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a b s t r a c t
This work aims to assess the adsorption and catalytic wet oxidation (CWO) performance of In2O3 
supported on carbonaceous nanohybrid (In2O3-CNH). CNH was prepared from carbon xerogel rein-
forced with graphene oxide through sol-gel of resorcinol–formaldehyde then followed by carboniza-
tion at 500°C for 2 h. The morphological, chemical and textural properties of nanohybrids obtained 
were determined using scanning electron microscopy/energy-dispersive X-ray spectroscopy, X-ray 
diffraction, Fourier transform infrared spectroscopy and N2 gas adsorption at –196°C measurements. 
The adsorption efficiency of CNH and In2O3-CNH samples toward methyl orange dye (MO) was 
studied. CWO experiments over the In2O3-CNH catalyst were performed at different variables like 
the temperature, pH of the solution and initial dye concentrations. The reusability of the nanohybrid 
catalyst was employed also. Adsorption results showed that In2O3-CNH possesses larger adsorption 
capacity (58.8 mg/g) than that of CNH (32.2 mg/g). The most effective catalytic oxidation performance 
of In2O3-CNH was attained at a temperature of 40°C, pH 4 and initial MO concentration of 20 mg/L 
to degrade fully the dye within 30 min. Results of reusability showed excellent catalytic performance 
for In2O3-CNH during four CWO cycles, indicating superior degradation toward MO dye up to 88% 
till 180 min at the fourth CWO run. Overall, the obtained In2O3-CNH has higher adsorptive and 
catalytic activity than that of CNH individually, confirming that In2O3 nanoparticles played a key role 
as reactive sites at the surface of CNH.

Keywords:  Carbonaceous nanohybrid; Indium oxide; Methyl orange dye; Adsorption; Catalytic wet 
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1. Introduction

Dyes discharged in the industrial wastewater have an 
unfavorable impact on the environment because they are 
considered as toxic substances. Also, they have carcinogenic 
properties, which make the water inhibitory to aquatic life. 
During the dyeing and finishing operations in the textile 
industry, more than 20,0000 tones of dyes are lost to effluents 
annually because of the inefficiency of dyeing processes [1]. 

There are various techniques for dye removal and classified 
into physical, biological and chemical methods [1–4]. Physical 
methods include adsorption, ion exchange, and filtration/
coagulation methods, etc. Biological methods include aerobic 
degradation, anaerobic degradation, biosorption, etc. While 
chemical methods include electrocatalytic oxidation, Fenton 
oxidation, and photocatalytic oxidation which known as 
advanced oxidation processes (AOPs). However, when the 
wastewater contains large concentrations of various dyes; 
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the remediation of wastewater using physical and biological 
methods became more difficult and expensive. Nevertheless, 
AOPs lately emerge as the most promising technology for 
the remediation of concentrated dyes in the contaminated 
water on a large scale. AOPs were firstly proposed in the 
1980 s for potable water treatment. Such processes involve 
the formation of hydroxyl radicals (HO•) in sufficient quan-
tity using oxidizing agents such as H2O2 and O3 [5,6].

In particular, heterogeneous catalytic wet oxidation pro-
cess (CWO) using H2O2 in the presence of a metal catalyst 
supported on carbon materials is recognized as an effective 
technology for treating wastewater polluted with various 
refractory organic compounds [7–15]. As well, the contri-
bution of oxygen-, nitrogen-, sulfur- and phosphorous- 
containing surface groups into the surface composition of 
carbon materials could enhance their catalytic performance 
of carbons through CWO processes [4,8,16]. In our recent 
studies, composites of zero-valent metals such as Ni/carbon 
xerogels [11], metal oxides such as MnO2/carbon nanotubes 
[9,12], ZnO or CeO2/activated carbons [13], Fe2O3 or Ag2O-
Fe2O3/carbon nanotubes [14] and CeO2/carbon xerogels [15] 
were prepared and investigated in removing the synthetic 
dyes from their aqueous solutions. Furthermore, the CWO 
performance of carbon xerogel doped by P- and N-elements 
was studied as metal-free catalysts for the degradation of 
4-nitrophenol from the aqueous solutions [16]. Consequently, 
a beneficial CWO activity could be obtained by introducing 
the catalysts into the carbon matrix.

Owing to its high electrical conductivity, high charge- 
carrier mobility, and transparency in the visible region, 
indium oxide (In2O3) as an n-type semiconductor is versa-
tile and relevant for numerous applications including solar 
cells, organic light-emitting diodes, optoelectronics, photo-
catalysts, field emission, architectural glasses and gas sen-
sors [17–21]. Several synthesis techniques were employed 
for fabricating In2O3 nanostructures include chemical vapor 
deposition, hydrothermal, sol–gel, and electrodeposition 
routes, which may require high calcination temperature 
(up to 1,300°C) [22–25]. Of late, In2O3 nanostructures with 
different morphologies such as nanorods, nanocubes, nano-
spheres, nanoplates, nanorhombohedral and flowers were 
synthesized [22–26]. Recent reports have shown that both 
the morphology and electronic defect structure of In2O3 affect 
strongly its catalytic, gas sensing and photo-electrochemical 
properties [21,22,26]. However, substantial efforts made to 
improve the structural stability and enhance the catalytic 
performance of In2O3 by mixing with carbon materials to pre-
pare nanostructure hybrids. For example, carbon nanotubes 
[27], graphene [28–30], graphene oxide (GO) [31], graphitic 
carbon nitride (C3N4) [32] and carbon nanofiber [33] were 
encapsulated by In2O3 for applying as gas sensor, photo-
catalyst, and lithium-ion storage.

More recently, resorcinol–formaldehyde/GO carbona-
ceous nanohybrids (CNHs) of a three-dimensional struc-
ture have attracted enormous interest because of their 
unique electronic property, flexible structure, high electrical 
conductivity, excellent adsorptive as well as large specific 
surface area [34–39]. This hybrid was prepared by adding GO 
through a sol-gel polymerization of resorcinol with formal-
dehyde in basic or acidic medium, drying of the organic gels, 
and subsequent carbonization process at high temperature 

in an inert gas atmosphere [38,39]. The presence of GO was 
found to be the strength of the nanostructure and suppress 
the collapse of nanopores of resorcinol–formaldehyde (RF) 
aerogels during the drying process [34]. Accordingly, to the 
author’s knowledge, the synthesis of In2O3 supported on 
CNH consisting of carbon xerogel reinforced with GO, as 
a catalyst for the decomposition of the methyl orange (MO) 
dye in the liquid phase; has not been published yet.

Therefore, the main objective of this paper is to address 
the adsorption and catalytic efficiency of In2O3-CNH with 
comparison to the individual CNH sample in the CWO pro-
cesses for removing MO dye from their aqueous solutions. 
The morphology, chemical and porosity properties of the 
as-prepared nanohybrids were analyzed. The effect of 
various factors such as temperature, pH and initial con-
centrations of MO dye were investigated. The reusability 
of the nanohybrid catalyst through four cycles of CWO 
has studied also.

2. Materials and methods

2.1. Materials and reagents

Commercial graphite powder (99.9%, <45 μm) and 
(MO, C14H14N3NaO3S) were purchased from Sigma-Aldrich 
(Germany). Orthophosphoric acid (H3PO4, 85%) and hydro-
gen peroxide (30%) were supplied from Rasayan, (Turkey). 
Potassium permanganate (KMnO4, 99%) and sodium carbon-
ate (Na2CO3, 99%) were obtained from POCH SA, (Poland). 
Formaldehyde solution (HCHO, 36%–38%), methanol (CH3OH, 
99%), sulfuric acid (H2SO4, 95%–98%), nitric acid (HNO3, 
68%) and hydrochloric acid (HCl, 37%) were purchased 
from Adwic Co., Egypt. Resorcinol (C6H4(OH)2, 99%) and 
sodium hydroxide (NaOH, 98%) were obtained from Panreac 
Química S.A., Spain.

The ionic liquid 1-ethyl-3-methylimidazolium trifluoro-
methyl sulfonate ([EMIm] TFO) with purity 99% (Io.Li.Tec., 
Germany) was employed. Indium chloride (Aldrich, 99.99%) 
was used as a precursor for the synthesis of In2O3. Isopropanol 
(99.5%, Alfa Aesar, India) was used for washing the obtained 
oxides to remove the trapped ionic liquids. Ammonium 
hydroxide (98%, Sigma-Aldrich, Germany) was used to adjust 
the pH. All the reagents were used as received without fur-
ther purification. Double distilled water used throughout this 
work.

2.2. Synthesis of GO

According to modified Hummer’s method that pub-
lished in [40,41], GO was prepared as follows: 0.75 g of 
graphite fakes was dispersed in 9:1 mixture of H2SO4 and 
H3PO4 in an ice bath under stirring for 30 min. Then, 4.5 g 
of KMnO4 was slowly added under stirring for 30 min. After 
that, the temperature was gradually raised to 50°C. The reac-
tion vessel was kept at this temperature for 12 h under con-
stant stirring. The colloidal mixtures were transferred into a 
beaker containing 30 mL H2O2 and 200 mL cooled water and 
slowly stirred for a few minutes. The obtained brilliant yel-
low precipitate was centrifuged, filtered, washed with 10% 
HCl solution, water, and ethanol respectively till pH of 5 
and then dried in an air-oven at 50°C for 72 h.
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2.3. Synthesis of CNH

The CNH was prepared during the sol-gel of resorci-
nol (R) and formaldehyde (F) in the presence of (RF/GO) 
as described in [34] and followed by the carbonization. The 
sol-gel procedure was carried out by adding reactants of R, 
Na2CO3 as alkaline catalyst (C) to 1 wt.% GO dispersed in 
10 mL distilled water (W). Then, the formaldehyde solu-
tion (F) stabilized by 10% methanol was slowly added into 
this mixture under vigorous stirring to form the hydrogel. 
The hydrogel was obtained after 30 min at 80°C. The molar 
ratios of the used reactants with respect to resorcinol were 
calculated as; R/F = 0.5, R/C = 500 and R/W = 0.027. The pH of 
the sol was adjusted to 6 by 0.1 M NaOH solution. The pre-
pared hydrogel was then transferred into a stoppered glass 
bottle and heated in an air-oven at 80°C for 24 h to complete 
the curing and gelling process. Afterward, the sealed bot-
tle was opened to allow the gel obtained for drying at the 
same temperature for another 48 h. to form brownish-black 
monolithic gels. In a vertical tubular reactor, the pyrolysis 
of the dried nanohybrid gel was carried out at 500°C under 
passing N2 gas for 2 h and the product was labeled as CNH.

2.4. Synthesis of In2O3 nanoparticles

The ultrasonic-assisted synthesis of In2O3 was performed 
using an ordinary ultrasonic cleaner (S 120 H Elmasonic, 
Germany) with an operating frequency of 37 kHz. The pH 
was adjusted at 9 by a dropwise addition of NH4OH. After 
that, the mixtures were centrifuged to regain the product and 
washed with water several times. The sample was dried at 
70°C and calcined in a muffle oven at 500°C for 5 h to ensure 
getting rid of the ionic liquid residues. After cooling, the 
obtained oxide was washed with ethanol and then dried.

2.5. Preparation of In2O3 supported on CNH

In2O3 was prepared on the surface of CNH by sonochem-
ical of dissolved InCl3 in the ionic liquid of ([EMIm](TFO) 
over (RF/GO) precursor then followed by the calcination 
process. The sonochemical method was carried out accord-
ing to the described methods elsewhere [42,43]. A mixture 
solution of InCl3, ([EMIm](TFO) and RF/GO precursor was 
prepared with a mass ratio of 1 InCl3: 10 RF/GO and kept 
under stirring at 60°C for several hours till the solution 
became homogeneous. Then a sonication was applied and 
the pH was adjusted to be 9 by NH4OH. After filtration, the 
solid sample was dried at 100°C overnight. Then, the dried 
sample was calcined in a vertical tubular reactor at 500°C 
under N2 atmosphere for 2 h and the product was labeled as 
In2O3-CNH.

2.6. Characterization of the materials

Various techniques were employed for the characteri-
zation of the obtained materials. The morphology and chem-
ical composition analyses of the samples were estimated 
by field emission-scanning electron microscope combined 
with energy-dispersive X-ray spectroscopy and electron 
backscatter diffraction (HR-SEM, FEI Quanta FEG-250, EDX, 
Japan). The structure of the prepared In2O3-CNH sample 
was analyzed by High-resolution transmission electron 

microscopy (HR-TEM, JEM-1230, Japan). An X-ray diffrac-
tometer with CuKα radiation and graphite monochroma-
tor (PW-2103, Philips, Japan) was used to investigate the 
main crystalline phases. X-ray diffraction patterns (XRD) 
were run with Ni-filtered copper radiation (λ = 1.5418 Å) at 
35 kV and 20 mA, and a scanning speed of 2° in 20 min−1. 
The main functional surface groups of the prepared samples 
were determined by Fourier-transform infrared (FTIR) spec-
troscopy using KBr pellets JASCO, FT-IR 460 plus, (USA). 
The principal textural properties such as the specific sur-
face area (m2/g), total pore volume (cm3/g) and average pore 
diameter (Å) were determined using nitrogen adsorption 
analysis at ‒196°C (BEL-Sorp, Microtrac Bel Crop, Japan).

2.7. Adsorption studies and isotherm models

To estimate the adsorption efficiency of the prepared 
CNHs, the adsorption experiments were performed onto 
CNH and In2O3-CNH samples. In a typical, 25 mg of cata-
lyst was conducted in 25 mL of MO dye initial concentrations 
ranged from 20 to 200 mg/L under shaking for 24 h at both 
initial pHs of dye (5.5) and 25°C.

Langmuir, Freundlich, and Temkin isotherm models 
[44–46] were applied to explore the adsorption capacity 
of the prepared samples. Equations and constants of these 
models are listed in Table 1.

2.8. CWO experiments

CWO experiments were carried out in a 250 mL glass-
round bottle reactor equipped with a condenser placed on 
a heater with a magnetic stirrer (200 rpm). Before catalytic 
oxidation experiments, the mixture solution containing cata-
lyst and MO dye was magnetically stirred in absence of H2O2 
for 30 min at room temperature to attain the adsorption- 
desorption equilibrium between MO dye and catalysts to 
ensure that the removal of this dye was done by catalytic 
oxidation only. By conducting 50 mg of tested sample with 
50 mL of MO dye (20 mg/L) and 1 mL H2O2 (0.192 mol/L), 
the effect of temperature on the catalytic activity of catalyst 
at 25°C, 40°C and 60°C as well as the effect of pH at 2, 4, 
6 and 8 were studied during interval times of 0–180 min. 
The pH was adjusted using 0.1 mol/L H2SO4 or NaOH 
solutions. The influence of initial MO dye concentrations 
of 20–200 mg/L on the catalytic oxidation performance of 
the In2O3-CNH catalyst was investigated at pH 4 and 40°C 
under fixing the other parameters.

The residual concentration of MO dye in the solution 
either by catalytic wet peroxide oxidation or adsorption 
was determined using a double beam UV-Vis spectropho-
tometer (Shimadzu-2401 PC, Japan) at 465 nm to calculate 
the percent removal (%R) and/or catalytic decomposition 
rate (Ct/C0). About two drops from a sodium thiosulfate 
solution (0.1 mol/L) was added to the aliquot solution to 
stop the CWO reaction. To separate the solid phase and 
avoid possible interferences, all samples were subjected 
to centrifugation at 1,000 rpm during 5 min before anal-
ysis. To assess the reproducibility and error of the CWO 
tests, the absorbance of dye was measured in triplicate, 
and the results showed that the relative errors were lower 
than ±3%.
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2.9. Reusability cycles

In order to estimate the utilization of catalyst through 
CWO technique, four consecutive experiments of CWO for 
MO dye using the catalyst of In2O3-CNH were performed 
under the operating conditions: 50 mL of [MO] = 20 mg/L, 
1 mL of [H2O2] = 0.192 mol/L, [In2O3-CNH] = 1 g/L, T = 40°C, 
reaction time = 0–180 min and pH = 4. After each run, the 
selected catalyst was filtered, washed thoroughly with hot 
distilled water and dried at 80°C overnight and then reused 
with a fresh concentration of MO dye solution (20 mg/L).

3. Results and discussion

3.1. Scanning electron microscopy, TEM and EDX examinations

Morphologies related to the prepared samples of In2O3, 
CNH and In2O3-CNH were determined using scanning elec-
tron microscopy (SEM). SEM image of In2O3 reveals that 
In2O3 nanoparticles are relatively aggregated like cubic-
shape (Fig. 1a). The morphology of the CNH sample showed 
nodules of carbon spheres reinforced with graphene plates 
as shown in Fig. 1b. The surface of the In2O3-CNH sample 
is almost covered by In2O3 nanoparticles (Fig. 1c). Also, a 
representative TEM image of In2O3-CNH is given in Fig. 1d, 
exhibiting the size of In2O3 nanoparticles is approximately 
ranged from 3.8 to 43 nm.

Furthermore, the surface chemical compositions are 
demonstrated using EDX combined with an SEM device. 
Table 2 lists the weight percentage of each element in RF 
resin/GO nanohybrid and In2O3-CNH samples. The results 
affirmed the presence of C and O elements in larger amounts 
than N and In elements. The reduction in oxygen is prob-
ably due to the conversion of GO to reduced GO during 
calci nation of RF resin/GO nanohybrid loaded with indium 
chloride at 500°C.

As shown in Table 2, the calculated textural parameters 
revealed that both nanohybrid samples possess good surface 
area and mesoporous character (pore width~ 6–8 nm). It is 
noted that the specific surface area and mesoporosity are 

considerably decreased after loading In2O3 nanoparticles on 
the surface of CNH. This result is probably attributed to the 
accommodation of In2O3 nanoparticles inside the internal 
pores of CNH structure.

3.2. XRD analysis

To investigate the crystalline phases of indium oxide 
formed in this study, XRD patterns of the control sample 
(In2O3) and In2O3 loaded on the carbon nanohybrid (In2O3-
CNH) are depicted in Fig. 2. For pure In2O3 sample, their 
XRD peaks located at 2θ of 21.6°, 30.6°, 35.5°, 45.7°, 51.1°, 
and 61.2° are indexed to the cubic phase of In2O3 according 
to JCPDS No. 06-0416 [18,26]. This result is consistent with 
the SEM results. The crystallite size of the crystal phases was 
calculated according to the Scherrer equation of d = K λ/β 
cosθ. It was found that their sizes varied from 3.5 to 47.9 nm. 
It can be seen that the XRD patterns of In2O3 are almost iden-
tical to that of the In2O3-CNH sample with increasing in their 
intensity and shifting at 2θ values. This confirms the inter-
action between In2O3 and CNH samples.

3.3. FTIR spectra

Fig. 3 illustrates the main functional oxygen groups of 
InCl3-RF/GO precursor and its corresponding carbonized 
sample (In2O3-CNH) at 500°C. Absorption bands in both 
FTIR spectra are relatively similar with considerable differen-
tiates in their intensity. Oxygen-containing functional groups 
such as O–H (3,430–3,450 cm–1), C=O (1,740 cm–1), C–O–C 
(1,300–1,100 cm–1) and C–O (1,050 cm–1) are observed [31]. 
The absorption band at 1,620–1,640 cm–1 could be attributed 
to C=C skeleton vibration [37,47]. The bands at 2,925 and 
2,857 cm–1 are signified to symmetric and asymmetric CH2 
and CH stretching vibrations in the aromatic ring. However, 
a reduction in the intensity of absorption bands related to 
the oxygen-containing functional groups is found after ther-
mal treatment. This finding results from the reduction of 
GO to reduced GO in the obtained nanohybrid. In addition, 

Table 1
Adsorption isotherm models used to describe the adsorption of MO dye using the obtained samples

Models Equations Parameters References

Langmuir
C
q K Q Q

Ce

e L
e= +

1 1

Ce is the equilibrium concentration of MO dye (mg/L), qe the adsorbed 
amount of MO dye at equilibrium (mg/g), and Q is the maximum monolayer 
adsorption (mg/g) and KL (L/g) is the Langmuir adsorption equilibrium 
constant. Q and KL are calculated from the slope and intercept of the 
isotherm plot Ce/qe vs. Ce.

[44]

Freundlich log log logq K
n

Ce F e= +
1

KF (mg/g(L/mg)1/n) is roughly an indicator of the adsorption capacity and 1/n 
is the adsorption intensity. Freundlich constants KF and 1/n can be calculated 
from the intercept and slope of the linear plot derived from log qe vs. log Ce.

[45]

Temkin q B K B Ce T e= +1 1log log

B1 = (RT/b) and KT are the Temkin constants. R is universal gas constant = 
8.314 J/mol K, and T is absolute temperature (K). KT is the equilibrium 
binding constant (L/mol) corresponding to the maximum binding energy, 
b is the variation of adsorption energy (J/mol) and constant B1 is related to 
the heat of adsorption. B1 and KT values can be obtained from the slope and 
intercept of linear plot for plotting log Ce vs. qe.

[46]
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the absorption bands related to In–O–C in the In2O3-CNH 
sample are detected between 600 and 425 cm–1 as reported 
previously [27–31].

According to the above results, thus In2O3-CNH sample 
was successfully obtained. In order to figure out the posi-
tive combination between CNH and In2O3 in improving the 
adsorption and catalytic oxidation properties of In2O3-CNH 
catalyst, the adsorption and CWO studies of MO dye using 
CNH and In2O3-CNH were determined.

3.4. Adsorption studies

To discriminate the adsorption performance of CNH 
and In2O3-CNH samples, different initial concentrations of 
MO dye (20–200 mg/L) were performed to determine the 
removal percentage (%) after 24 h. The results are shown in 
Fig. 4. Even though of its high specific surface area, CNH 
exhibits lower removal efficiency than that of In2O3-CNH. 
This means that the presence of In2O3 nanoparticles remark-
ably enhanced the adsorption performance of the obtained 
CNH. The maximum removal of MO dye (20 mg/L) is 
reached to 40% and 69% over CNH, and In2O3-CNH 
samples, respectively. The removal rate of dye is substan-
tially decreased with increasing initial dye concentration, 
and hence at larger concentrations, there are insufficient 
adsorption sites.

To analyze the adsorption isotherms as shown in Fig. 5, 
three adsorption isotherm models were used and their cal-
culated parameters are summarized in Table 3. The fitness 
degree of the linear curve derived from these models was 

examined by the calculation of regression coefficients (R2). 
It was found that Langmuir and Temkin’s models are more fit-
ted to describe the adsorption of MO dye molecules by CNH 
and In2O3-CNH samples. As well, the values of monolayer 
adsorption capacity (Q, mg/g) and the variation of adsorp-
tion energy (b, J/mol) for removing MO dye by In2O3-CNH 
are larger than that obtained by CNH. Thus, the adsorption 
of MO dye is largely associated with the presence of In2O3 
nanoparticles. This affirms the efficiency of In2O3 nanoparti-
cles which can act as effective adsorption sites for removing 
MO dye from aqueous solutions when supported on CNH.

Fig. 1. SEM images of (a) In2O3 nanoparticles, (b) CNH with its corresponding gel mold, (c) In2O3-CNH, and (d) TEM image of 
In2O3-CNH.

Table 2
Surface and textural properties of the prepared samples

Analysis CNH In2O3-CNH

pH 4.5 5.5
EDX (Weight %)
C 66.2 70.2
O 33.1 20.8
N 0.70 1.7
In 0 7.3
N2 adsorption
Specific surface area (m2/g) 139.3 128.1
Total pore volume (cm3/g) 0.404 0.227
Average pore diameter (Å) 11.6 7.09
BJH mesopore width (nm) 8.34 6.44
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From the adsorption results, it is essential to remove 
completely the dye from the contaminated wastewater. Thus 
CWO processes using hydrogen peroxide in presence In2O3-
CNH as a catalyst were carried out by varying the tempera-
ture, pH and initial MO dye concentrations at a constant 
catalyst dose of 1 g/L as shown in the next sections.

3.5. CWO studies

3.5.1. Effect of temperature

The influence of temperature on the catalytic activity of 
the In2O3-CNH catalyst was studied at 25°C, 40°C and 60°C 
for decomposing 20 mg/L of MO dye in the presence of 
H2O2 at pH 4. Fig. 6 shows the removal efficiency (%) results 
of MO dye as a function of contact time and temperature. 
It is seen that the highest temperature enhances the catalytic 
activity of this catalyst to decompose quickly the MO dye 
at 10 min. While at 25°C and 40°C the full decomposition 
of dye is happened at 150 and 30 min, respectively. Also, at 
another further temperature of 80°C, the dye is completely 
removed within 30 s (not shown here). As reported previ-
ously, the high temperature accelerated the decomposition 
rate of H2O2 to hydroxyl radicals (HO•) over the surface of 
catalyst resulting in an enhancement in the mobility of MO 
and H2O2 molecules from bulk solution toward the surface 
of the catalyst. Then, the formed HO• radicals attack and 
crack the azo group (e.g. –N=N–) in the ring of dye and form 

Fig. 2. XRD patterns of the prepared samples.

Fig. 3. FTIR spectra of the prepared samples.

Fig. 4. Adsorption efficiency of CNH and In2O3-CNH samples 
towards the removal of MO dye at 25°C, catalyst dose = 1 g/L, 
contact time = 24 h and initial pH of dye = 5.5.

Fig. 5. Adsorption isotherms of MO dye onto the prepared 
adsorbents at 25°C and pH 5.5.
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several intermediates (e.g. benzene ring, phenol ring and so 
on) which converted to CO2 and H2O upon further attack by 
hydroxyl radicals [11,12,48].

At 5 min, it is found that more than 50% of the MO dye 
is decomposed by the In2O3-CNH catalyst at the studied 
temperatures. Thus such catalysts can be used effectively 
for removing the dye over a wide range of temperatures. 
Accordingly, the following catalytic oxidation experiments 
were performed at 40°C as a moderate temperature.

3.5.2. Effect of pH

In this respect, the effect of pH on the removal of MO 
dye with regarding the catalytic activity of the catalyst was 
studied at different values ranging from 2 to 8 as shown 
in Fig. 7. Other effective parameters such as catalyst load-
ing (1 g/L), contact time (60 min) and temperature (40°C) 
were kept constant. The degradation efficiency of MO dye 

increased sharply as pH increased from 2 to 4 and then 
decreased gradually at alkaline media. Thus the degradation 
of MO is considerably based on pH. This may be informed 
that the decomposition of H2O2 to hydroxyl radicals (HO•) 
over the surface of catalyst is produced little at the basic pH. 
Successively, the best removal efficiency of MO dye from 
aqueous solution using In2O3-CNH catalyst/H2O2 was found 
at pH 4. Since the dissociation constant (pKa) of MO is 3.48, 
the MO dye is converted to quinoid form (anionic azo) at 
acidic pH which is easily degraded via HO• radicals [49]. At 
low acidic pH 2, the HO• radicals are partially trapped by 
excessive amount of H+ ions forming H3O2

+, which increases 
the stability of H2O2 and suppresses the production of HO• 
radicals [50]. Also, the results are in accordance with other 
previous studies [51,52].

3.5.3. Effect of initial dye concentration

The influence of initial MO dye concentrations of 
20–200 mg/L on the catalytic oxidation performance of the 
In2O3-CNH catalyst was studied under fixing the other 
parameters. As shown in Fig. 8, with increasing initial con-
centration from 20 to 200 mg/L, the degradation efficiency 
of dye is decreased. Catalytic oxidation performance of the 
In2O3-CNH catalyst showed a full degradation of MO dye 
at 30 and 120 min for 20 and 50 mg/L, respectively. Over 
50 mg/L of MO dye, the degradation of dye is decreased to 
98% for 100 mg/L and 90% for 200 mg/L at 180 min. This 
result may be ascribed to the occupation of all active sites by 
MO dye during the early reaction time. However, this noti-
fies that the obtained nanohybrid catalyst has a superior per-
formance to degrade MO dye at higher concentrations also. 
This may affirm that In2O3 formed accessible and active sites 
at the surface of the In2O3-CNH catalyst that responsible for 
adsorption of MO dye and generation of HO• radicals giving 
rise to an enhancement in the catalytic oxidation efficiency of 
CNH nanohybrid [11,48].

Fig. 7. Effect of pH on the degradation of MO dye over In2O3-
CNH catalyst (C0 = 20 mg/L, catalyst dose = 1 g/L, T = 40°C, 
[H2O2] = 0.192 mol/L and contact time = 60 min).

Fig. 6. Impact of temperature on the catalytic performance of 
In2O3-CNH catalyst (C0 = 20 mg/L, catalyst dose = 1 g/L, pH = 4 
and [H2O2] = 0.192 mol/L).

Table 3
Adsorption parameters calculated from Langmuir, Freundlich, 
and Temkin models

Equilibrium models Adsorbents

CNH In2O3-CNH

Langmuir
Q (mg/g) 32.2 58.8
KL (L/mg) 0.0300 0.0276
R2 0.998 0.966
Freundlich
KF (mg/g (L/mg)1/n) 3.22 5.36
1/n 0.432 0.446
R2 0.928 0.963
Temkin
b (J/mol) 90.5 153.4
KT (L/mol) 0.880 0.328
R2 0.990 0.965
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3.5.4. Catalyst performance and stability studies

To state the catalytic oxidation efficiency of In2O3 sup-
ported on CNH, a comparison catalytic oxidation experi-
ments on MO dye with H2O2 alone, CNH/H2O2 and In2O3-
CNH/H2O2 as depicted in Fig. 9. It can be seen that the 
degradation rate of the MO dye is very slow when H2O2 
is used only. This may be due to the negligible formation 
of HO• radicals. In the case of CNH/H2O2, the degradation 
rate (C/C0) is increased slightly to reach 0.55 (i.e., 45% of dye 
removal) at 180 min. It can be suggested that the increase 
in degradation rate is due to the adsorption of MO mole-
cules on the active sites of the CHN catalyst. Comparing to 
the results in Fig. 4, the adsorption efficiency of this sam-
ple is reached to 40% for treating 20 mg/L of MO after 24 h. 

On the other hand, In2O3-CNH/H2O2 exhibited a superior 
degradation efficiency toward MO dye molecules where 
100% (C/C0 = 0) of dye is degraded quickly within 30 min. 
The higher catalytic performance of In2O3-CNH/H2O2 as 
compared to CHN is mainly attributed to the existence of 
reactive oxygen vacancies at the surface of In2O3 nanopar-
ticles which promoted the decomposition rate of H2O2 to 
HO• radicals in large amounts. Therefore, the combination 
of In2O3 and CNH led to form a synergistic effect resulting 
in the development of active sites for the adsorption and 
catalytic oxidation processes toward the removal of MO dye 
molecules from aqueous solutions.

To estimate the stability of the prepared In2O3-CNH cat-
alyst, four consecutive runs of CWO were employed and the 
results are shown in Fig. 9. During four successive runs, the 
degradation efficiency of In2O3-CNH was slightly decreased 
from 100% to 88% (C/C0 = 0.12) at 180 min of the fourth run. 
Therefore, the reusability study confirms that the prepared 
nanohybrid catalyst displayed superior stability over three 
consecutive cycles (in which about 100 % removal of MO dye 
was obtained at 150 min).

4. Conclusions

In2O3 supported on a carbonaceous hybrid of carbon 
xerogel reinforced with GO as a heterogeneous catalyst for 
degradation of MO dye in the liquid phase was successfully 
obtained. It was found that the adsorption of MO dye is 
largely associated with the presence of In2O3 nanoparticles. 
The decomposition rate of MO dye was controlled by the 
temperature, pH and catalyst. Thus, the best catalytic oxi-
dation conditions were attained at a temperature of 40°C, 
pH 4 with an initial MO concentration of 20 mg/L to degrade 
fully the dye at 30 min over In2O3-CNH. Results of reusability 
showed that the In2O3-CNH catalyst has an excellent catalytic 
performance during four cycles of CWO.

The enhanced adsorption capacity and catalytic efficiency 
of the In2O3-CNH catalyst are mainly attributed to the pres-
ence of In2O3 nanoparticles which acted as active adsorption 
and catalytic oxidation centers for removing MO dye from 
the aqueous solutions.
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