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Abstract
This research aimed to use a low-cost, environmentally friendly adsorbent to eliminate the cationic dye Astrazon red 6B 
(AR) from an aqueous system. For this rationale, a nanocomposite hydrogel made of (Gum Acacia/Acrylamide)-calcinated 
Eggshell/Graphene oxide (GA/AAm)-ES/GO was created using Gamma radiation-induced copolymerization and cross-
linking. FT-IR, XRD, EDX mapping, SEM, TGA and TEM were used to investigate the structures and properties. The 
nanocomposites exhibited superior adsorption behavior towards AR. Because of the dual effect of ES and GO, mixing ES 
with GO in (GA/AAm)-ES/GO nanocomposite hydrogel improved its adsorption capability. It was obtained that the opti-
mum initial pH was 9 and the equilibrium contact time was 480 min. The removal percentage was enhanced by increasing 
the initial dye concentration. A little removal effectiveness was observed by increasing the adsorbent weight from 5.0 to 
10.0 g for each liter of the dye solution. The Langmuir isotherm was found to be more suitable for analyzing the adsorption 
isotherm the maximal monolayer dye adsorption capacity (qmax) was 313.3 mg/g. The pseudo-second-order adsorption 
kinetics fitted the data well, and the rate constant was predicted to be (0.108 10–3) g mg−1 min−1. ∆H° values are negative at 
all investigated initial concentrations for (GA/AAm)-ES and (GA/AAm)-ES/GO. The values of ∆S° are negative for (GA/
AAm)-ES/GO, while values for (GA/AAm) and (GA/AAm)-ES are positive. ∆G° are negative values for all systems that 
refer to the spontaneity of the adsorption process. High efficiency was observed for (GA/AAm)-ES/GO up to three rounds 
of reuse, while a drop in efficiency of the fourth round to 58.78%.
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1  Introduction

Water is considered the most crucial natural material for 
beings [1]. Dye-related water contamination is still a sig-
nificant environmental and social issue in our society [2]. 
Dyes are a significant class of pollutants that were pro-
duced in large quantities by numerous industries [3]. Some 
dyes are hazardous and even carcinogenic, even in low 
concentrations, affecting photosynthetic activity, aquatic 
biota, human health, and the ecosystem [4]. Cationic dyes, 
such as Astrazon red 6B, are dangerous and damaging to 
humans and aquatic habitats [5]. Many studies have been 
conducted to eliminate dye effluents from wastewaters, 
including coagulation, photocatalytic oxidation, adsorp-
tion, Fenton/photo-Fenton, biological, and physical–chem-
ical methods [6]. The adsorption process is one of the 
important techniques for eliminating dye pollutants due 
to its many benefits [7]. Egg Shell (ES) is the hard outer 
shell of eggs and contains a large amount of CaO, which 
is produced in large quantities as a daily waste [1]. Adsor-
bents derived from natural waste, such as eggshells (ES) 
are highly considered [8]. Because of its porous nature, ES 
is an appealing material for use as an efficient adsorbent 
[9]. ES is being doped with active carbon materials such 
as graphene oxide (GO) to boost the adsorption efficiency 
[10]. GO has unique properties such as easy combinability 

with other materials, high specific surface area, and high 
heat transfer [2]. It is considered among the most efficient 
doped materials. GO is rich in active oxygen (hydroxyl, 
epoxy, and carboxyl) groups, allowing it to be used in 
water remediation [11]. To make handling and reusing the 
Es/GO nanocomposites for dye adsorption easier, they are 
entrapped in polymeric materials such as hydrogels with 
specific properties such as high swelling, good mechanical 
strength, and durability without dissolving in different sol-
utes [12]. Hydrogels are cross-linked polymer chains that 
can retain huge quantities of water without dissolving [13]. 
The occurrence of active groups such as –OH, –COOH, 
and –CONH establishes hydrogels’ hydrophilic nature. 
They are regarded as promising adsorbents for organic 
dyes removal, on account of high water content and the 
facility of incorporating different chelating groups onto 
the polymeric backbones. Gum acacia, also known as gum 
arabic, is a natural polysaccharide that is derived from 
the sap of the acacia tree. It is a water-soluble, non-toxic, 
and biodegradable polymer that has been used in a wide 
range of applications [3], 14. Gum acacia hydrogels have 
also been explored for their potential in adsorption appli-
cations. Due to their high water absorption capacity and 
biocompatibility, gum acacia hydrogels have been used as 
an adsorbent for various contaminants, such as heavy met-
als, dyes, and organic pollutants [4]. GA is copolymerized 
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with different vinyl group monomers such as acrylamide 
(AAm) to increase its durability [5].

The radiation technology is eco-friendly, with less con-
tamination and fewer byproducts that are used in the prepa-
ration and crosslinking of hydrogels [15]. The irradiation 
of polymeric materials with ionizing radiation leads to the 
formation of very reactive intermediates, free radicals, ions 
and excited states. These intermediates can follow several 
reaction paths that result in disproportion, arrangements and/
or the formation of new bonds.

In this study the creation of a nanocomposite for the 
first time composed of GA/AAm including calcinated 
Eggshell ES and graphene oxide GO, (GA/AAm)-ES/GO, 
using a gamma irradiation approach was the major focus of 
this work to adsorptive removal of the AR from aqueous 
solutions.

2 � Materials and Procedures

Gum Acacia (GA) was supplied from OXFORD laboratory 
reagent (India) with a purity of 96%. Acrylamide (AAm) 
was supplied from Central Drug House (CDH) (India) 
with a purity of 98%. Graphite powder (GP) was received 
from Loba Chemie (India) with a purity of 96%. Sodium 
hydroxide, hydrochloric acid, sulfuric acid, phosphoric acid, 
sodium nitrate, Potassium permanganate, and hydrogen per-
oxide were provided by El Nasr Pharmaceutical Chemicals 
Co. (Egypt) with a purity of 98%. Astrazon red 6B (AR) 
(C24H30Cl2N2) Fig. 1 was obtained from El-Gomhouria Co. 
(Egypt).

2.1 � Synthesis of GO

GO was manufactured from GP using the modified Hum-
mer’s procedure [16]. For 10 min, an ice bath was used to stir 
up a mixture of GP (5 g), NaNO3 (2.5 g), H2SO4 (108 mL), 
and H3PO4 (12 mL). 15 g of KMnO4 was gradually added 
while holding the temperature below 5 °C in an ice bath. 
The NaNO3 acts as a source of nitrate ions, which helps 
to increase the solubility of graphite in the reaction mix-
ture. The H2SO4 and H3PO4 are strong acids that promote 
the oxidation of graphite to graphene oxide. The KMnO4 

is a powerful oxidizing agent that helps to break down the 
graphite into smaller pieces, which promotes the formation 
of graphene oxide [6, 7]. The solution was allowed to react 
for two hours. In a water bath, the temperature was increased 
to 40 °C for 60 min while stirring continuously. The mixture 
was then heated to 98 °C for 60 min while deionized water 
was gradually added until the suspension solution volume 
reached 400 mL and after five minutes. The reaction prod-
uct is rinsed several times with 5% HCl solution, deionized 
water, and dried at 60 °C.

2.2 � Synthesis of Egg Shell Nanoparticles (ES)

Eggshells ES were collected from local shops. 50 g of ES 
were cleaned with deionized water to remove impurities 
before being inserted in a dry oven at 110 °C for two hours. 
ES was then calcinated at 1100 °C for four hours in a muffle 
furnace. The solid generated from ES was calcined, then 
cooled for 10 h in the furnace before being kept in a desic-
cator [17].

2.3 � Preparation of (GA/AAm) Hydrogel, (GA/
AAm)‑ES, and (GA/AAm)‑ES/GO Nanocomposite

Homogeneous aqueous solutions of AAm and GA mixture 
of different compositions at different total feed concentra-
tions 10, 20, 30, and 40 wt % were irradiated in small glass 
vials by 60Co gamma rays at irradiation doses of 15, 25, and 
35 kGy. The produced polymeric cylinders were cut into 
discs of 2 mm thickness. All samples were washed to con-
fiscate the homopolymer before being air dried.

The (GA/AAm)-ES and (GA/AAm)-ES/GO nano-
composite hydrogels were created by combining different 
weights of ES or ES/GO (1:1) with (GA/AAm) (3/7) wt% 
solution of total concentration 30 wt% in a probe sonicator. 
The homogeneous solutions were then revealed to gamma 
radiation at 35 kGy to form the various nanocomposite 
hydrogels.

2.4 � Instrumentations

X-ray diffraction (XRD) was done using XD-DI Series, Shi-
madzu apparatus with a copper target (k = 1.542 Å) at an 
operating voltage of 40 kV and an electric current of 30 mA. 
The patterns were done at ambient temperature and under 
constant conditions.

The interlayer spacing d of GO was determined by 
Bragg's law, Eq. (1): [18]

where n is the diffraction series and λ is the X-ray 
wavelength.

(1)n� = 2d sin �

Fig. 1   The Chemical structure of Astrazon red 6B dye
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FTIR spectroscopy measurement was done using Nicolet 
Is10 FT-IR within a range of 400–4000 cm−1 using KBr pel-
lets. TEM investigation was done by a transmission electron 
microscope (TEM) Thermo scientific Talos F200i scanning/
transmission. The surface morphology and energy dispersive 
analysis of X-ray (EDX) were examined on SEM apertures 
(ZEISS EVO-15, UK) with attached EDX. Thermogravimet-
ric analysis (TGA) system of Type TGA-50 under nitrogen 
atmosphere was used to determine the thermal stability and 
weight loss of the prepared hydrogels and composites as a 
function of temperature. The temperature ranged from ambi-
ent to 600 °C at a heating rate of 10 °C/min.

2.5 � Adsorption Studies

The adsorption of the aqueous solution of Astrazon 6B 
dye (AR) was performed by preparing a stock solution of 
1,000 mg/L AR dye. Definite concentrations were made by 
the dilution. The dye’s UV–Visible absorption spectra were 
taken at λ = 548 nm using a UV–Vis spectrophotometer (TU-
1901, Beijing, China). The removal efficiency (R, %), the 
amount of AR dye adsorbed at time t (qt, mg/g), and equilib-
rium (qe, mg/g) was calculated by the following equations:

where C0, Ct, and Ce (mg/L) are the initial, at time t, and 
equilibrium concentration of AR dye, respectively. V (L) is 
the volume of the solution and m (gram) is the weight of the 
adsorbent [17, 19].

3 � Result and Discussion

3.1 � Description of GO and ES

Figure 2 depicts the XRD analysis of GO and ES. The GO 
diffraction peak appears at 11.3° and of 0.778 nm interlayer 
distance of (Eq. 1). It is thought to be responsible for the 
formation of oxygen-containing groups in GO as a result of 
chemical oxidation and exfoliation, as well as the expansion 
of GO sheets [20]. The signature peaks of ES are revealed in 
Fig. 2, with intense distinguishing diffraction peaks. Peaks 
at 28.88° with miller indices (102) is attributed to Ca(CO3)2 
remaining in ES and the diffraction peaks at 34.37°, and 
54.53° were caused by the cubic CaO crystals according to 

(2)R =
C0 − Ct

C0
× 100

(3)qt =
C0 − Ct

m
× V

(4)qe =
C0 − Ce

m
× V

miller indices (200), and (200) respectively and 2θ of 18.29°, 
47.48°, and 51.11° with miller indices (001), (102), and 
(110) respectively, were caused by the presence of hexago-
nal calcium hydroxide in ES [21–23]. The peaks at 32.12°, 
37.14°, 64.2°, and 67.41°, with miller indices, (111), (200), 
(311) and (222) confirmed the cubic crystallographic planes 
of CaO in ES [24].

TIR spectra scrutinize the functional groups extant on 
the prepared GO and ES are seen in Fig. 3. The spectrum of 
GO showed a broad peak around 3597.91 cm−1, and peaks 
at 2975.73 and 2888 cm−1 were scribed to the O–H, –CH2 
and –C–H stretching vibrations, respectively [25]. The dis-
tinguishing peak at 1703.11 cm−1 is due to the C=O group 
in GO, and the peak at 1632.68 cm−1 is related to the aro-
matic C–C skeletal vibrations. The peaks at 1379 cm−1 and 
1044 cm−1 are official to C–OH and C–O–C, respectively, 
which revealed the oxidation's success [26]. For ES, the 

Fig. 2   XRD patterns of ES shell and GO

Fig. 3   FTIR spectra of GO and ES
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peak at 3638.74 cm−1 revealed the stretching vibration of 
O–H present in Ca(OH)2. Furthermore, the (OH) of physi-
osorbed water linked to nanoparticles and its formation pos-
sibly arises from the adsorption of CaO with H2O [27]. The 
small transmission bands at 2978.50 cm−1, 1407.55 cm−1, 
and 1071.68 cm−1 indicated to the carbonate CO3

2− ions 
in calcium carbonate CaCO3 molecule, which reveals the 
carbonate is a base composition of eggshell [27]. The peaks 
at 599.94 and 495.07 cm−1 are associated with CaO vibra-
tion [28].

Figure 4 show the EDX elemental mapping images of 
ES and GO. As shown in Fig. 4a, ES analysis demonstrated 
the presence of elements O, Mg, P, and Ca. The elemental 
analysis revealed that the calcium content is 59.89%, the 
oxygen content is 39.17%, and there are traces of magnesium 
and phosphorus. The GO EDX analysis revealed that the 
carbon content is 56.35% and the oxygen content is 43.56% 
as seen in Fig. 4b.igure 5 shows the TEM morphology of ES 
and GO. The GO seems to as thin wrinkles sheets, Fig. 5a. 
Additionally, the wrinkled sheets stop the GO from clump-
ing together by van der Waals forces through drying [29, 30]. 
TEM image of ES appears as particle agglomeration with 
round, flower, and irregular shapes morphology as shown in 
Fig. 5b. The large average size may be due to the calcination 
process at 900 °C. The higher temperature produced more 
atomic diffusion and higher energy [31].

3.2 � Radiation Synthesis of (GA/AAm) Hydrogel

Gamma radiation is a clean tool, which is considered a 
source of initiation and cross-linking reaction. γ-radiation 
was used to graft copolymerization of AAm onto the GA 
chain for producing the functional polymeric hydrogel of 
(GA/AAm). Upon the acquaintance of the aqueous mixture 
of GA polymer and AAm monomer to γ irradiations. Water 
undergoes radiolysis, producing OH• radicals that extract H 
atoms from GA chains to produce macroradicals. Also, the 
γ- radiation cleaves the vinyl bond in the AAm monomer 
yielding the AAm• radicals, which is considered the initia-
tion step for the free radical polymerization reaction. Then 
recombination of the free radicals produces new covalent 
bonds between the GA macroradical chains and the AAm• 
moieties and the formation of an insoluble fraction of (GA/
AAm) hydrogel [7]. The possible mechanism of formation 
(GA/AAm) hydrogel is shown in Fig. 6.The effect of total 
GA/AAm feed concentration on the gelation of (GA/AAm) 
hydrogel at three different irradiation doses was illustrated 
in Fig. 7a. The gel content percent was enhanced by raising 
the total feed concentration and increasing the irradiation 
dose. Because the radicals become closer to each, facilitat-
ing the recombination, improving the crosslinking density, 
and enhancing the gel content percent [32]. On the other 
hand, the longtime exposure to gamma irradiation permits 

the formation of radicals on GA and AAm. Furthermore, the 
longtime exposure to gamma irradiation allows high radical 
formation on GA and AAm, which enhances a lot of radicals 
recombination and high crosslinking matrix and increases 
gel content percent [33]. The effect of AAm content on gel 
content percent is described in Fig. 7b. The gel content per-
cent was improved by increasing the AAm content. This is 
because the intensification of –C=C groups in AAm chains 
generates free radicals, which enhances the crosslinking 
density in the (GA/AAm) hydrogel and the gel percent [34].

4 � Swelling Behavior of (GA/AAm) Hydrogel

The effect of various parameters on swelling percent is 
shown in Fig. 8. The decrement in swelling percent of (GA/
AAm) hydrogel with increasing the total feed concentration 
and irradiation dose Fig. 8a is due to the increase of the 
crosslinking formation that restricted the diffusion of water 
molecules into the hydrogel network [35]. The longtime 
exposure to gamma irradiation and high total feed concen-
tration resulted in a decrement in the swelling percent due to 
the highly crosslinking density formation [36]. The increase 
of crosslinking density compacts the free volume available 
for swelling as well as limited positions that are ready for 
the diffusion of water and hindered by network structure 
formation [37]. On the other hand, the increase of AAm 
concentration in the feed composition also decreased the 
swelling percent of (GA/AAm) hydrogel (Fig. 8b) due to an 
increase the vinyl group content enhancing the crosslinked 
network structure of the (GA/AAm) hydrogel [38].

4.1 � Effect of ES/GO Concentration on Gel Content 
and Swelling Percent

Figure 9 depicts the effect of incorporating ES and ES/GO 
nanoparticles in (GA/AAm) hydrogel on gel content and 
swelling percentage. The insert of nanoparticles (20 wt%) 
in the hydrogel network decreases the gel content percent 
from 95 for (GA/AAm) to 80 for (GA/AAm)-ES and 75% 
for (GA/AAm)-ES/GO nanocomposites. The nanoparticles 
weaken the network density, which decreases the gel content 
percentage, Fig. 9a. On the other hand, the loading of ES 
or ES/GO NPs throughout the (GA/AAm) hydrogel matrix 
causes an increment of swelling percent that was increased 
with the increase of the amount of ES or ES/GO nanoparti-
cles, Fig. 9b. The inclusion of ES or ES/GO nanoparticles 
into the gel networks increases the hydrophilicity in the (GA/
AAm) hydrogel network, allowing more water molecules 
to enter the hydrogel matrix. Furthermore, the nanopar-
ticles have various sizes and surface charges that lead to 
absolute network expansion [39]. Moreover, ES or ES/GO 
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Fig. 4   a EDX mapping and 
elemental analysis of ES. b 
EDX mapping and elemental 
analysis of GO
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nanoparticles may increases the holes in (GA/AAm) hydro-
gel, increasing water molecule penetration in the hydrogel 
network [40].

4.2 � Structure Study

Figure  10 shows the FTIR characteristic peaks spec-
tra of (GA/AAm), (GA/AAm)-ES, and (GA/AAm)-ES/

GO nanocomposite hydrogels. For (GA/AAm) hydro-
gel, the asymmetric vibration peak of –NH2 of AAm 
overlapped with the –OH stretching peak of GA seems 
around 3130 cm−1. The bands for C-H and C = O appear 
at 2912 cm−1 and 1660 cm−1, respectively. The bending 
vibration of the amide's –N–H bond was identified as a 
peak at 1413 cm−1. The stretching vibrations of the C–O–C 
connect different sugar units of GA and appear at 1217 

Fig. 5   TEM images a GO and 
b ES

Fig. 6   The possible mecha-
nism of formation (GA/AAm) 
hydrogel
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and 1017 cm−1 [32]. The (GA/AAm)-ES nanocomposite 
hydrogel showed new peaks due to the CaO of ES. The 
small peak at 3647.45 cm−1 designated to Ca(OH)2 results 
from the absorption of CaO into the hydroxyl group of 
water. The CaO was responsible for the peak of 587 cm−1. 
The peaks at 3017, 2927, 1652, 1427, 1225, and 1022 cm−1 
are the same characteristic peaks of (GA/AAm) hydrogel. 
The shift of these peaks is due to the inclusion of CaO in 
the polymeric matrix. It is worth noting that the bending 
vibration of –N–H amide at 1427 cm−1 and C–O peaks at 
1225 and 1022 cm−1 overlap with the peaks of Ca(CO3)2 in 
ES [35, 41]. The same characteristic peaks of (GA/AAm)-
ES/GO nanocomposite hydrogel were observed, indicating 
overlapping of peaks with the characteristic peaks of GO, 

indicating good mixing of ES/GO nanoparticles within the 
hydrogel network [40]. The peak at 3647 cm−1 disappeared 
GO's presence may be preventing CaO in ES from absorb-
ing the hydroxyl ion of water. Finally, The FTIR spectra 
confirmed the grafting of AAm onto GA and the excel-
lent mixing of the nanoparticles with the hydrogel matrix. 
Figure 11 displays the XRD patterns for (GA/AAm), (GA/
AAm)-ES, and (GA/AAm)-ES/GO nanocomposite hydro-
gels. The diffractogram of (GA/AAm) hydrogel appears as 
an amorphous diffraction peak around two theta equal to 
23.5°. The crystalline nature was noticed by the inclusion 
of ES or ES/GO nanoparticles in (GA/AAm) hydrogel to 
produce (GA/AAm)-ES and (GA/AAm)-ES/GO nanocom-
posites hydrogel, respectively [42]. The diffraction pattern 

Fig. 7   Effect of a total concentration in the feed solution on the gel 
content percent of (GA/AAm) hydrogel at composition (3:7) wt% at 
different irradiation doses;15, 25 and 35 kGy, b effect of AAm con-

centration on the gel content percent of (GA/AAm) hydrogel at total 
feed concentration; 30 wt% and irradiation dose; 35 kGy

(a) (b)

Fig. 8   Effect of a total concentration in the feed solution on the swell-
ing percent of (GA/AAm) hydrogel at composition (3:7) wt% at dif-
ferent irradiation doses;15, 25 and 35 kGy, b effect of AAm concen-

tration on the swelling percent of (GA/AAm) hydrogel at total feed 
concentration; 30 wt% and irradiation dose; 35 kGy
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of (GA/AAm)-ES nanocomposite hydrogel displays all the 
characteristic peaks of eggshell at two theta 17.7°, 28.83°, 
43.45°, 50.545°, 54.545°, 64.43°, 72.54°. After embedding 
ES/GO into a (GA/AAm) hydrogel structure, the GO char-
acteristic peak at two theta 11.3° vanished, which could be 
attributed to the complete dispersion of GO in the hydro-
gel matrix and the formation of a uniform nanocompos-
ite hydrogel. After embedding ES/GO into a (GA/AAm) 
hydrogel structure, the GO characteristic peak at two theta 
11.3° vanished, which could be explained by GO being 
evenly distributed throughout the hydrogel matrix [43]. 
While (GA/AAm)-ES/GO nanocomposites exhibits the 
diffraction peaks of ES. The XRD patterns of (GA/AAm), 
(GA/AAm)-ES, and (GA/AAm)-ES/GO nanocomposite 

hydrogels indicated excellent mixing of ES and ES/GO 
nanoparticles within the (GA/AAm) hydrogel network.

4.3 � Morphology Study

The SEM is a benefit analysis to study the surface mor-
phology of (GA/AAm) hydrogel (GA/AAm)-Es and (GA/
AAm)-ES/GO nanocomposite hydrogels, as seen in Fig. 12. 
The surface morphology of (GA/AAm) hydrogel, Fig. 12a, 
appears as an open pore microstructure. The surface pos-
sesses high porosity under high magnification due to the 
hydrophilicity of (GA/AAm) hydrogel. After adding the ES 
nanoparticles for producing (GA/AAm)-ES nanocompos-
ites hydrogel, Fig. 12b, the morphology of the surface is 
compactly changed to a rough fracture surface with protru-
sions. The pore structure disappeared, and ES nanoparticles 

ES/GO NPs concentration wt%
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Fig. 9   Effect of ES/GO nanoparticles concentration wt % in the feed solution on the a gel content and b swelling percentage of (AG/AAm) 
hydrogel at composition (3:7) wt%, at total concentration (40) wt%, and at different irradiation dose 35 kGy

Fig. 10   FTIR spectra of a (GA/AAm) hydrogel b (GA/AAm)-ES and 
c (GA/ AAm)-ES/GO nanocomposite hydrogels

Fig. 11   XRD patterns of a (GA/AAm) hydrogel b (GA/AAm)-ES 
and c (GA/ AAm)-ES/GO nanocomposite hydrogels
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filled the pores and thickness well of the (GA/AAm) hydro-
gel network. Under a magnification of SEM image of (GA/
AAm)-ES nanocomposite, the wall of the network structure 
becomes dense and thick, indicating the proper mixing of ES 
with the parent (GA/AAm) hydrogel. SEM image of (GA/
AAm)-ES/GO nanocomposite hydrogel observed in Fig. 12c 
appears a compact surface with a dense network structure 
of nanocomposite hydrogel resulting in existence of ES and 
GO nanoparticles dispersed within network hydrogel. Fur-
thermore, the ES nanoparticles precipitated in the hydrogel 
matrix, and the GO causes the dense network of (GA/AAm) 
nanocomposites hydrogel in a magnification SEM image.

4.4 � Thermal Study

The very important tools for investigating the thermal dura-
bility of (GA/AAm) and (GA/AAm)-ES/GO nanocom-
posites hydrogels using the thermal gravimetric analysis 
TGA with temperatures up to 600 °C. The TGA thermo-
gram of (GA/AAm) hydrogel seemed four decomposition 
stages of weight loss, as represented in Fig. 13. The first 

Fig. 12   SEM images of a (GA/
AAm) hydrogel, b (GA/AAm)-
Es and (c) (GA/ AAm)-ES/GO 
nanocomposite hydrogels

Fig. 13   the thermal stability of a (GA/AAm) hydrogel and b (GA/ 
AAm)-ES/GO nanocomposites hydrogel
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decomposition stage up to 150 °C, is owing to the loss 
of moisture and volatile compounds. The second thermal 
decomposition stage, from 150 to 200 ºC, is related to the 
dehydration of bonded water in (GA/AAm) hydrogel. The 
third stage from 200 to 450 ºC was attributed to decarboxyla-
tion reactions and decomposition of the reactive side groups 
in (GA/AAm) hydrogel. At 450 ºC the fourth decomposi-
tion of the polymer backbone begins, and the weight loss 
increases rapidly. Finally, the TGA curve reaches a plateau 
of 520 ºC when all the polymer has decomposed into volatile 
hydrocarbons and carbon dioxide with a weight loss percent-
age of 98% [8]. The presence of ES and GO nanoparticles 
increases the thermal stability of (GA/AAm) hydrogel as 
represented in the TGA decomposition curve of (GA/AAm)-
ES/GO in Fig. 13. It can be noted that the thermal stability 
(GA/AAm)-ES/GO nanocomposite hydrogel enhanced at the 
temperature range from 50 to 400 ºC. The thermal stability 
seems like (GA/AAm) hydrogel in the temperature range of 
400–500 ºC. On the other hand, the weight residue is about 
19%.

4.5 � Adsorption Study

The effect of adsorbent weight on qe and removal percent 
was seen in Fig. 14. qe decreases with increasing the weight 
of the nanocomposite from 5.0 to 10.0 g. qe was dropped 
from 10 to 3.8 mg/g (decrease ~ 65%) for (GA/AAm), 17.1 
to 5.1 mg/g (decrease ~ 70%) for (GA/AAm)-ES, and 21 
to 7  mg/g (decrease ~ 67%) for (GA/AAm)-ES/GO. On 
the other hand, a little removal effectiveness was observed 
by increasing the adsorbent weight from 5.0 to 10.0 g. 
The removal percentage was enhanced from 60 to 70% 
(increase ~ 17%) for (GA/AAm), 70 to 74% (increase ~ 6%) 
and (70 to 83) % (increase ~ 19%) for (GA/AAm)-ES/GO. 

At low adsorbent weight, the adsorption approaches fast to 
equilibrium due to osmotic pressure regardless of the avail-
able active sites resulting in an efficient usage of adsorption 
sites. The adsorption capacity steadily declined throughout 
the adsorption process due to the unsaturation of the adsor-
bent's active species. The increased surface area and acces-
sible adsorption active site, as well as a function of osmotic 
pressure, are responsible for the reduction in qe with increas-
ing adsorbent weight [44]. The surface area of the particles 
decreases as the adsorbent dose is raised, and the adsorbent 
active sites become saturated, which lowers the adsorption 
capacity [45, 46]. However, increasing the weight of (GA/
AAm), (GA/AAm)-ES, and (GA/AAm)-ES/GO did not 
effect on removal efficiency because the adsorbent particles 
clustered and blocked some adsorption sites [47]. It must 
be noted that the best adsorbent is (GA/AAm)-ES/GO, and 
the lowest adsorbent was noticed for (GA/AAm) hydrogel.

The existence of ES in the adsorbent as a relatively low-
cost material increases the surface area and porosity. It can 
adsorb the toxic AR dye through ion exchange, coordina-
tion, and hydrogen bond [48]. On the other hand, the supe-
rior physical and chemical characteristics of GO, including 
its wide surface area, high porosity surface reactivity, and 
oxygenated groups (hydroxyl, epoxy, and carboxyl) on its 
surface, force its usage as an adsorbent [49]. The mixing 
of ES with GO in (GA/AAm)-ES/GO composite hydrogel 
improved its adsorption capability due to the dual effect of 
ES and GO. The GO enhances the adsorption capacity of 
ES, resulting in π-π or electrostatic interaction and hydrogen 
bond with AR dye [50].

4.5.1 � Influence of pH

The adsorption capacity and removal percent of (GA/AAm), 
(GA/AAm)-ES, and (GA/AAm)-ES/GO nanocomposite 
hydrogels against pH are obtained in Fig. 15. The adsorption 
capacity and removal percent increase as the medium pH 
rises to pH 9 and then little decrease was done. The adsorp-
tion capacity varied from 6.9 to 13 mg/g, 11 to 18 mg/g, and 
19 to 23 mg/g for (GA/AAm), (GA/AAm)-ES, and (GA/
AAm)-ES/GO hydrogel nanocomposites, respectively, as 
observed in Fig. 15a. While the removal percent differ from 
50 to 70% for (GA/AAm), from 53 to 75% for (GA/AAm)-
ES, and from 84 to 97% for (GA/AAm)-ES/GO as seen in 
Fig. 15b.

Protonation of hydrogen ions of amide groups in acryla-
mide causes repulsion between anionic adsorption sites of 
(GA/AAm) and cationic AR dye molecules in strongly acidic 
solutions, resulting in adsorption capacity and removal per-
cent for (GA/AAm) hydrogel. The amount of total available 
adsorption sites for AR was decreased by these H + ions, 
which decreased adsorption capacity and removal. Quite the 
contrary, the accessibility of active adsorption sites for AR 

Fig. 14   the effect of Adsorbent weight (g) in one liter onto qe mg/g 
and removal % of AR dye of (●) (GA/AAm), (▼) (GA/AAm)-ES, 
and (■) (GA/AAm)-ES/GO nanocomposite hydrogels at pH 7 and 
initial dye concentration 10 mg/L
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gradually enhanced when the pH of the solution was raised 
to an alkaline level, resulting in deprotonation and increasing 
removal percent [44]. For GA/AAm)-ES and (GA/AAm)-
ES/GO nanocomposite hydrogels, must be noted the ZPC 
of (GA/AAm), (GA/AAm)-ES, and (GA/AAm)-ES/GO 7.1 
[51], 5.6 and 5.5 [52] respectively, for hydrogel nanocom-
posites. By increasing the pH, AR dye adsorption onto (GA/
AAm)-ES and (GA/AAm)-ES/GO nanocomposite hydrogels 
is improved. However, at a pH greater than 9, an accumu-
lation of hydroxyl ions in the medium inhibits adsorption 
on the adsorbent surface. Thus, the AR dye’s adsorption 
efficiency was reduced [53].

4.5.2 � Effect of Initial Dye Concentration

Figure 16 illustrates the adsorption potential as a function 
of the initial AR dye concentration by (GA/AAm), (GA/
AAm)-ES, and (GA/AAm)-ES/GO nanocomposite hydro-
gels. When the original dye concentration was increased, an 
increase in dye adsorption can be seen. As the dye concen-
tration rises, it is thought that more dye molecules will be 
adsorbed onto the surface of the nanocomposite [54]. The 
active sites for the adsorption of AR ions getting occupied 
caused a little drop in the adsorption capacity of (GA/AAm) 
and (GA/AAm)-ES at 100 mg/L [44]. While the adsorption 
efficiency for (GA/AAm)-ES/GO nanocomposite hydrogel 
was raised with the initial dye concentration, this suggested 
that the quantity of ES/GO nanoparticles increased the sur-
face area and porosity, facilitating the adsorption capacity.

4.5.3 � Adsorption Isotherm

The data was examined using the Langmuir, Freundlich, 
Temkin, and Dubinin-Radushkevich isotherms as shown 
in Fig. 17. According to the Langmuir adsorption isotherm 
model, the molecules are transported by equally acces-
sible and energetically equivalent monolayer sites on a 
homogenous adsorbent surface. The used linear isotherm is 
expressed by the following Eq. (5):-

where qe (mg/g) is the equilibrium adsorption quantity of AR 
dye on the adsorbent, Ce (mg/L) is the equilibrium concen-
tration of AR in the solution, qmax (mg/g) is the maximum 
adsorption amount, and KL (L/mg) is Langmuir constant 
related to the energy of the adsorption. Figure 17b shows a 
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Fig. 15   the effect of pH on a qe mg/g and b removal % of (GA/AAm), (GA/AAm)-ES, and (GA/AAm)-ES/GO nanocomposites hydrogel of AR 
dye at initial concentration 10 mg/L, adsorbent weight 0.1 g in 20 ml dye solution
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Fig. 16   The qe as a function of the initial AR dye concentration onto 
(GA/AAm), (GA/AAm)-ES, and (GA/AAm)-ES/GO nanocomposite 
hydrogels at adsorbent weight 0.1 g in 20 ml dye solution, pH 9 and 
at ambient temperature
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straight line generated by graphing Ce/qe versus Ce with R2 
greater than 0.95. The values of qmax and KL were calculated 
using the slope and intercept of a linear plot, respectively, as 
stated in Table 1. It was found that the qmax value is close to 
the value of qexp. The separation parameter RL is a dimen-
sionless constant that defines the major characteristics of 
the Langmuir isotherm (RL). The following Eq. (6) can be 
used to express this:

where K (l/mg) is the equilibrium constant and C0 (mg/l) is 
the initial concentration of the AR dye. The RL value indi-
cates the type and favorability of isotherm to be irreversible 
(RL = 0), favorable (0 < RL < 1), linear (RL = 1) or unfavora-
ble (RL > 1) [55, 56]. The values of RL were determined in 
Table 1.

(6)RL =
1

(1 + KC0)

(a) (b)

(c) (d)

(e)

Fig. 17   qe as a function of Ce (a), Langmuir (b), Freundlich (c), Temkin (d), and Dubinin–Radushkevich (D-R) (e) isotherm models of (GA/
AAm), (GA/AAm)-ES, and (GA/AAm)-ES/GO nanocomposites hydrogel for adsorption of AR dye
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The Freundlich isotherm considers the dye molecules 
adsorbed on a heterogeneous surface with a non-uniform 
distribution of adsorption. The linear relationship of Fre-
undlich isotherm adsorption is expressed in Eq. (7): [57]

where KF (L/mg) is the Freundlich constant and 1/n is the 
dimensionless Freundlich intensity parameter that oscillates 
between 0 and 1. For irreversible processes, 1/n equals zero, 
one for linear processes, between zero and one for favora-
ble processes, and greater than one for unfavorable adsorp-
tion processes. The Freundlich constants can be obtained 
from the slope and intercept of plotting log qe versa log Ce 
(R2 ≤ 0.95) as observed in Fig. 17c.

The Temkin isotherm explains the indirect dye adsorbate 
interaction with the adsorbent. The linear Temkin equation 
is expressed in the following Eq. (8):

where T is the temperature in K, R is the universal gas 
constant (8.314 J/ mol K), bt is the variation of adsorption 

(7)log qe = log KF +
1

n
log Ce

(8)qe =
RT

bt
lnKt +

RT

bt
lnCe

energy (K J/mol) and Kt is the Temkin equilibrium bind-
ing constant (L/mg) [58]. b and Kt were ascertained from 
the slope and the intercept of graphing qe against ln Ce as 
observed in Fig. 17d with a regression coefficient equal to 
0.95 for all systems.

The adsorption of dye molecules within the micropores 
adsorbent has been described using the Dubinin-Radushk-
evich (D-R) model. Equation (9) represents this model:

where qDR is the theoretical adsorption capacity (mg/g), β 
is the activity coefficient (mol2J−2) related to the adsorp-
tion energy, and ε exhibits the Polanyi potential, which is 
expressed by Eq. (10):

The adsorption energy E was estimated from β using the 
next Eq. (11):

The qDR and β were obtained from the slope and intercept 
of the graphing of lnqe verse ε2 with a regression coefficient 
higher than 0.95 as seen in Fig. 17e.

The Langmuir adsorption isotherm model has the greatest 
R2, which is close to one for (GA/AAm)-ES/GO nanocom-
posite hydrogel (R2 = 0.99). It means AR dye molecules are 
adsorbed in a monolayer on a homogeneous adsorbent sur-
face. It must be noted that as realized in Table 1 the values of 
the separation parameter (RL) are 0.50, 0.08, and 0.032 for 
(GA/AAm), (GA/AAm)-ES, and (GA/AAm)-ES/GO nano-
composites hydrogel, respectively, which mean favorable 
adsorption for AR dye on all investigated systems. As the 
value of RL is near zero, more favorable adsorption is done. 
Thus, the adsorption of AR dye onto (GA/AAm)-ES/GO 
nanocomposite hydrogel is the best. A comparison between 
the maximum adsorption capacity of different adsorbents 
with (GA/AAm)-ES/GO nanocomposite hydrogel adsorbent 
is shown in Table 2.

4.5.4 � Adsorption Kinetics

Figure 18a depicts the adsorption kinetic for (GA/AAm), 
(GA/AAm)-ES, and (GA/AAm)-ES/GO nanocomposite 
hydrogels is depicted in. The adsorption capacity increases 
with the contact time until it reaches a steady state at 
480 min. In the initial stage, a high rate of adsorption of 
AR dye molecules was observed because of the vacant 
active sites available for binding. With time, the active sites 
become saturated and exhausted, so a plateau occurred, and 
the dynamic equilibrium is reached.

(9)ln qe = ln qDR − ��2

(10)� = RT ln
(

1 +
1

Ce

)

(11)E = 1∕(2�)1∕2

Table 1   Adsorption isotherm parameters for adsorption of AR by 
(GA/AAm), (GA/AAm)-ES, and (GA/AAm)-ES/GO nanocomposite 
hydrogels

Adsorbents (GA/AAm) (GA/AAm)-ES (GA/
AAm)-
ES/GO

Isotherm models
  Langmuir
    R2 0.95 0.97 0.99
    qexp (mg/g) 139 166 313
    qmax (mg/g) 169 200 344
    KL (L/mg) 0.01 0.11 0.30
    RL 0.50 0.08 0.03
  Freundlich
    R2 0.95 0.96 0.97
    1/n 1.24 0.81 2.23
    n 0.80 1.23 0.44
    Kf (L/mg) 1.99 15.8 15.4
  Temkin
    R2 0.95 0.95 0.95
    b (KJ/mol) 23.60 27.10 33.06
    Kt (L/mg) 5.79 2.92 4.18
  Dubinin–Radush-

kevich (D-R)
    R2 0.97 0.98 0.60
    Β (mol2J−2) 48 6.89 172.4
    qD-R (mg/g) 13.0 13.8 14.4
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The kinetic adsorption curves for the adsorption of AR 
dye onto (GA/AAm), (GA/AAm)-ES, and (GA/AAm)-ES/
GO nanocomposite hydrogels were investigated by fitting 
the experimental kinetics data with different adsorption 
kinetics models for explaining the adsorption mechanism 
that rate-determining step.

The Pseudo-first order model is based on the adsorption 
capacity as seen in Eq. (12) [61]:

where qt and qe (mg/g) are the quantity of AR dye adsorbed 
at time t (min) and equilibrium, respectively, and k1 (1/min) 
is the rate constant. The maximum adsorption and rate con-
stant were calculated from the slope and intercept of plot-
ting Log (qe-qt) against time with correlation coefficients 
(R2 ≥ 0.95) as seen in Fig. 18b, and Table 2 summarizes the 
information.the pseudo-second order kinetic models based 
on the chemisorption mechanism [47]. The linear form of 
the pseudo-second order kinetics model is:

where k2 is the pseudo-second order rate constant (g/mg 
min) and h is the initial adsorption rate (mg/g min). k2 and 
h calculated from the slope and intercept of plotting t

qe
 and 

time with regression coefficient (R2 ≥ 0.95) as seen in 
Fig. 18c, and the data are calculated in Table 2.

The Elovich kinetic model is expressed in the following 
Eq. (15):

(12)Log
(

qe − qt
)

= Log qe −
k1T

2.303

(13)
t

qe
=

t

qt
+

1

k2qe2

(14)h = k2q
2
e

(15)qt =
1

�
Ln �� +

1

�
Ln t

where α (mg/ g min) is the initial adsorption rate, and β (g 
/mg) is the desorption constant, which are calculated from 
graphing of qt against lnt as shown in Fig. 18d, and the data 
are summarized in Table 2.

Webber-Morris intraparticle diffusion kinetic model is 
expressed in the following Eq. (16)

where Kid is the rate constant (mg g−1 min1/2) and C reflects 
the boundary layer thickness or surface adsorption. Kid and 
C are calculated from the plotting qt versus t1/2 to profit a 
linear relationship as noticed in Fig. 18e and data are con-
cluded in Table 2. The plot does not pass the origin and has 
multi-linearity that reflected the complicated stages of the 
adsorption operation, and confirmed that intraparticle diffu-
sion is not the rate-limiting step [62]. The plot exhibits three 
stages of adsorptions for (GA/AAm), (GA/AAm)-ES, and 
(GA/AAm)-ES/GO nanocomposite hydrogels, Fig. 18e. The 
first linear region was short due to the boundary layer diffu-
sion, which means the AR dye molecules rapidly transfer to 
the adsorbent surface. The following stage represents intra-
particle diffusion where the AR dye enters into the adsorbent 
pores. The third linear stage is related to the last equilibrium 
where the intraparticle diffusion dropped. It must be noted 
that the higher C values indicated a stronger boundary layer 
impact, indicating that pore diffusion is not the mechanism 
governing the rate at which the dynamics of the adsorption 
process occur.

From the summarized data in Table 3, the adsorption 
process of (GA/AAm), (GA/AAm)-ES, and (GA/AAm)-
ES/GO nanocomposite hydrogels are compliable with the 
pseudo-second-order. Because of the higher regression 
coefficient and adsorption capacities, qcal is close to qexp. 
It means that the AR dye molecules are adsorbed on the 
(GA/AAm), (GA/AAm)-ES, and (GA/AAm)-ES/GO nano-
composite hydrogels surfaces by a chemisorption process. 

(16)qt = Kidt
1∕2 + C

Table 2   Comparison between the maximum adsorption capacity of different adsorbents with (GA/AAm)-ES/GO nanocomposite hydrogel adsor-
bent

Adsorbents Dye q max (mg/g) References

(GA/AAm)-ES/GO AR 313 Our study
Egg shell powder Methyl red 1.66 [46]
Egg shell Congo Red 117.65 [55]
GO/polyaniline Act acid orange RL (AO-RL) 67.11 [59]
GO/polypyrrole Act acid orange RL (AO-RL) 71.42 [46]
GO/polystyrene Act acid orange RL (AO-RL) 58.82 [46]
acrylamide (AM)/starch/graphene oxide (GO) nano sheets and 

nono-hydroxyapatite (n-HAp)
malachite green 297 [52]

acrylamide/sodium alginate Crystal violet 1.78 [60]
acrylamide/sodium
alginate/2-acrylamido-2-methylpropane sulphonic acid

Crystal violet 3.31 [60]
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The calculated initial adsorption rate h for (GA/AAm), 
(GA/AAm)-ES, and (GA/AAm)-ES/GO nanocomposite 
hydrogels are 3.32, 3.34, and 3.42, respectively. The great-
est h that can be given to many unoccupied active sites on 
the adsorbent surface is (GA/AAm)-ES/GO [54].

4.6 � Thermodynamic Studies

The thermodynamic parameters are a valuable factor in the 
adsorption process. Equation (17) is used to calculate the 
changes in enthalpy H° (kJ/mol) and entropy S° (kJ/mol.K) 
[55, 63].

Fig. 18   Effect of time on qe (a), pseudo first order (b), pseudo second 
order (c), Elovich (d), and intraparticle diffusion (e) kinetic models of 
(GA/AAm), (GA/AAm),-ES, and (GA/AAm)-ES/GO nanocompos-

ite hydrogels for adsorption of AR dye at initial dye concentration; 
90 mg/L and adsorbent weight 0.1 g in 20 ml dye solution, at pH 9
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Kd = qe
Cf

 where Cf is the final dye concentration mg/L.
The change in Gibbs free energy ∆G° (kJ/mol) can be 

calculated using Eq. (18):

The slope and intercept of graphing ln Kd against 1/T, as 
seen in Fig. 19, was used to estimate the change in enthalpy 
and entropy. The thermodynamic parameters for the adsorp-
tion of AR dye molecules onto (GA/AAm), (GA/AAm)-ES, 
and (GA/AAm)-ES/GO nanocomposite hydrogels surfaces 
were concluded in Table 4.

Adsorption is exothermic when the value of ∆H° is 
negative, whereas endothermic adsorption is indicated by 
a positive value. The ∆H° values of AR adsorption onto 
(GA/AAm) hydrogel are positive at 10 mg/L AR initial con-
centration and negative at 30 mg/L and 50 mg/L AR initial 
concentration. As the initial concentration of AR rises, the 
adsorption changes from being endothermic at 10 mg/L to 
being exothermic. The change of ∆H° values from endo-
thermic to exothermic nature of adsorption at higher initial 
dye concentration may be is a result of the increased inter-
action between the adsorbent and dye molecules, the higher 

(17)ln Kd =
ΔS

R
−

ΔH

RT

(18)ΔG
◦

= ΔH
◦

− TΔS

driving force for adsorption, and the competition among dye 
molecules for adsorption sites. For (GA/AAm)-ES and (GA/
AAm)-ES/GO nanocomposite hydrogels, ∆H° values are 
negative at all investigated initial concentrations. It denoted 
the exothermic nature of AR adsorption onto (GA/AAm)-
ES and (GA/AAm)-ES/GO. On the other hand, the values 
of ∆S° are positive for (GA/AAm) and (GA/AAm)-ES at 
all investigated initial AR concentrations except for (GA/
AAm) hydrogel only at 10 mg/L initial AR concentration. 
It indicates that the adsorption of AR dye molecules onto 
(GA/AAm), (GA/AAm)-ES, and (GA/AAm)-ES/GO nano-
composite hydrogel surfaces increased the unpredictability 
at the adsorbent-adsorbate interface [58]. For (GA/AAm)-
ES/GO nanocomposite hydrogel ∆S° values are negative 
at all investigated initial dye concentrations. It denoted the 
decrease in randomness at the (GA/AAm)-ES/GO-AR inter-
face. The negative values of ∆G° for all investigated sys-
tems at all temperatures except for (GA/AAm) hydrogel at 
10 mg/L initial AR concentration ∆G° values are positive. 
∆G° negative values refer to the spontaneity, feasibility, and 
favorable at all temperatures of the adsorption process of 
AR dye molecules onto adsorbents nanocomposites hydrogel 
surface [64]. It must be considered that no remarkable incre-
ment in the value of ∆G° at a definite initial dye concentra-
tion was obtained by increasing the temperature.

4.7 � The Mechanism of Dye Adsorption

The mechanism of the AR dye adsorbed on (GA/AAm)-ES/
GO adsorbent occurs in three possible reactions. The first 
interaction result from the diffusion of AR dye molecules 
in (GA/AAm)-ES/GO nanocomposites hydrogel network 
and electrostatic interaction between the dye and the active 
groups in the polymeric chains may be done. The second 
type of interaction may occur when AR dye molecules inter-
act with GO via π-π electron interactions between the aro-
matic groups of AR and GO. The third possible reaction is 
the AR dye molecules interact with ES via strong H-bonding 
between ES and AR dye molecules, as shown in Fig. 20.

4.8 � Reusability

The sequence reuse for four rounds of (GA/AAm), (GA/
AAm)-ES, and (GA/AAm)-ES/GO nanocomposite hydro-
gels were performed as shown in Fig. 21. It can be seen that 
high efficiency was observed for (GA/AAm)-ES/GO nano-
composites hydrogel up to three rounds of reuse, with the 
third cycle having an efficiency of 84.17%. The fourth cycle 
showed a drop in efficiency of 58.78%. The efficiency of 
(GA/AAm)-ES nanocomposites hydrogel appears to be good 
to the twice cycles, where the efficiency was 87.05%. In the 
third cycle, efficiency was reduced to 55.44%. It should be 
noted that the efficiency of adsorption for the (GA/AAm) 

Table 3   Adsorption kinetic data for adsorption of AR dye onto (GA/
AAm), (GA/AAm)-ES, and (GA/AAm)-ES/GO nanocomposite 
hydrogels

Adsorbents (GA/AAm) (GA/AAm)-ES (GA/
AAm)-
ES/GO

Kinetic models
  Pseudo first order
    R2 0.98 0.98 0.99
    qexp (mg/g) 133 158 168
    qmax (mg/g) 63 95 107
    k1 (1/min) X10−2 0.35 0.59 0.62
  Pseudo second order
    R2 0.98 0.99 0.99
    qexp (mg/g) 133 158 168
    qcal (mg/g) 131 167 178
    k2 (g/mg.min)X10−3 0. 194 0. 120 0. 108
    h (mg/g.min) 3.32 3.34 3.42
  Elovich
    R2 0.95 0.97 0.98
    β (g/mg) 0.057 0.053 0.032
    Α 36.15 53.20 77.70
  Intraparticle diffusion
    R2 0.98 0.95 0.97
    C (mg/g) 57.70 54.50 51.21
    Kid (mg/g.min1/2) 3.20 5.053 5.59
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Fig. 19   The adsorption capacity at different temperatures and ther-
modynamic plots of (GA/AAm), (GA/AAm)-ES and (GA/AAm)-ES/
GO nanocomposite hydrogels for adsorption of AR dye at various dye 

concentrations a 10 mg/L, b 30 mg/L, c 50 mg/L, at adsorbent weight 
0.1 g in 20 ml dye solution and pH 9
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hydrogel decreased to 75% in the first cycle. It may be due 
to the blocking of active sites on (GA/AAm) hydrogel. (GA/
AAm)-ES/GO nanocomposites hydrogel can remove AR dye 
three times as effectively. It is a viable and cost-effective 
adsorbent candidate for the treatment of AR dye-contam-
inated water.

5 � Conclusion

Using gamma radiation, a (GA/AAm)-ES/GO nanocom-
posite hydrogel was successfully created. By raising 
the total feed concentration and irradiation dose the gel 

content % was raised while lowering the swelling behavior. 
The obtained nanocomposite hydrogels were analyzed by 
FT-IR, XRD, EDX, SEM, and TEM. The outcomes dem-
onstrated that (GA/AAm)-ES/GO had extremely effective 
Astrazon dye adsorption from contaminated wastewater. 
It was discovered that the initial pH, starting dye concen-
tration, the dose of (ES/GO), and temperature all had an 
impact on the adsorption of the AR. Nearly 168 mg/g of 
AR was adsorbable at the optimum conditions. The experi-
mental results were well suited by the pseudo-second-order 
adsorption kinetics, and the rate constant was predicted to 
be (0.108 10–3) g mg−1 min−1. The Langmuir isotherm can 
provide a good fit for the adsorption equilibrium. At pH 9, 

Table 4   Thermodynamic parameters of (GA/AAm), (GA/AAm)-ES and (GA/AAm)-ES/GO nanocomposites hydrogels for adsorption of AR 
dye

Adsorbent Initial dye 
conc. mg/L

R2 ∆H°, kJ/mol ∆S°, J/molK ∆G°303 K, kJ/mol ∆G°313 K, kJ/mol ∆G°323 K, kJ/mol

(GA/AAm) 10 0.95 14.79 − 0.45 0.284 0.289 0.293
30 0.97 − 8.85 0.34 − 0.191 − 0.194 − 0.198
50 0.89 − 5.20 0.29 − 0.139 − 0.142 − 0.145

(GA/AAm)-ES 10 0.97 − 17.70 0.86 − 0.437 − 0.446 − 0.454
30 0.93 − 11.80 0.50 − 0.269 − 0.274 − 0.279
50 0.99 − 14.71 0.50 − 0.298 − 0.303 − 0.308

(GA/AAm)-ES/GO 10 0.96 − 17.10 0.77 − 0.404 − 0.412 − 0.419
30 0.99 − 11.70 0.54 − 0.280 − 0.286 − 0.291
50 0.90 − 14.70 0.65 − 0.343 − 0.350 − 0.356

Fig. 20   The possible reaction mechanism for adsorption of AR dye into (GA/AAm)-ES/GO nanocomposite hydrogels
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it was reported that the maximal monolayer dye adsorption 
capacity (qmax) was 313.3 mg/g. The (GA/AAm)-ES/GO 
nanocomposite can therefore be a suitable choice for the 
remediation of the fundamentally considered extremely 
dyes from aqueous solutions. This research will benefit a 
vast group of scientists working on polysaccharide-based 
absorption materials and could open up new opportuni-
ties for the development of an effective, sustainable, and 
renewable adsorbent candidate for the removal of organic 
dyes.
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