 7b) [15].

ΔH° and ΔS° were determined with the help of the 
slope and intersection of the graph in Fig. 7b. The R2 
(0.98) value ΔH° and ΔS° of the linear graph in Fig. 7b 
represent the accuracy of the data [52]. As shown in 
Table 3, the ΔG° values at 25, 35, 45, and 55 °C were 
determined to be negative. This indicates that adsorption 
has spontaneous properties. ΔH° (52.89 ± 5.78 kj.mol−1) 
and ΔS° (186.12 ± 18.57 j.mol−1.K−1) values were deter-
mined to be positive. A positive ΔH° value indicates an 
endothermic reaction, while a positive ΔS◦ value indicates 
the increase in randomness at the solid–liquid interface 
during the adsorption process.

Adsorption isotherm and kinetics

In order to investigate the adsorption performance of Gel 
5, the equilibrium data of the adsorption of ARS dye mol-
ecules were simulated by linear Langmuir and Freundlich 
adsorption isotherm models, whose equations are given 
in Table S1 [16, 17]. Langmuir and Freundlich adsorption 
isotherm parameters were calculated from the slopes and 
intersections of the graphs in Fig. S2 obtained with these 
equations (Table 4). According to the data in Table 4, the 
ARS adsorption of Gel 5 conforms to the Langmuir model, 
which states that monolayer adsorption and adsorption sites 
are independent and uniform [36, 53].

In addition, the separation factor (RL) values are in the 
range of 0 – 1 at all concentrations (Table 4). This indicates 
that the adsorption process between ARS and Gel 5 is suit-
able [16, 36].

Fig. 5   Effect of a initial concentration (25 °C, 24 h and 1 mL ARS Solution for 1 mg adsorbent) and b adsorbent amount on ARS dye adsorption 
with Gelatin/p(AETAC)/GNPt composite hydrogel (Gel 5) (C0 Dyes: 500 mg/L, 25 °C and 24 h)
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PFO and PSO kinetic models were applied to investigate 
the adsorption mechanism of ARS dye molecules of Gel 5 
[16, 54]. The graphs in Fig. S2c, d were created by using 
the linear PFO and PSO equations given in Table S1, and 
the slopes and intercepts obtained and the parameters of 
PFO and PSO were calculated and summarized in Table 4. 
When the experimental data were compared with the kinetic 
parameters in Table 4, the PSO model, which assumed that 
the adsorption rate was mainly limited by chemical adsorp-
tion, was more appropriate than the PFO model, which 
assumed that the adsorption rate was limited to the diffu-
sion step [2].

To investigate the diffusion of ARS dye molecules into the 
pores of the Gel 5, it was analyzed with the aid of the graph 
in Fig. S2d, which was created with the linear intra-particle 

diffusion model given in Table S1 [16]. Obtained parameters 
are listed in Table 4. The size of the regression coefficient 
(R2) and the value of C greater than zero indicate the con-
tribution of surface adsorption [54]. All these results show 
that the adsorption of ARS dye molecules of the Gel 5 pre-
pared is a chemical process that includes the intraparticle 
diffusion step.

Adsorption mechanism and performance

The adsorption process is greatly affected by the pres-
ence of both dye molecules and functional groups of the 
adsorbent [52]. In addition, the porosity of the adsor-
bent is another feature that affects the adsorption process 
[36]. The presence of carbonyl, hydroxyl, quaternized 

Fig. 6   Effect of a contact time (C0 ARS: 500 mg/L, 25 °C and 1 mL 
ARS Solution for 1 mg adsorbent). and b pH of solution on ARS dye 
adsorption with Gelatin/p(AETAC)/GNPt composite hydrogel (Gel 5) 

(C0 ARS: 250 mg/L, 25 °C, 1 mL ARS Solution for 1 mg adsorbent 
and 24 h)

Fig. 7   a Effect of temperature on ARS dye adsorption with Gelatin/p(AETAC)/GNPt composite hydrogel (Gel 5) and b plot of 1/T vs. log (qe/
Ce)
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ammonium group, and aromatic ring in the structure of 
Gel 5 composite hydrogel together with the presence of 
hydroxyl, sulfonate, and aromatic rings in the structure 
of the ARS dye molecule can determine the adsorption 
process. The proposed adsorption mechanism for ARS ani-
onic dye adsorption of Gel 5 composite hydrogel is given 
in Fig. 8. Gel 5 composite hydrogel creates an electro-
static interaction with the positively charged quaternized 
ammonium group in the composite hydrogel and the –SO3 
Na+ groups in the ARS dye molecules [2, 14]. Hydrogen 
bond interactions can occur with the hydroxyl groups of 
the ARS anionic dye molecule and the N and O atoms in 
the carbonyl, amine, hydroxyl, and sulfonate groups in 
the Gel 5 composite hydrogel structure [52]. In addition, 
the π – π stacking interaction between aromatic rings and 
the high porosity of the Gel 5 composite hydrogel favor 

dye adsorption, which facilitates the rapid migration of 
molecules [18, 52].

The ARS removal of Gel 5 used in this study and some 
adsorbents in the literature is summarized in Table 5. When 

Fig. 8   Illustration of the predicted mechanism of ARS dye adsorption by Gelatin/p(AETAC)/GNPt composite hydrogel (Gel 5)

Table 3   Thermodynamic parameters for Gelatin/p(AETAC)/GNPt 
composite hydrogel (Gel5)

Thermodynamic Parameters T (K) ARS Dye

ΔH° (kj.mol−1) 52.89 ± 5.78
ΔS° (j.mol−1.K−1) 186.12 ± 18.57
ΔG° (kj.mol−1) 298.15 K -2.60

308.15 K -4.46
318.15 K -6.32
328.15 K -8.18
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the table is examined, Gel 5 has a higher adsorption per-
formance than other adsorbents. All these data show that 
Gel 5 is an efficient material for dye removal activities from 
anionic dye-containing wastewater.

Reusability of composite hydrogel

The reusability of adsorbent systems is one of the important 
parameters in terms of both sustainability and efficiency. 
For this reason, the adsorption–desorption study of the Gel 
5 composite hydrogel was carried out. The percentage of 
ARS dye removal for 3 cycles of the composite hydrogel 
was found to be 93.31%, 79.85%, and 68.57%, respectively. 
The decrease in the adsorption efficiency of Gel 5 can be 
attributed to the weakening of the electrostatic interaction 
between the composite hydrogel and the ARS dye with each 
use [37]. These results show that the ARS dyestuff of gel 5 
can be recycled and the composite hydrogel can be reused.

Mechanical strength is one of the important factors for 
the reusability of adsorbents. For this reason, the durability 
of the composite hydrogel was investigated by a mechanical 
compression test. In Fig. 9a, it can be seen that the composite 

hydrogel is dry, swollen, adsorbed by ARS, and retains its 
form in the post-desorption photographs. At the same time, 
it is seen that the composite hydrogel prepared in Fig. 9a has 
a flexible structure. Figure 9b, c show the mechanical test 
results and images of the pre-adsorption and post-desorption 
composite hydrogel. As it is known, graphene is a material 
with high mechanical strength and increases the durability 
of the structure [58]. In hydrogels containing GNPt, it is 
expected that the mechanical properties of graphene will 
be high due to this property [59]. Thus, the GNpt in the 
Gel 5 composite hydrogel and the crosslinker MBA showed 
very good mechanical properties. It is thought that GNpt are 
incorporated into the structure wrapped around their pore 
walls and thus support cross-links. In this way, it can be 
stated that the mechanical strength of the composite hydro-
gel increases. In addition, 199.64 kPa compressive strength 
was observed for 50% strain before the desorption of Gel 5 
composite hydrogel, while 194.29 kPa compressive strength 
was observed post-desorption. When the pre-adsorption 
and post-desorption composite hydrogel are compared, it is 
clearly seen that there is no significant difference between 
the compressive strengths. This shows that the composite 

Table 4   Isotherm and kinetic 
parameters for Gelatin/
p(AETAC)/GNPt composite 
hydrogel (Gel5)

Isotherms and Kinetics Isotherm Models Kinetic Models

Langmuir Freundlich PFO PSO Intra-parti-
cle diffusion

qm (mg.g−1) 649.35
KL (L.mg−1) 0.0199
RL 0.05–0.67
Kf (mg.g−1) 0.0514
n 2.97
qe (mg.g−1) 588.84 512.82
k1 (h−1) 0.22
k2 (g.mg−1.h−1) 4.02 × 10–4

C 96.45
ki (mg.g−1.h−0.5) 3.42
Ri 0.99
R2 0.97 0.65 0.90 0.93 0.95

Table 5    Comparison of 
different adsorbents in the 
literature for ARS dye removal

Adsorbents qm
(mg.g−1)

Best fit isotherm References

Coal bottom ash derived zeolite 210.75 Langmuir [2]
Schima wallichii activated carbon 91.965 Langmuir [52]
Activated carbon/γ-Fe2O3 nano-composite 108.69 Langmuir [55]
Calcium phosphate hydroxyapatite 100.36 Sips and Dubinin–

Radushkevich
[56]

Fe3O4@NiO core–shell magnetic nanoparticles 223.30 Freundlich [1]
APTES grafted silica 59.8 Langmuir [57]
Gelatin/p(AETAC)/GNPt (Gel5) 649.35 Langmuir In this study
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hydrogel does not lose its mechanical properties after dye 
absorption and desorption processes and has reusability. 
These results support each other with similar studies in the 
literature [60].

Conclusion

Gelatin/p(AETAC)/GNPt composite hydrogel contain-
ing porous Graphene nanoplate with high adsorption effi-
ciency in a wide pH range was successfully prepared by the 
free-radical copolymerization method. The biocompatible, 
porous composite hydrogel containing Graphene nanoplate 
has high efficiency in removing ARS anionic dye from water. 
Adsorption and equilibrium parameters, which are important 
parameters in the transition from laboratory scale to large 
scale, were determined by adsorption experiments. Adsorp-
tion data are compatible with the Langmuir isotherm and 
PSO kinetic model. ARS adsorption of Gelatin/p(AETAC)/
GNPt composite hydrogel is a chemical process that includes 
an intraparticle diffusion step. In addition, the composite 
hydrogel had mechanical strength, which is an important 
parameter for reusability. The results showed that Gelatin/
p(AETAC)/GNPt composite hydrogel can be used as an effi-
cient adsorbent for the removal of anionic dyestuffs from 
wastewater.
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