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ABSTRACT
Homogenous catalysis which the catalyst operates in the same phase as the reactants is definitely efficient 
in catalysis processes while it suffers from the impossibility or inconvenience of the catalyst removal from 
the reaction media. In this research, In2S3 nanoparticles were synthesized by a simple precipitation 
method and later on immobilized and stabilized in the porous structure as a substrate. The properties 
of pure hydrogel and In2S3 in hydrogel were characterized by FTIR, DRS, XRD, BET, BJH, FESEM, and 
EDX. The DRS results confirmed that the stabilization of nanoparticles in hydrogel led to a redshift of the 
bandgap. The hydrogel with In2S3 indicated a more porous structure in comparison with pure hydrogel. 
Due to the decrease of bandgap and the increase of specific surface area, In2S3 nanoparticles stabilized 
in hydrogel removed Rhodamine B (RhB) as a model pollutant very well. The performance of the catalyst 
in the removal of RhB under dark conditions (adsorption) and visible light irradiation (photocatalysis) 
was investigated and 77.7% and 95.2% of dye removal percentages were obtained in 120 min under 
dark and light irradiation, respectively. In conclusion, immobilization In2S3 as a high-efficiency visible light 
photocatalyst in hydrogel provided a promising heterogeneous and reusable catalyst for water treatment.
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INTRODUCTION
Organic pollutants which can cause serious 

health problems to human beings due to their 
toxicity and high chemical oxygen demand are 
widely found in the effluents from petrochemical, 
textile industries (dyestuffs), and agriculture 
(pesticides). Different techniques have been 
employed for the removal of pollutants from 
aqueous solutions such as physical adsorption, 
photodegradation, biodegradation, chemical 
oxidation, etc. The RhB dye is one of the synthetic 
dyes that are widely used as a colorant in textile and 

foodstuff industries. It could be harmful and toxic 
to humans and animals and it could irritate the skin, 
eyes, and respiratory system [1]. Photocatalytic 
degradation for dye removal has attracted many 
attentions due to the utilization of abundant solar 
energy without the need for additional chemical 
reagents 

Semiconductor photocatalysts are attracting 
more attention and have become more popular 
due to their potential applications as efficient 
photocatalysts in wastewater treatment [2-4]. 
Semiconductors have different bandgaps. When a 
photon with an energy that is equal to or greater 
than a semiconductor bandgap is adsorbed by the 

http://creativecommons.org/licenses/by/4.0/.
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semiconductor, an electron will be excited from the 
valence band to the conduction band, generating 
a positive hole in the valence band [5]. Electron 
and hole can generate free radicals able to undergo 
secondary reactions [6]. Fast recombination of 
photogenerated charge carriers is a major problem 
in the photocatalytic process [7]. 

β-In2S3 is an n-type semiconductor with a 
narrow bandgap of 2.0-2.3 eV and strong visible 
absorption. Due to its high photosensitivity 
and photoconductivity, stable chemical and 
physical characteristics, and low toxicity, In2S3 
indicates a great potential for visible-light-driven 
photodegradation of water pollutants [8-10].

In2S3 has been utilized for dye degradation, 
water splitting, and solar cell application. It exhibits 
high dark conductivity due to the presence of the 
cation or anion vacancies. 

The performance of a photocatalyst depends on 
its chemical and physical structure since it could 
influence three major stages in photocatalysis; 
Photon absorption, charge carrier transfers, and 
catalytic surface reactions [11]. Photocatalysts 
in different structures as a substrate have been 
prepared and utilized. Three-dimensional porous 
structures have a fantastic and effective strategy. Due 
to their large accessible surface area for adsorption 
and photoreaction, multi reflection within 
interconnected open framework and inhibition the 
aggregation of nanomaterials which exposing more 
active sites for the catalytic surface reaction they 
possess high-performance photocatalysis and are 
the desirable system for supporting nanomaterials 
[12-13]

Hydrogels are cross-linked polymeric materials 
with hydrophilic functional groups that are capable 
of holding large amounts of water in their 3D 
networks. Hydrogels, over the last years, have 
been applied to a wide range of utilities such as 
agriculture, drug delivery system, sealing, coal 
dewatering, artificial snow, food additives, tissue 
engineering, biomedical application, etc [14]. 
Resorcinol formaldehyde hydrogel (RFH) obtained 
from polycondensation reaction of resorcinol with 
formaldehyde under alkaline conditions has a dark 
red color. RFH hydrogels consist of interconnected 
colloidal like particles and pores filled with 
liquid. Although in most cases hydrogels are 
intermediate products in the aerogel or carbogel 
synthesis process, RFH hydrogels were used as an 
adsorbent for the removal of chromium (VI) [15]. 
It seems that RFH is a good choice as a substrate 

for the stabilization of nanoparticles due to its 
porous structure, insolubility in water along with 
hydrophilicity, and ability to swell in water.

In this study, we synthesized In2S3 nanoparticles 
and later on immobilized them in hydrogel 
as a porous substrate. The main advantage of 
hydrogel supported In2S3 nanoparticles was to 
utilize a combination of good photocatalytic 
property and high interaction surface (provided 
by In2S3 nanoparticles with a porous structure), 
hydrophilicity, and convenience recyclability which 
was provided by hydrogel in order to obtain high-
performance heterogeneous photocatalyst. The 
dye removal performance of the pure hydrogel 
and In2S3 nanoparticles stabilized in hydrogel were 
investigated by the removal of RhB as an organic 
pollutant in water under dark (adsorption) and 
visible light (photocatalytic degradation). 

MATERIALS AND METHODS
materials

The reagents used in this experiment were 
of analytical grade and were used without any 
further purification. Indium (III) chloride ( InCl3), 
sodium sulfide nonahydrate (Na2S3.9H2O), RhB 
(C.I.45170), resorcinol (C6H6O2), Formaldehyde 
(CH2O), and Sodium Carbonate (Na2CO3) were 
analytically pure and from sigma Aldrich Co. 

synthesis of In2S3
To prepare In2S3 nanoparticles, first, 0.01 M 

InCl3 ethanol-water solution (1:1 v/v) was prepared 
and later on stirred over magnetic stirrer. 0.03 M 
Na2S solution in the ethanol-water mixture (1:1 
v/v) was prepared and slowly added to the InCl3 
solution under constant stirring and was kept for 
2 h. The mixture was centrifuged, precipitated, and 
washed three times with distilled water and ethanol 
and later on, was dried at 120oC for 12 h. Ethanol 
was used as a solvent due to make a dispersing 
medium and preventing agglomeration during the 
growth process [16-17]. 

synthesis of hydrogel
Resorcinol formaldehyde (RF) hydrogel was 

synthesized by the polycondensation of resorcinol 
and formaldehyde in the presence of Na2CO3 as the 
basic catalyst. Distilled water was used as a diluent 
[18]. 9.91g resorcinol and 0.0318g Na2CO3 (R/
C=300) were mixed and later on dissolved in 18.8 
ml distilled water. The solution was heated to 70oC 
under magnetic stirring in a sealed flask. In another 
flask, 13.5 ml of formaldehyde (37 wt. % in Water, 
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stabilized by 10-15 wt. % Methanol) was heated to 
70oC. The solutions of the two mentioned flasks 
were mixed. Subsequently, the solution was divided 
equally into sample holders with diameter and 
height equal to 13 and 20 mm, respectively. Later 
on, each sample holder was sealed with paraffin 
film and the solutions were put in the oven at 70oC 
for 120 min (gelation time).

synthesis of hydrogel supported In2S3 composite
In order to synthesize In2S3 stabilized in a 

hydrogel, 10 mg of In2S3 nanoparticles per 1 ml of the 
Resorcinol-formaldehyde mixture (before solution 
gelation) were added to the abovementioned 
system and the mixture stirred for 4 min and after 
casting in sample holders were put in the oven at 
70oC for 120 min.

characterization
X-ray diffraction patterns (XRD) of samples 

recorded at room temperature using D8Advance, 
BRUKER, using CuKα radiation, and 2Ɵ=5-80o. 
Diffuse reflectance spectra (DRS) were collected 
with a V-670, JASCO spectrophotometer and 
transformed into the absorption spectra according 
to the Tauc relationship. The infrared spectra 
were obtained on an FT-IR 6300 using KBr as the 
reference sample within a wavelength range of 
400 – 4000 cm-1. The morphologies of the sample 
were obtained by field emission scanning electron 
microscopy (FESEM) of the scientific England 
agar company. The Branauer-Emmet-Teller 
(BET) specific surface area and Barrett-Joyner-
Halenda (BJH) pore structure of the samples were 
characterized by nitrogen adsorption at 77K with a 
micrometric BEIOSORP Mini from Microtrac Bel 
Crop.

photocatalytic and adsorption behavior of 
nanocomposites to removal RhB 

A stock solution of RhB was prepared and 
standard diluted solutions of RhB (0.5, 1, 2, 3, and 
4 ppm) were prepared from the stock solution by 
dilution. Fig.1 illustrates the chemical structure of 
RhB. The absorption intensity of each solution was 
evaluated in λmax with a UV-Vis spectrometer. The 
calibration curve of RhB was drawn and a linear 
correlation between intensity and concentration 
was obtained. In order to investigate adsorption 
capacity, the hydrogel was put in 25 ml of 3 ppm RhB 
solution in a petri dish while the solution stirring 
in a dark place. In determining interval times (10 
min) the hydrogel was removed from the solution 
and the concentration of RhB was monitored 
till 120 min. To investigate the photocatalytic 
performance of hydrogel, conditions (the volume 
and concentration of RhB solution) were similar to 
adsorption investigation except for the application 
of ultraviolet radiation to hydrogel during its 
performance in order to remove RhB from 
solution. RhB concentration changes in this step 
represented the synergistic effect of adsorption and 
photocatalytic properties. These experiments were 
done with hydrogel supported In2S3 composite.

RESULT AND DISCUSSION
FTIR

Fig.2. indicates the FT-IR spectra of as-prepared 
adsorbents and catalysts. In the FTIR spectrum of 
the hydrogel, the broadband at 3428 cm-1 could be 
related to two sources: a) OH groups bonded to the 
benzene ring and b) –CH2OH groups of resorcinol 
molecules which did not contribute to the network 
formation. The bands at 2938 cm-1 and 1469 cm-

1are referred to –CH2 bond stretching vibrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Chemical structure of Rhodamine B
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Fig.2. FTIR spectra of hydrogel, In2S3 nanoparticles, In2s3 immobilized in hydrogel.
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The aromatic ring stretching peak is revealed at 
1608 cm-1. The bands at 1290 cm-1 and 1087 cm-1 are 
related to C-O-C linkage stretching which results 
from the polycondensation reaction between 
resorcinol and formaldehyde [19].

In the FT-IR spectrum of In2S3 nanoparticles, 
the peak at 807 cm-1 is due to the bonding of In-S. 
[20].

The presence of Na2S in the product is indicated 
by the peak observed in the FTIR spectrum at 
477 cm-1. It is clearly illustrated by a comparison 
of the FTIR spectrum with the Na2S IR spectrum 
in the SDBS database (SDBS-no: 40243). In the 
FTIR spectrum of In2S3 in the hydrogel, there are 
no related peaks of In2S3 and the spectrum is very 
similar to the hydrogel spectrum due to the small 
amounts of In2S3 nanoparticles.

XRD
Fig.3. shows XRD patterns of In2S3 nanoparticle, 

In2S3 in the hydrogel. The appearance of the X-ray 
pattern diffraction is very similar to the X-ray 
pattern of cubic phase β- In2S3 (JCPDS NO.65-

0459) [21]. The diffraction peaks at 26, 33, and 
49.2 correspond to (311), (400), and (440) planes 
of In2S3. In the In2S3 in hydrogel XRD pattern, 
the amorphous phase is available that could be 
attributed to the hydrogel. Besides, an intensive 
peak at 44o is matched by the most intensive peak of 
carbon in the diamond phase (JCPDS NO.01-075-
0409). Moreover, the peaks of In2S3 have appeared 
in the XRD pattern of In2S3 in the hydrogel.

BET
The specific surface area and pore volume and 

size of the samples were measured by BET and BJH 
respectively. These data are summarized in Table 
1. BET surface area (SBET) of the hydrogel, In2S3 
in hydrogel are 10.066, 241.24 m2.g-1 respectively; 
indicating all samples had porous structure. 
The higher SBET value indicates a more porous 
structure of the samples. In other words, a more 
porous structure provides more surface area and 
subsequently more active sites for interaction 
between adsorbent and pollutants. Results 
confirmed that the addition of nanomaterials 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3. XRD patterns of Hydrogel and In2s3 immobilized in hydrogel.

 

  

  

Table 1. Specific surface area, pore volume and pore diameter of hydrogel and In2S3 in hydrogel
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increased the specific surface area of the hydrogel. 
This is in accordance with the results of our 
previous work [19] The lowest value of pore volume 
was measured for pure hydrogel (0.00408 cm3.g-1). 
The BET results suggested that the presence of 
In2S3 nanoparticles improved the porosity of 
hydrogel and increased the specific surface area 
up to twenty-four times. Furthermore, the results 
indicated that the presence of nanomaterial in the 
hydrogel synthesis procedure had a better effect on 
porosity. The most probable pore diameters for the 
above-mentioned samples measured by BJH were 
between 2.52 and 3.48 nm. The N2 adsorption-
desorption isotherms of the sample are shown in 
Fig.4. The shape of the hysteresis loop could be 
used to understand the morphology of pore shape 
in solid. The adsorption/desorption isotherms 
of the samples belong to type IV (isotherm with 
hysteresis loop) according to IUPAC. Such an 
isotherm type indicates that samples contain meso 
size pores. The hysteresis loops of samples indicate 
disorder structure with bottleneck pores [22]. 
Table 1 summarizes the specific surface area (BET), 
pore-volume, and mostly pore diameter by BJH of 
hydrogel and In2S3 in the hydrogel.

DRS
The photocatalytic performance of the catalysts 

is dependent on light absorption and charge 
separation ability. The optical absorption of In2S3 
nanoparticles and In2S3 immobilized in hydrogel 
were recorded using a UV-vis spectrometer and 
are illustrated in Fig.5. The absorbance edge of 
In2S3 nanoparticles located at around 650 nm and 
the bandgap energy calculated from Tauc relation 
was approximately 2 eV. This nanomaterial when 
immobilized in hydrogel exhibited the shift of 
absorbance edge to a longer wavelength. As a 
result, the bandgap energy of In2S3 nanoparticles 
in hydrogel shifted to lower energy (redshift) and 
was calculated from Tauc plot 1.4 eV. There are 
two possible reasons for this redshift: first, In2S3 
nanoparticles have interactions with OH groups of 
the resorcinol formaldehyde hydrogel that leads to 
the decrease of bandgap and subsequently makes 
the redshift. Second, the presence of In2O3 as a 
byproduct of In2S3 synthesis could interfere with 
the energy levels of In2S3 which results in a smaller 
bandgap and a redshift. Precise determination of 
the reason for redshift needs more analysis and 
investigation. The result from DRS implied that 
the photocatalyst had photocatalytic activity in the 
range of visible light. 

FESEM/EDS
The morphology and the elements of the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. N2 Adsorption-desorption isotherms of hydrogel and In2s3 immobilized in hydrogel

Table 2. Kinetic parameters of RhB removal using In2S3 in hydrogel
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Fig.5. UV-Vis absorption spectra and Tauc plots of In2S3 nanoparticles and In2s3 immobilized in hydrogel.
 

 

 

 

 

 

 

 

 

 

 

 

Fig.6. FESEM images of hydrogel and In2s3 immobilized in hydrogel.

sample were investigated with SEM and EDX, 
respectively. SEM pictures of samples are shown 
in Fig.6. The hydrogel structure is affected by the 

presence of In2S3 nanoparticles so that hydrogel 
with nanomaterials indicated a cauliflower shape 
and more pores in structure. The particles in the 



M. R.  Mohammad Shafiee et al. / water purification by hydrogel supported In2S3 NPs

J. Water Environ. Nanotechnol., 5(4): 358-368 Autumn 2020 365

composite are larger than pure hydrogel generally. 
The semi-quantitative analysis was carried out by 
using the EDX technique for samples. Fig.7 shows 
the EDX pattern with relative analysis for the 
samples. The results confirm the existence of In2S3 
nanoparticles in the hydrogel. 

adsorption and photocatalytic study
The photocatalytic activity of samples was 

pointed out by evaluating the photodegradation of 
RhB under visible light irradiation. The first step of 
degradation is the adsorption of pollutants on the 
surface of the adsorbent. Due to the importance 
of adsorption, adsorption investigation was done 

in the dark (Fig.8). In order to investigate the 
photodegradation of the RhB over samples, visible 
light was provided by 4 counts of 8 W fluorescent 
lamp. The changes of RhB solution concentration 
is presented in Fig.9. The percentage of adsorption 
and adsorption/photocatalytic synergy was 
obtained by this equation:

0

0

% 100C CeR
C
−

= ×

Where C0 is the initial concentration of the dye 
and Ce is the equilibrium concentration of dye and 
R is the percentage of dye removal.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. the EDX pattern of In2s3 immobilized in hydrogel.

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. Removal of RhB over hydrogel and In2s3 immobilized in hydrogel under dark (adsorption).
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For the RF hydrogel after 2h of placing it in 
the dark condition, 6.97% of RhB removal was 
achieved. The absorbance of RhB solution indicated 
77.7% removal under the dark condition and 
95.2% under visible light for In2S3 nanoparticles in 
hydrogel (Fig.10). As we can see the results indicate 
the adsorption efficiency of hydrogel was improved 
dramatically with the presence of nanomaterials. It 
could be attributed to the large specific surface of 
nanomaterials and the more porosity of hydrogel 
with nanoparticles stabilized in them which 
possess significant amounts of sites for interaction 
between RhB solution and adsorbent. The pure 

photodegradation percentages of the samples were 
calculated by subtracting the removal percentage 
under dark from the removal percentage under 
visible light. Regarding these calculations, the 
photocatalytic contribution percentage of In2S3 
nanoparticles in the hydrogel is equal to 17.5%. The 
good performance of In2S3 nanoparticles in hydrogel 
could be attributed to two main reasons: 1- low 
bandgap of In2S3 nanoparticles which easily made 
electron-hole pair and then they can degrade the 
adsorbed dyes on the surface of the nanoparticle. 2- 
Strong adsorption of RhB in In2S3 nanoparticles in 
the hydrogel is the first step for photodegradation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9. Removal of RhB over hydrogel and In2s3 immobilized in hydrogel under light irradiation (adsorption and photodegradation).

Fig.10. Removal percentage of RhB over hydrogel, In2s3 immobilized in hydrogel in dark and light irradiation condition after 120 min
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of dye. Due to the best performance of In2S3 in the 
hydrogel in the RhB removal, it was used to degrade 
the RhB solution (3 ppm) under light irradiation 
for 5 times in order to evaluate the catalytic stability 
and recyclability. The irradiation time was 120 min 
and after each experiment, the concentration of 
RhB was determined. The results were represented 
in Fig.11. As the removal percentage indicates the 
catalyst (In2S3 in hydrogel) has significant efficiency 
after 5 turn photocatalytic processes. The catalyst 
shows good chemical stability and reusability. 
The low decrease of the removal percentage after 
each photocatalytic process could be attributed 
to the occupation of the interaction sites by the 
dye. It should be noted that the heterogeneous 
photocatalyst was used for the next dye removal 
process without any treatment or desorption 
actions. The degradation kinetics of RhB using 
hydrogel, In2S3 in the hydrogel was evaluated by 
first and second-order rate equations (eq.1&2).

1
0

ln tC k t
C

= −                                eq.1

2
0

1 1

t

k t
C C

   
= +   

   
                eq.2

Where C0 is the initial concentration of RhB 
dye solution, Ct is the concentration of RhB dye 
solution at time t, k1 is the first-order constant, k2 
is the second-order rate kinetic, t is the irradiation 

time. Both type plots have been drawn and the 
regression correlation coefficient (R2) was achieved 
and it shows that R2 of first-order plots are closer 
to 1. The kinetic of RhB is going to follow the first-
order kinetic rate.

CONCLUSION
Resorcinol formaldehyde hydrogel 

(substrate), In2S3 nanoparticles (photocatalyst), 
and In2S3 nanoparticles stabilized in hydrogel 
were synthesized and characterized by FTIR, 
DRS, XRD, BET, FESEM techniques. The dye 
removal performance of hydrogel supported 
In2S3 nanoparticles in the dark and under light 
exposure was evaluated. We have demonstrated an 
effective method in order to make heterogeneous 
photocatalysts in the porous 3D hydrogel. The 
stabilization of In2S3 nanoparticles in resorcinol 
formaldehyde hydrogel shifted the band edge to 
longer wavelengths and the mutual presence of 
nanoparticles improved the porosity of hydrogel. 
These two reasons led to the good performance of 
In2S3 nanoparticles stabilized in the hydrogel in the 
dye removal from water (about 95%). This research 
indicates the potential application of resorcinol 
formaldehyde hydrogel as a porous substrate to 
immobilize photocatalytic nanoparticles.
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Fig.11.cycling runs of In2s3 immobilized in hydrogel for removal of RhB under visible light irradiation.
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