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The jeopardy of hazardous synthetic dye wastes to the environment 

and human health has rapidly increased. In this investigation, a 

nanocomposite of In2O3/Polyaniline (In2O3/PANI) has been fabricated to 

remove the noxious anionic acid blue 25 (AB25) dye by adsorption. 

Various characterization techniques including FT-IR, XRD, SEM, EDX, 

TEM, BET, and Zeta potential analysis were carefully used to verify that 

the nanocomposite was successfully synthesized. The developed 

adsorbent features a porous structure with an average particle size of 

58.43 nm. The results revealed that only 0.007 g of the nanocomposite 

can efficiently remove 95.5% of AB25 within 90 min. Kinetically, the 

adsorption results followed the pseudo-second-order model. In addition, 

the adsorption data matched well with the Langmuir and Toth isotherm 

models giving a maximum adsorption capacity of 253.36 mg/g. 

Thermodynamically, the adsorption process was spontaneous and 

endothermic. Notably, the nanocomposite displayed auspicious adsorption 

selectivity towards the anionic AB25 compared to the cationic methylene 

blue dye (MB). Interestingly, the as-fabricated In2O3/PANI 

nanocomposite retained satisfactory adsorption characteristics after five 

consecutive cycles with removal percentage exceeding 83%, suggesting 

that this method is a viable and effective option for eliminating harmful 

anionic dyes from aquatic environments.  
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Introduction 

The pollution of water has turned into a 

significant issue in the environment. The 

pollutant removal from water is 

necessary to produce fresh water 

(Kumar, Muralidhara et al., 2013). 

Among the numerous pollutants are dyes 

which are present in the wastewater (Al-

Musawi, Rajiv et al., 2021). Due to the 

toxicity and carcinogenic effect of dyes, 

their existence is hurtful to the 

environment (Ayad, El-Nasr et al., 

2012). Dyes are broadly utilized in 

plastics, paints, photographs, food, 

papers, textile, cosmetics, and 

pharmaceutical products (Zhao, Chen et 

al., 2017). The anionic dye Acid blue 25 

is widely used for dyeing silk, nylon, and 

wool fibers (Daneshvar, Sohrabi et al., 

2014). Several treatment methods are 

potentially used for wastewater 

purification from dyes. These methods 

are chemical, physical, and biological 

(Kareem, Abd Alrazak et al., 2016). 

Due to the stability of dyes against light, 

the physical methods have been 

recognized as the most efficient in 

achieving the desired water quality. 

Adsorption as a physical technique has 

been widely applied to remove dyes 

from wastewater due to its high 

efficiency, cost-effectiveness, and 

simplicity (Ali, Kon'kova et al., 2022). 

Polymers are used to adsorb various 

pollutants from aqueous solutions 

because of their high performance, 

excellent mechanical rigidity, economic 

regeneration and high environmental 

stability (Samadi, Xie et al., 2021). 

Polyaniline has been extensively studied 

as an adsorbent for the removal of 

aqueous pollutants (Benykhlef, 

Bekhoukh et al., 2016). 

Polyaniline/metal oxides (TiO2, ZnO, 

Fe2O3, and SiO2) composites have been 

utilized in sensors (Song, Wei et al., 

2022), biosensors (Sharma, Dutta et al., 

2022), rechargeable batteries (Yang, 

Lao et al., 2022), fuel cells (Dessie, 

Tadesse et al., 2022), and solar cells 

(Ferrag, Noroozifar et al., 2022). Some 

of these composites as adsorbents have 

been applied in removing heavy metals 

and dyes and from aqueous media 

(Mohanty and Biswal, 2022). Among 

these composites are the PANI/ZnO, 

PANI/clay, and PANI/Fe3O4 which were 

used respectively for the removal of 

Acid Blue 25, Acid green 25, and Congo 

red (Gilja, Vrban et al., 2018, Kalotra 

and Mehta 2021, Teng, Bryan et al. 

2021).   

Because of the high, fast response, and 

recovery time of the metal oxide 

semiconductors, they are greatly applied 

in pollutant degradation, CO2 reduction, 

photocatalytic degradation, electrode 

materials, and gas sensors (Lin, Wang 

et al., 2018). The direct and indirect 

band gaps of the semiconductor indium 
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oxide (In2O3) are 3.75 and 2.6 eV, 

respectively (Yang, Hong et al., 2021). 

The locations of the valence and 

conduction bands of In2O3 match well 

with the redox potentials of the water. 

Recent research on doped and non-doped 

In2O3 has dealt with the synthesis of 

In2O3 in various nano-structural shapes 

(Bagheri-Mohagheghi, Shahtahmasebi 

et al., 2009). A variety of synthesis 

routes, namely sol-gel (Sridhar B, 

Husain et al., 2016), hydrothermal 

(Zhao, Zheng et al., 2012), co-

precipitation (Senthilkumar, Senthil et 

al., 2012), and emulsion   (Jiang, Liu et 

al., 2021) have been used to synthesize 

In2O3 nanoparticles. The sol-gel and 

hydrothermal routes are simple, low-cost, 

and useful to control the size and shape 

of the particle (Pantilimon, Kang et al. 

2016). The In2O3/Halloysite 

as an adsorbent was utilized to remove 

tetracycline (Zhang, Wang et al., 2021). 

The modified forms of In2O3 such as 

platinum/In2O3, Ni2P/In2O3, TiO2/In2O3, 

and In2O3/Bi4O7 nanocomposites were 

used as photocatalysts for the 

degradation of perfluorooctanoic acid, 

Rhodamine B, Sudan I and doxycycline 

hydrochloride, respectively  (Skorb, 

Ustinovich et al., 2008, Xu, Qiu et al., 

2017, Pan, Qian et al., 2021, Yang, 

Hong et al., 2021). Herein, the 

In2O3/polyaniline nanocomposite was 

fabricated for the first time via the 

polymerization of aniline in the 

existence of In2O3 nanoparticles. The 

developed adsorbent aptitude has been 

examined for the adsorptive elimination 

of anionic AB25 dye using batch 

adsorption technique under the effect of 

several parameters. Additionally, the 

adsorption kinetics, adsorption 

isotherms, and thermodynamic 

determination were executed to 

investigate the adsorption process. 

Moreover, both anionic AB25 and 

cationic MB dyes have been used to 

evaluate the adsorbent selectivity. 

Further, the ability of the nanocomposite 

to be recycled for multiple cycles was 

also evaluated. 

Experimental 

Materials  

Indium (III) nitrate hydrate 

(In(NO3)3.xH2O, 99.9 %) was supplied 

from Fluka chemicals. Acid blue 25 

(AB25; 45%), Methylene blue (MB; 

70%), Aniline (C6H7N, 98 %), 

hydrochloric acid, Sulphuric acid, and 

sodium hydroxide were all supplied from 

Sigma-Aldrich company. Ammonium 

persulfate (APS; 98%), Disodium 

hydrogen phosphate (Na2HPO4, 99%), 

sodium dihydrogen phosphate (NaH2PO4, 

98%), Ammonia (NH3, 25%), and 

Ethanol (C2H6O, 95%) were obtained 

from Fisher company. All chemicals 

were used as received without further 
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purification and the double distilled 

water was used for all experiments.  

Synthesis of In2O3 nanoparticles 

Indium (III) oxide nanoparticles were 

prepared by the sol-gel procedure 

(Kulkarni and Patil 2016). Indium (III) 

nitrate hydrate (In(NO)3. xH2O) and 

ammonia hydroxide were used. Firstly, 

indium (III) nitrate hydrate (2.5 g) was 

dissolved in water (60 mL) and 

subjected to sonication for 10 min where 

it ionizes in water. Secondly, the 

ammonia hydroxide solution (0.4 M) 

was added dropwise into the Indium (III) 

nitrate solution until the pH reached 9 

and the mixture was stirred for 1 h. The 

obtained jelly material (In(OH)3) was 

centrifuged for 30 min and washed 

thoroughly with water and then with 

ethanol to get rid of the excess ammonia. 

The gel was dried on a hot plate for 1 h 

at 100 °C and calcined for 1 h at 400 °C.  

After calcination, the white indium 

hydroxide, In(OH)3, has converted into a 

yellowish-colored product of In2O3. The 

In2O3 was crushed by mortar to get the 

In2O3 nano-crystalline powder, Scheme 

(1).                                                                    

Polyaniline synthesis   

Polyaniline (PANI) was synthesized via 

aniline polymerization in the presence of 

sulfuric acid (Salem, 2010). In brief, 7.5 

g (0.033 mol) of (NH4)2S2O8 (APS) were 

added to 200 mL of H2SO4 solution 

(1M) and magnetically stirred. Aniline 

(3 mL, 0.033 mol) was slowly added 

with stirring for    5 h to complete the 

polymerization process of aniline. The 

resulting polyaniline nanoparticles were 

filtered and thoroughly washed with 

H2SO4 solution (1M) followed by water 

until the filtrate became transparent. The 

polyaniline was dried at 60 
o
C for 24 h 

and ground.  

Synthesis of In2O3/PANI nanocomposite  

In2O3 (0.3 g) was transferred into 200 

mL of H2SO4 solution (1M) and 

magnetically stirred. Following the 

addition of the APS (7.5 g, 0.033 mol) to 

the mixture, aniline (3 mL, 0.033 mol) 

was slowly added to the mixture. The 

polymerization reaction was then 

continued for 5 h with continual stirring. 

Filtration was used to separate the dark 

green precipitate, which was then 

repeatedly rinsed with H2SO4 solution 

(1M) until the filtrate attained colorless. 

Once the product was washed with water 

to remove any remaining acid, it was 

dried in an oven at 60 ºC and ground, 

Scheme (1) (Akhter, Miran et al., 2012, 

Janeoo, Sharma et al., 2016, Salem, 

Elsharkawy et al., 2016).  



 

Scheme (1) Preparation of In2O3 and In2O3/PANI nanocomposite by sol-gel and chemical 

oxidative polymerization method, respectively

Characterization  

The synthesized In2O3/PANI 

nanocomposite was inspected by FT-IR 

(Shimadzu-8400S, Japan), while the 

spectra were investigated in the region of 

4000-400 cm
-1

. X-ray diffractometer 

(XRD; GNR, APD 2000 PRO model) 

was used to investigate the crystal 

phases. A scanning electron microscope 

(SEM, JSM-6510LV, Tokyo, Japan) and 

a transmission electron microscope 

(TEM, JEM-2100 plus, JEOL, Tokyo, 

Japan) were used to analyze the surface 

morphology of an In2O3/PANI 

nanocomposite. The elemental analysis 

of In2O3/PANI nanocomposite was 

carried out by the SEM device with 

Energy Dispersive X-ray (EDX) analysis. 

Furthermore, the surface area of the as-

fabricated adsorbent was estimated by 

the BET method and the surface charge 

of the nanocomposite was determined by 

the zeta potential (Malvern Zetasizer 

Nano series, (UK).   

Adsorption study 

The AB25 adsorption onto the 

In2O3/PANI nanocomposite was carried 

out into several conical flasks (100 mL) 

containing a definite quantity of 

In2O3/PANI (0.007 g), water (17 mL), 

and 3 mL of AB25 solution (10
-3 

mol/L). 

Into a water shaker thermostat at 30
 o

C 

and 120 rpm, the flasks were mounted. 

The adsorption of the AB25 was 

commenced once a definite volume of 

AB25 solution was added. At regular 

time intervals, the flasks were 

sequentially removed from the 

thermostat and a sample of AB25 

solution (3 mL) was transferred into a 1-

cm quartz cell and the absorbance was 

measured at λmax = 605 nm. The removal 

percentage was then calculated from Equ 

(1). The amount of AB25 adsorbed at 

time t and the equilibrium was also 
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determined from Equs. (2) and (3), 

respectively.   

  (1)  

                                   (2)                                                                                                             

                                  (3)                                                                                                              

The amounts of AB25 adsorbed at time t 

and at equilibrium are represented by qt 

and qe (mg/g), Co and Ct (mg/L) 

represent the initial and time-dependent 

concentrations of AB25 in solution, 

respectively. Ce (mg/L) is the 

concentration of AB25 in solution at 

equilibrium. m(g) is the mass of the 

nanocomposite, and V (L) is the 

operating volume of the dye solution. 

Results and Discussion 

Characterization of adsorbent  

FT-IR 

The FT-IR spectra of In2O3, PANI, and 

In2O3/PANI were captured in the 4000-

400 cm
-1

 region and are shown in Fig 

(1a). In the case of In2O3, the typical 

peaks of In2O3 are present at 536, 560, 

and 597 cm
-1

 and are attributed to the 

stretching vibration of the In-O bonds, 

while the peaks at 877 and 1329 cm
-1

 are 

attributed to the bending vibration of the 

In-O-In. Hydrogen bond stretching 

vibrations are responsible for the 

absorption peak at 3472 cm
-1

 (Sridhar B, 

Husain et al., 2016, Pan, Qian et al., 

2021). For PANI, the peak around 661 

cm
-1

 is typical of C-C. The in-plane and 

out-of-plane C-H bonds produced peaks 

at 852 and 727 cm
-1

, respectively.  The 

C=C and C=N stretching vibrations of 

the benzenoid and quinoid rings are 

respectively characterized by the peaks 

at 1480 and 1538 cm
-1

. The peaks at 

1209 and 1383 cm
-1 

are characteristic of 

the stretching vibration of C-N in the 

benzenoid structure; the quinoid 

structure shows the peak at 1078 cm
-1

. 

Furthermore, the broad peak at 3236 cm
-

1
 is assigned to the N–H stretching 

vibrations. In the case of In2O3/PANI 

nanocomposite, the existence of a new 

peak at 559 cm
-1 

proves the presence of 

In2O3 in the PANI matrix. The peaks of 

856 and 682 cm
-1 

are primarily assigned 

to the in-plane and out-of-plane C-H 

bonds, respectively. The peaks at 1428 

and 1537 cm
-1

 are due to the C=C and 

C=N stretching vibrations of benzenoid 

and quinoid rings, respectively. The 

peaks at 1208 and 1280 cm
-1 

are due to 

the C-N stretching vibration of the 

benzenoid unit while the peak at 1079 

cm
-1

 is assigned to the stretching 

vibration of the quinoid unit. The broad 

peak at 3268 cm
-1

 is assigned to the 

stretching vibrations of the N–H bond. 

According to Fig. (1a), it is seen that the 

In2O3/PANI peaks are quite small with a 

slight shift in the wavenumber. This shift 

means the presence of In2O3 in the PANI 

matrix and there is an interaction 
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between In2O3 and PANI. The presence 

of the broad peak of the N–H bond 

confirms the physical interactions 

between In2O3 and PANI by van der 

Waals attraction forces (Janeoo, 

Sharma et al. 2016, Abd Ali, Ismail et 

al. 2021).   
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Fig. (1): (a) FT-IR spectra of In2O3, PANI and 

In2O3/PANI, (b) XRD patterns of In2O3/PANI 

XRD 

Fig. (1b) illustrates that the In2O3/PANI 

nanocomposite has an amorphous 

structure with a broad peak observed at 

25.3
o
 on the crystal plane (222). It is 

depicted that the XRD of the 

nanocomposite is similar to that of PANI, 

indicating that the molecular chain 

structure of PANI wasn't destroyed. It is 

also noticed that the new peak appearing 

at 34.39
o 

is corresponding to the (400) 

plane. This confirms the inclusion of 

In2O3 nanoparticles into the PANI matrix 

(Benykhlef, Bekhoukh et al., 2016, 

Janeoo, Sharma et al., 2016, Sridhar B, 

Husain et al., 2016.).     

SEM and EDX      

The SEM images of In2O3, PANI, and 

In2O3/PANI are displayed in Fig. (2 a-c). 

The In2O3 nanoparticles are spherical 

and have nanoscale dimensions with 

uniform dispersion. The micrograph also 

displays the distribution of the spherical 

In2O3 nanoparticles homogeneously on 

the PANI surface. These observations 

indicate that the present nanocomposite 

may have a good adsorption capacity 

(Jebreil 2014, Tanzifi 2016).  The EDX 

analysis was used to determine the 

chemical structure of the nanocomposite.  

It depicts the existence of C, N, O, and 

In, whose weight percentages are listed 

in Table (1). 

Table (1): EDX analysis of In2O3/ PANI 

nanocomposite 

Elements        Weight % 

C 90.79 

N 5.69 

O 1.02 

In 2.50 
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Fig. (2): SEM image of (a) In2O3, (b) PANI, 

(c) In2O3/PANI nanocomposite 

TEM  

The In2O3 and In2O3/PANI TEM images 

are displayed in Fig. (3). The In2O3 

nanoparticles are almost spherical with 

nearly homogeneous distribution Fig. 

(3a). The particle size of In2O3 varies 

from 7.47 to 12.54 nm (Kulkarni and 

Patil 2016). Fig. (3b) shows the TEM 

nanocomposite with an average diameter 

of 58.43 nm.  

 micrograph of In2O3/PANI 

 

 

Fig. (3): TEM image of (a) In2O3 and (b) 

In2O3/PANI nanocomposite  

BET  

The BET adsorption theory is the most 

well-known to measure the adsorbent 

surface area. In this study, the relative 

pressure (P/P
o
) range between 0.55 and 1 

was used to measure the specific surface 

area of the In2O3/PANI nanocomposite. 

Fig. (4a) depicts the N2 adsorption-

desorption on the surface of the 

nanocomposite. The adsorption-

desorption behavior belongs to the type-

IV isotherm with a surface area of 46.92 

m
2
/g, pore volume of 0.387 cm

3
/g, and 

average pore diameter of 98.565 nm. 

The bare PANI has a surface area of 
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31.901 m
2
/g, a pore volume of 0.2719 

cm
3
/g, and a pore diameter of around 

72.725 nm.   

 Zeta potential measurement  

The point of zero-charge (pHzpc) of the 

surface is considered a significant 

parameter that affects the mechanism of 

adsorption. In Fig. (4b), the pHzpc of 

In2O3/PANI is 7.13. It means that the 

nanocomposite surface has positive 

charges at a solution pH lower than 

pHzpc. In this case, the electrostatic 

interaction is strong between the 

nanocomposite surface and the anionic 

AB25 molecules. In contrast, at initial 

pH higher than pHzpc, the nanocomposite 

surface attains negative charges that 

enhance the electrostatic repulsion 

between the nanocomposite surface and 

AB25 molecules. Consequently, the 

efficiency of AB25 removal decreases at 

high pH. Accordingly, the adsorption of 

AB25 becomes most favorable in acidic 

medium (Fuseini, El Shazly et al., 

2020).   
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Fig. (4): (a) BET curve of In2O3/PANI 

nanocomposite, (b) Zeta potential analysis of 

In2O3/PANI nanocomposite at different pH  

Kinetic and selectivity studies    

In2O3, PANI, and In2O3/PANI 

were individually applied as adsorbents 

to remove the AB25 under the same 

conditions, [AB25]o = 48.09 mg/L, 

adsorbent dose = 0.007g at 30 
o
C. The 

removal efficiency obtained was 9, 25, 

and 95.5%, respectively. Since the 

In2O3/PANI has proved the most 

effective adsorbent than In2O3 and PANI, 

it was thus selected to remove the AB25 

from the solution via adsorption under 

several conditions. The removal process 

was followed by monitoring with time 
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the decrease of dye absorbance at λmax 

605 nm which was accompanied by the 

disappearance of color over time. 

Because the wastewater normally 

contains various dyes of different 

charges which may interact together, it 

was important to investigate the 

adsorption selectivity of each dye in the 

mixture solution (El-Monaem, Eman et 

al., 2022). The selectivity of In2O3/PANI 

nanocomposite was examined for a 

single dye (methylene blue, MB) and a 

binary mixture of MB and AB25. In a 

typical experiment, In2O3/PANI (0.007g) 

was added to 20 mL dyes solution at 30 

ºC. The initial concentration of both the 

MB and AB25 was 10 mg/L 

(Bhattacharyya, Ghorai et al., 2021). 

The removal percentage of the AB25 in 

a single form and a binary mixture with 

MB was 98% and 51.4% after 90 min, 

respectively. Furthermore, the removal 

percentage of single MB in a mixture 

with AB25 was 14 % and 33.9% after 90 

min, respectively.  

The dye selectivity in the mixture was 

estimated by the ratio of the two static 

distribution coefficients KD1 and KD2 for 

the AB25 and MB. This ratio is the 

separation factor () which is used to 

calculate the molecular selectivity of the 

nanocomposite. The high value of α 

denotes a better selectivity. If α is close 

to unity, then the adsorbent has no 

selectivity (Mahmoodi, 2014). The 

parameters KD and  were calculated by 

Equs. (4) and (5). In this study, the static 

distribution coefficients were 3.02 and 

1.47 mL/g for AB25 and MB, 

respectively. Therefore, the separation 

factors were 2.08 and 0.48 for AB25 and 

MB, respectively. From these results, it 

was found that AB25 is the more 

selective dye by the nanocomposite and 

therefore was chosen as a model 

pollutant for this study.  

                                  (4)    

                               (5) 

Adsorption study by batch mode technique 

Effect of In2O3/PANI dose 

At a fixed concentration of AB25 (48.09 

mg/L) and a variable dose of 

nanocomposite in the 0.005-0.02 g range, 

the effect of dose on AB25 adsorption 

was examined under the following 

condition: [AB25]o = 48.09 mg/L, 

agitation speed of 120 rpm and 

temperature 30
o
C in aqueous solutions. 

The dye removal percentage increased 

from 94.28% to 99.99% with the dose 

increase from 0.005 to 0.02 g, as shown 

in Fig. (5a). By increasing the dose, the 

number of active sites on the 

nanocomposite surface available for 

adsorption of AB25 molecules increases 

and consequently the removal 

percentage increases (TaheriAshtiani 

and Ayati, 2022). The removal 

efficiency reached 99.99 % at a dose of 
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0.0125 g of the nanocomposite. This is 

explained by the high availability of the 

adsorption sites on the In2O3/PANI 

surface, which resulted from an increase 

in the dosage of the nanocomposite with 

a constant concentration of AB25 in the 

bulk solution (El-Sawy, Gemeay et al., 

2021). Based on the experimental results, 

a dose of 0.007 g was thus selected as 

the most appropriate amount of 

In2O3/PANI to explore the impacts of 

various variables on the adsorption 

process of AB25. 
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Fig. (5): (a) Effect of In2O3/PANI dose on 

the removal of AB25. [AB25]o = 48.09 

mg/L at 30 
o
C, (b) Effect of initial 

concentration of AB25 on the removal 

process. In2O3/PANI = 0.007 g at 30 
o
C 

 
 
 

 Effect of [AB25]o   

Under neutral pH, temperature of 30 
o
C, 

and agitation speed of 120 rpm, the 

impact of AB25 concentration on the 

removal percentage was investigated by 

maintaining the dose of In2O3/PANI 

constant at 0.007 g and varying the 

concentration of the dye from 35.27 to 

94.1 mg/L. Fig. (5b) shows that as the 

concentration of AB25 falls, the removal 

percentage rises. The majority of the 

AB25 molecules that migrate from the 

bulk solution to the surface at low 

concentrations of AB25 are received and 

accommodated by the numerous active 

sites that are present on the In2O3/PANI 

surface. The adsorption process was 

therefore rapid and achieved high 

removal efficiency. In contrast, at a high 

concentration of AB25, the limited 

number of active sites due to the fixed 

dose of nanocomposite get occupied 

with AB25 molecules leaving behind the 

rest of the AB25 molecules in the 

solution. Adsorption of these free AB25 

molecules on the unoccupied active sites 

becomes lower and lower with the 

continuous coverage of the available 

sites on the surface. As a result, AB25 is 

removed at a lower rate (Sarojini, Babu 

et al., 2022). These findings led to 48.09 

mg/L being chosen as the initial 

concentration of AB25. 
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Effect of temperature  

The temperature is well known to have a 

significant influence on the dye removal 

rate. To study this effect, the adsorption 

process was carried out at varied 

temperatures between 298 and 318 K, 

while other reaction conditions remained 

constant, including [AB25]o = 48.09 

mg/L, In2O3/PANI = 0.007 g, and 

stirring rate of 120 rpm. Inspection of 

Fig. (6a) shows an increase in the 

removal percentage of AB25 from 94.81 

to 99% when the temperature rose from 

298 to 318 K (Salem, Elsharkawy et al., 

2019). The primary cause of this 

phenomenon is the increase in the 

mobility of AB25 molecules towards the 

In2O3/PANI surface with temperature. 

This demonstrates that AB25 adsorption 

on In2O3/PANI is endothermic. 

Thermodynamic parameters     

The thermodynamic parameters give 

details on how the energies involved in 

the adsorption process fluctuate. Values 

of ΔHº and ΔSº determined from Fig. 

(6b) are reported in Table (4). The 

negative ΔGº indicate the spontaneity 

and feasibility of AB25 adsorption onto 

In2O3/PANI, while the endothermic 

nature of dye adsorption is confirmed by 

the positive value of ΔH
o
. The increased 

unpredictability of the solid/solution 

interface is indicated by the positive 

value of ΔSº (Tka and Jabli et al., 

2018). 
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Fig. (6): (a) Effect of temperature on the 

removal of AB25. [AB25]i = 48.09 mg/L, 

In2O3/PANI = 0.007 g, (b) Vand's Hoff plot 
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Table (2): Thermodynamic parameters for AB25 adsorption onto In2O3/ PANI 

        Equation                         Parameter 
Temperature (K) 

298 303 308 313 318 

 
 (L/g) 52.142 60.604 83.984 232.857 297.142 

 

 (kJ/mol) -9.796 -10.339 -11.345 -14.183 -15.054 

 (kJ/mol) 75.807 

 (J/K.mol)  285.554 
 

 

Effect of pH 

The adsorption of AB25 onto 

In2O3/PANI nanocomposite was found 

to be affected by the pH of the solution. 

It is known that the initial pH influences 

the charge of the nanocomposite surface 

(Tka and Jabli et al., 2018) and the 

chemistry of the dye in solution. The 

adsorption of AB25 was followed in 

solutions having pH from 2 to 12, 

[AB25]i = 48.09 mg/L, In2O3/PANI = 

0.007 g, and stirring speed of 120 rpm at 

30 
o
C. The removal percentage of AB25 

decreased from 99.91 to 48.75 % as the 

pH was increased from 2 to 12. Fig. (7) 

illustrates the relationship between pH 

change and removal percentage. The 

removal percentage is high at a lower pH 

range. At lower pH, the [H
+
] in solution 

is high and may protonate the amine 

centers of the PANI skeletal in the 

In2O3/PANI nanocomposite and 

therefore enhancing the electrostatic 

attraction of the surface with the AB25 

molecules. With increasing the pH, the 

number of AB25 molecules adsorbed 

onto the surface decreases owing to the 

decrease in the electrostatic attraction 

between the In2O3/PANI surface and the 

AB25 molecules. In the basic medium, 

less positive active sites are present on 

the nanocomposite surface. As a result, 

there is the less electrostatic interaction 

between the AB25 and In2O3/PANI 

surface. This decreases the dye removal 

percentage (Hanafiah and Ngah et al., 

2012, Jabli 2020). These results are 

supported by the results obtained from 

zeta potential analysis. 
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Fig. (7): Effect of pH on the adsorption of 

AB25 onto In2O3/PANI. [AB25]i = 48.09 

mg/L, In2O3/PANI = 0.007 g at 30 
o
C 
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Adsorption kinetics  

Two models of adsorption kinetics were 

applied for the adsorption of AB25 by 

In2O3/PANI and the results are 

summarized in Table (3). Inspection of 

these findings demonstrates that the 

model of pseudo-second-order kinetic is 

the most effective at present absorption 

process owing to its high value of 

correlation coefficient (R
2
=0.999), Fig. 

(8a).  

To confirm the diffusion mechanism, the 

Weber-Morris intraparticle diffusion 

model was also applied to the adsorption 

procedure. As shown in Fig. (8b), the 

adsorption process consists of three 

adsorption steps. In the first step, the 

AB25 molecules diffuse from the bulk 

solution and are adsorbed onto the 

surface of In2O3/PANI. The second stage 

explains the diffusion of the AB25 

molecules from the exterior surface into 

the internal voids of the In2O3/PANI 

nanoparticles. At high concentrations of 

AB25, the third stage indicating the 

equilibrium state of the adsorption is 

observed. The dye molecules migrate 

from the big holes to the micro pores in 

the nanocomposite surface during the 

third stage, which is characterized by a 

slow adsorption rate. This is 

accomplished by saturating the active 

sites with the dye molecules               

(El-Ghobashy and Hashim et al., 2022). 

The kinetic data of this model are 

summarized in Table (5).  
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Fig. (8): (a) Adsorption Kinetic models of AB25 on 

In2O3/PANI nanocomposite. [AB25]i = 48.09 mg/L, 

In2O3/PANI = 0.007 g at 30 
o
C, (b) Intraparticle 

diffusion model of AB25 on In2O3 /PANI 

nanocomposite. In2O3/PANI = 0.007 g at 30 
o
C    

Adsorption isotherms 

Adsorption isotherm models are useful 

for determining the maximum amount of 

adsorbate that may be absorbed by a 

given amount of adsorbent and for 

characterizing how the adsorbate and 

adsorbent interact (Shah and Rahman 

et al., 2019). As a result, the adsorption 

data for AB25 on the In2O3/PANI 

nanocomposite were introduced to the 

Langmuir, Freundlich, Temkin, Redlich-
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Peterson, and Toth models. These models are divided into two categories. 

Table (3): Adsorption kinetic data for the adsorption of AB25 onto In2O3/ PANI 

Kinetic model  Parameter 
 Initial concentration of AB25 (mg/L) 

35.27 48.09 59.96 79.11 94.10 

Pseudo-first-order qe, exp (mg/g) 96.95 131.22 159.66 194.99 205.82 

 

qe, cal (mg/g) 96.35 129.25 149.51 180.26 193.18 

k1 (min
−1

) 0.056 0.058 0.067 0.074 0.097 

R
2
 0.992 0.986 0.946 0.915 0.895 

Pseudo-second-order qe, exp (mg/g) 96.95 131.22 159.66 194.99 205.82 

 

qe, cal (mg/g) 120.35 152.42 168.95 198.05 207.45 

k2
 
/10 

4
 (g/mg. min)

 
4.43 4.87 5.27 5.33 7.19 

R
2
 0.999 0.999 0.987 0.977 0.973 

 

 

Intraparticle Diffusion 

kp1 (mg/g min
1/2

) 15.61 20.5 20.128 23.70 24.34 

R
2
 0.998 0.99 0.990 0.995 0.997 

kp2 (mg/g min
1/2

) 6.42 6.25 8.25 8.407 6.82 

 

R
2
 0.955 0.94 0.962 0.999 0.967 

kp3 (mg/g min
1/2

) - 0.998 0.98 0.997 1.97 

R
2
 - 2.87 2.79 2.80 0.956 

 

The first category involves the two-

parameter models like Langmuir, 

Freundlich, and Temkin. The second is 

the three-parameter models like Redlich-

Peterson and Toth (Islam and Ali et al., 

2019). Table (4) lists the equations and 

parameter values for these isotherm 

models (Ghanei and Rashidi et al., 

2018). The equilibrium data were 

evaluated by using different initial 

concentrations of AB25 from 35.27 to 

94.1 mg/L at the fixed amount of 

In2O3/PANI (0.007 g) and constant 

temperature of 30 
o
C. The nonlinear 

connection between qe and ce for all 

these models is depicted in Fig. (9), but 

all the parameters of these models were 

determined according to the linear 

equations (not shown).  

 

 

Langmuir isotherm  

According to this isotherm, adsorption 

occurs at specific homogenous surfaces 

via the formation of a monolayer with no 

chemical interaction between the 

adsorbate molecules that adsorbed on 

active sites having constant adsorption 

energy (Salem and Salem et al., 2017). 

The advantage of the isotherm is 

recognized from a dimensionless 

separation factor (RL), as given by Equ 

(6) (Tanzifi, 2016). 

                   (6)                                                                                                                                                                                                                    

The adsorption state can be predicted 

based on the RL value. The adsorption is 

favorable at 0 < RL < 1, unfavorable at 

RL > 1, linear at RL = 1, and irreversible 

at RL = 0. Since the current RL value 

(0.0336) falls between 0 and 1, the 
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adsorption of AB25 on the In2O3/PANI 

surface is favorable. The high value of 

R
2
 indicates that the adsorption occurs 

on the uniform active sites of the surface 

(Kareem and Abd Alrazak et al., 

2016), Table (4). 
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Fig. (9): Non-linear adsorption isotherm 

models for the removal of AB25 onto 

In2O3/PANI nanocomposite 
 

Table (4): Non-linear data of adsorption isotherm models for adsorption of AB25 onto              

In2O3/ PANI 

Isotherm Equation Parameter Value 

Langmuir   
 

qm (mg/g) 223.61 

KL (L/mg) 0.598 

RL 0.0336 

R
2
 0.9999 

Freundlich  
 

1/nF  0.235 

nF     4.255 

KF (mg/g
/
) (L/mg)

1/n
F
 

104.614 

R
2
 0.9767 

Temkin  

KT (L/mg) 10.986 

BT (kJ/mol)  39.244 

R
2
 0.9887 

Redlich-Peterson 
 

KR (L/mg) 118.712 

aR (L/mg)
 nR 

0.473 

nR 1.037 

R
2
 0.9999 

Toth 

 

 
 

qm (mg/g) 253.36 

KT (L/mg) 0.486 

t 1.037 

R
2
 0.9999 
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Freundlich isotherm 

The isotherm discusses the adsorption of 

a substance on a heterogeneous surface 

of varied heat of adsorption based on 

multilayer adsorption at unequal active 

sites (Islam and Ali et al., 2019). The 

constants of Freundlich isotherm nF and 

KF are used to determine the 

heterogeneity of the nanocomposite. If 

nF is less than 1, it refers that adsorption 

is chemical while at nF >1 it is physical 

adsorption with a homogeneous active 

site distribution. The greater the KF 

value, the greater the nanocomposite's 

maximum capacity (El-Ghobashy, 

Hashim et al., 2022). Since the            

1/nF = 0.235, nF = 4.25, and KF = 104.62, 

they indicate favorable physical 

adsorption of AB25 onto the In2O3/PANI 

with homogeneous active sites 

distribution, Table (4).     

Temkin isotherm  

This isotherm demonstrates that the 

adsorption heat generated by the 

adsorbate molecules within the layer 

decreases linearly with the increase in 

surface coverage due to the interaction 

between the adsorbent and adsorbate. In 

addition, the consistent distribution of 

binding energies is another factor that 

distinguishes such adsorption. The heat 

of adsorption (bT) and the Temkin 

isotherm constant (BT) are related to 

each other as in Equ. (7). 

       BT                                 (7)                                                                                      

Since the BT value (39.24 kJ/mol) given 

in Table (4) lies in the range 20-40 

kJ/mol, then the adsorption of AB25 

onto In2O3/PANI is physisorption.   

Redlich-Peterson isotherm  

In the Redlich-Peterson isotherm, the 

properties of the Freundlich and 

Langmuir adsorption isotherm models 

are combined. Therefore, it applies to 

both homogeneous and heterogeneous 

systems. The Redlich-Peterson model 

approaches the Freundlich isotherm at 

high concentrations as the nR value tends 

to zero. It can also be applied as a 

Langmuir isotherm when the nR is closer 

to one at low concentrations (Nethaji 

and Sivasamy et al., 2013). Since the 

value of nR in Table (4) equals 1.037, it 

is very close to 1 and indicates that the 

Redlich-Peterson isotherm is described 

as the Langmuir isotherm with a uniform 

distribution of adsorption sites.  

Toth isotherm  

The basis for the Toth isotherm is the 

quasi-Gaussian energy distribution 

theory that has been developed to 

improve the Langmuir isotherm fittings. 

According to this paradigm, the 

adsorption takes place on particular 

homogenous surfaces by considering 

sub-monolayer coverage. If the 

dimensionless parameter (t) is closer to 1, 

the Toth model changes into the 
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Langmuir isotherm model. Table (4) 

displays the nonlinear equation and the 

parameters of this isotherm. The value of 

t and R
2
 derived from Fig. (9) are 1.037 

and 0.999. Thus, the current adsorption 

process is fitted well with this model that 

considers the adsorption of AB25 at a 

homogeneous surface (Janaki and 

Vijayaraghavan et al., 2012).  

Based on the correlation coefficients 

(R
2
) values, the experimental data were 

found to be consistent with the Langmuir, 

Redlich-Peterson, and Toth isotherm 

models, demonstrating that the 

adsorption of AB25 onto the In2O3/PANI 

proceeds through a sub-monolayer 

attachment and the active sites are 

uniform. Further, the isotherm constants 

confirmed that the In2O3/PANI surface 

was homogenous and the adsorption was 

a favorable physical process. Table (4) 

provides the derived parameters values 

and correlation coefficients (R
2
) for each 

isotherm. 
 

Reusability of the nanocomposite  

The nanocomposite reusability study is 

important to ascertain its stability and 

feasibility for application. The 

In2O3/PANI nanocomposite was 

collected after each adsorption run. 

Since the nanocomposite exhibited high 

adsorption efficiency under strongly 

acidic conditions, it was thus rinsed in 

NaOH solution (0.1 M) for 12 h. In this 

basic medium, the adsorption sites 

acquire negative charges which repel the 

adsorbed anionic dye molecules through 

an electrostatic attraction. Such repulsion 

has forced the dye molecules to desorb 

from the nano surface into the solution. 

The nanocomposite was then collected 

by filtration, rinsed with water many 

times, and then dried at 60 
o
C in an oven 

for 12 h (Janaki, Vijayaraghavan et al. 

2012). Five cycles of the adsorption-

desorption process were carried out 

under the same conditions and the results 

obtained are illustrated in Fig. (10). The 

removal percentage of AB25 has slightly 

decreased from 95.5 to 83 % after the 

fifth cycle, suggesting high stability of 

the nanocomposite Therefore, it can be 

considered a good recyclable adsorbent 

for application in the treatment of 

wastewater. 

 
Fig. (10): Reusability of In2O3/PANI 

nanocomposite for AB25 dye removal. [AB25]i 

= 48.09 mg/L, In2O3/PANI = 0.007 g at 30 
o
C 

Comparative study  

Table (5) shows the highest adsorption 

capacity (qmax) of In2O3/PANI for the 
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removal of AB25 compared with some 

of the other adsorbents. The present qmax 

is 223.61 mg/g at a removal percentage 

of 95.5 %. Although the adsorption was 

carried out in a weakly acidic medium     

(pH=6.2), the In2O3/PANI 

nanocomposite showed better removal 

efficiency than other adsorbents 

(Hanafiah and Ngah et al., 2012; Tka 

and Jabli et al., 2018, Krishna, 

Soontarapa et al., 2019; Jain, Tamboli 

et al., 2020; Chaudhary and Singh et 

al., 2021; Lakkaboyana and 

Soontarapa et al., 2021). 

 

Table (5): Comparison of the maximum adsorption capacities for the removal of AB25

Adsorbent pH 
T 

(ºC) 

qmax 

(mg/g) 
Reference 

Ethylene diamine-fiber 4 60 67 Tka, Jabli et al., 2018 

Base treated shorea 

dasyphylla  
2 27 24.39 Hanafiah, Ngah et al., 2012 

Waste tea residue  1 45 127.14 Jain, Tamboli et al., 2020 

Chitosan/PVA @CuO  5 40 171.4 Lakkaboyana, Soontarapa et al., 2021 

Activated carbon 6 25 209 Chaudhary, Singh et al., 2021 

Zeolite-CTAB 2 60 112.44 Krishna, Soontarapa et al., 2019 

In2O3/PANI 6.2 30 223.61 Present study 

Conclusion  

The In2O3/PANI nanocomposite was 

successfully synthesized and 

characterized. The nanocomposite 

particles have an average diameter of 

58.43 nm, a surface area of 46.92 m
2
/g, 

and a pore volume of 0.387 cm
3
/g. The 

effective impregnation of In2O3 

nanoparticles into the PANI matrix was 

confirmed by the EDX examination 

results, which indicated the coexistence 

of C, N, O, and In. Compared with the 

individual components, the developed 

In2O3/PANI nanocomposite showed 

better adsorption performance. The 

nanocomposite adsorbed the AB25 dye 

more efficiently than the cationic MB 

dye, proving its better selectivity 

towards anionic dyes. Moreover, the 

adsorption of the AB25 also conformed 

to the pseudo-second-order kinetic 

model and matched the Langmuir and 

Toth isotherm models. The 

thermodynamic analysis demonstrated  

the spontaneous and endothermic nature 

of the adsorption process, whereas the 

Toth isotherm model revealed maximum 

adsorption capacity of 253.36 mg/g. A 

high recycling competency of the 

nanocomposite was noticed over five 

adsorption-desorption cycles with a 

removal efficiency reaching 83 %. 

Therefore, the enhanced adsorption 

capacity and the potential for reusability 

highlighted the fact that In2O3/PANI 

nanocomposite may be used successfully 
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to remove anionic dyes from aquatic 

systems. 
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وفعبنت لإصانت طبغت  يبخكشة حىنيفت َبَىَيت يٍ أكغيذ الإَذيىو يع انبىنً أَيهيٍ كًبدة يبطت

يٍ ييبِ انظشف 52انسًض الأصسق   

يسًذ انغيذ عبنى
1
، يسًذ أزًذ انذيُهىسي 

1
،    أزًذ يسًذ عًش

5
، يشوِ أبى انيضيذ انغببشً 

1
 

1
 يظش - خبيعت طُطب –كهيت انعهىو  –لغى انكيًيبء   
5

طبيمبث نعهًيت وانخايذيُت الأبسبد  - ذيذةانًخمذيت وانًىاد اند يعهذ بسىد انخكُىنىخيب -لغى بسىد انًىاد انبىنيًشيت  

 يظش - الإعكُذسيت -يذيُت بشج انعشة اندذيذة  –انخكُىنىخيت 

 

حى  نزنكوطست الإَغبٌ بشكم عشيع. انًبئيت ططُبعيت انخطشة عهً انبيئت اد خطش َفبيبث الأطببغ الإدصنمذ إ

 الأصسقسًض انلإصانت طبغت (  In2O3/PANIأَيهيٍ )  أكغيذ الإَذيىو انًغهف ببنبىنً يٍ تَبَىي حسضيش حىنيفت

نهزِ  . حى اعخخذاو حمُيبث انخىطيف انًخخهفتيخضاص انسش انًببششعٍ طشيك الإ  AB25 ))  ةانضبس تالأَيىَي 52

طيف ايخظبص الأشعت حسج انسًشاء ، زيىد الأشعت انغيُيت ، انًيكشوعكىة الإنكخشوًَ انًبعر  ويُهب انخىنيفت

 ، FT-IR ، XRD ، SEM الأشعت انغيُيت  )  ت حشخجطيف طبلوانُبفز ، ليبط انًغبزت انغطسيت نهخىنيفت ، 

TEM ، BET  ،EDX)  ٌانًطىسة بهيكم  انخىنيفتبُدبذ. حخًيض  حسضيشهبلذ حى  تانُبَىي انخىنيفتنهخسمك يٍ أ

6 يٍ 52.2 أصال انخىنيفتخى فمط يٍ  0....َبَىيخش. أظهشث انُخبئح أٌ  24.85دغيى انزدى يغبيي بًخىعط 

 َخبئح وخذ أٌ نمذ. انضائفت انثبَيت انذسخت ًَىرجحخبع كيُبحيكيت  الإيخضاص َخبئح وأٌ دليمت .5خلال  انظبغت

يٍ أيب يدى/ خى.  525.52 بهغج لظىيايخضاص يع لذسة نلإيخضاص  لاَدًيش وحىد بذلت يع ًَبرجحخطببك  الإيخضاص

 انخىنيفتأٌ  أيضب ببنزكش اندذيشيٍ  .نهسشاسة يبطتو ئيتحهمب الإيخضاص وخذ أٌ عًهيتانسشاسيت  كبَبزيت انذيُبيي

يمبسَت بظبغت انًيثيهيٍ الأصسق  تالأَيىَي AB25 طبغتحدبِ  إيخضاصعبنيتَخمبئيت إ ثأظهشانًسضشة  تانُبَىي

MB)يشضيت بعذ خًظ دوساث  ايخضاصيتبخظبئض  جازخفظ انخىنيفتأٌ كزنك هخًبو يٍ انًثيش نلإ. و( انكبحيىَيت

 أٌ هزِ انخىنيفت 6 يًب يشيش إن45ً حدبوصثُغبت إصانت ب AB25عبل يع طبغت يٍ الاعخخذاو انفيخخبنيت 

   انًبئيت. تيٍ انبيئ انضبسةلببم نهخطبيك نهخخهض يٍ الأطببغ الأَيىَيت و خيبسفعبل


