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a b s t r a c t 

The study aims to address the synthesis, the kinetics of adsorption, and photocatalytic application of Polyani- 
line/tin sulfide (PANI/SnS 2 ) nanocomposite against brilliant blue (BB) dye. PANI/SnS 2 was prepared by in-situ 
polymerization of the aniline to which hydrothermally synthesized SnS 2 was added. Adsorption thermodynamics 
and kinetics of PANI/SnS 2 were discussed against the BB dye using Langmuir and Freundlich adsorption isotherm. 
Maximum adsorption capacity (q m ) and adsorption equilibrium constant (K) were found to be 165.2 mg g − 1 , and 
0.027 min − 1 . Moreover, Adsorption kinetics were studied by the pseudo-first and second-order reactions. The 
adsorption rate constant k 1 and diffusion rate constant k 2 were found to be 0.1274 and 0.0233 min − 1 . PANI 
and SnS 2 with tunable band gap energy, adsorption, and redox property exhibited excellent activity towards the 
photodegradation of BB dye. The effect of heterojunction between PANI/SnS 2 was observed by an increased rate 
of transfer of electrons. The rate constant was highest in the case of PANI/SnS 2 (20%), which is 0.0172 min − 1 and 
a maximum of 96.2% of BB dye was degraded in 45 min. The hydroxyl ( •OH) and superoxide ( •O 2 

− ) radicals 
were generated during photocatalysis that degrades the BB dye into nontoxic products, which were confirmed 
by the trapping experiment. The obtained results indicate the excellent adsorption and photocatalytic activity of 
PANI/SnS 2 nanocomposite. 
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. Introduction 

Accumulation of toxic contaminants in the ecosystem has become
ne of the major concerns around the globe. The discharge of the
oxic contaminants into the environment harms human beings, as well
s aquatic species. With the rapid industrialization, the growth of
hese contaminants including pharmaceutical and personal care prod-
cts (PPCPs), heavy metals, polyaromatic hydrocarbons (PAHs), fertil-
zers, ammonia, and textile dyes, is increasing day by day ( Yontar et al.,
022 ; Bolisetty et al., 2019 ; Bag et al., 2022 ; Khan et al., 2023 ;
uslim et al., 2022 ). Among them, organic textile dyes which have been
idely utilized in various industries are directly discharged into water

treams, that results to high chemical oxygen demand (COD) after be-
ng treated by several methods ( Guo et al., 2023 ; Lellis et al., 2019 ;
l-Tohamy et al., 2022 ; Ahmad et al., 2021 ). The toxic dyes if not de-
raded completely may result in the formation of hazardous products
 Doh et al., 2008 ; Ghanbari and Moradi, 2017 ). Therefore, the removal
f toxic dyes from water streams into nontoxic components is of consid-
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rable importance to resolving environmental concerns. For the last few
ecades, various physical, chemical, and biological methods are used to
esolve the issues related to the treatment of wastewater ( Bhatt et al.,
021 ; Varjani et al., 2020 ; Serrano-Martínez et al., 2020 ; Bhat and
ogate, 2021 ). However, certain drawbacks are associated with these
ethods made unreliable for practical implementation. 

Now a day, in order to tackle the waste water problem, the advanced
xidation process is proven to be the most operational as it is quite
fficient, less time-consuming, and doesn’t involve the complex mech-
nism for the degradation of contaminants ( Bhat and Gogate, 2021 ;
hen et al., 2022 ; Senasu et al., 2018 ). The basic necessity for the
peration in advanced oxidation processes is the selection of photo-
atalysts. Photocatalysts with band gap energy that falls in the visi-
le region are quite effective in the process. A number of semicon-
uctor nanoparticles has already been used as photocatalysts for this
urpose ( Wu et al., 2015 ; Jenifer and Sriram, 2023 ; Benchikh et al.,
022 ; Sagadevan et al., 2022 ; Bano et al., 2020 ). However, the nanopar-
icles with high surface area enables them to be more reactive and
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ighly activated upon illumination for the photocatalytic applications.
enerally, a wide band gap semiconductor nanoparticles are used as
eterogeneous photocatalysts and excellent redox ability of valence
and (VB) and conduction band (CB). During the photocatalysis pro-
ess, upon illumination with suitable energy equal to or more than the
and gap energy (Eg) of the semiconductor, there is an excitation of
lectrons from the VB to the CB of the semiconductors. The photo-
enerated electrons and holes through redox reactions with H 2 O, and
tmospheric O 2 result in generation of •OH, and •O 2 

− radicals. These
adicals degrade the contaminants present in the suspension into CO 2 
nd other minerals ( Sagadevan et al., 2022 ). However, using single ma-
erial based photocatalyst for the degradation of contaminants has a ma-
or drawback in the recombination of photogenerated charge carriers.
herefore, the formation of heterojunction for photocatalytic process is
uite important as it reduces the recombine behavior of electrons and
oles. 

The combination of polymer and nanoparticle due to the syner-
istic effect has shown brilliant photocatalytic efficiency due to im-
roved processability, surface area, stability, and tunable properties.
lso, polymer nanocomposites (PNCs) find applications in other photo-
atalytic applications such as carbon dioxide reduction and water split-
ing and other biomedical applications ( Bano et al., 2020 ). Tin sulfide
SnS 2 ) is a semiconductor nanoparticle with visible range band gap en-
rgy and excellent redox property used as photocatalysts for the re-
oval of a wide range of recalcitrant organic contaminants ( Akti and
alci, 2022 ; Zhang et al., 2022 ; Lei et al., 2009 ; Zhang et al., 2013 ;
adore et al., 2023 ). Polyaniline (PANI) is widely used photocata-

yst for the last few years due to its characteristic properties such
s large surface area and redox ability along with relative high elec-
rical conductivity ( Akti, 2018 ; He et al., 2022 ; Toumi et al., 2022 ;
u et al., 2018 ; Ahmad et al., 2022 ; Mahanta et al., 2011 ; Sayed et al.,
022 ). In the present study, PANI and semiconductor nanoparticles
nS 2 has been used to develop the heterojunction (PANI/SnS 2 ) by
eans of hydrothermal technique. The fabricated heterojunction shows

xcellent adsorption capacity and photocatalytic activity in the re-
oval of BB dye. The rate of photodegradation of the BB-dye follows
seudo first order and pseudo second order along with high rate con-
tant. Moreover, our designed heterojunction based photocatalyst is
urable and can be used for practical purposes in the treatment of
astewater. 

. Experimental section 

.1. Materials and reagents 

Analytical grade chemicals were used for all the experiments. Am-
onium persulphate was purchased from Thermo Fisher Scientific In-
ia. Aniline LR was purchased from S.D. Fine-Chem. Ltd. Mumbai. Hy-
rochloric acid is also obtained from S.D. Fine-Chem. Ltd. Mumbai,
hile DMW used was prepared in the Chemical Laboratory. Stannic

hloride, thioacetamide, and Brilliant Blue were purchased from Sigma
ldrich. 

.2. Synthesis of photocatalysts 

.2.1. Synthesis of polyaniline (PANI) 

By using ammonium persulfate (APS) as an oxidant and aniline that
ad been dissolved in aqueous HCl (1 M), polyaniline was synthesized.
niline (1 mmol) and APS (1 mmol) were dissolved in an aqueous solu-

ion of HCl (1 M). The aniline solution was then gradually mixed with
he oxidant solution at a temperature of 25 °C and kept for the stirring for
wo hours. Further, the reaction mixture was filtered and washed it with
Cl (0.5 M) until the filtrate was colorless, the filtrate was then washed
ith water until it was neutral. The resulting polymer was overnight
ried at 60 °C in a vacuum oven ( Ahmad et al., 2019 ). 
2 
.2.2. Synthesis of tin sulfide (SnS 2 ) nanoparticles 

To synthesize the SnS 2 nanoparticles, one-step hydrothermal proce-
ure was used ( Dashairya et al., 2019 ). In this procedure, stannic chlo-
ide (SnCl 4 ·5H 2 O) (1 mmol) and thioacetamide (TAA) (2 mmol) were
ixed followed by 30 min of stirring. Further, the mixture was placed

nto a hydrothermal autoclave (Teflon-lined, 200 mL stainless steel) and
ept at 180 °C for 24 h. The suspension was centrifuged and repeatedly
insed with ethanol and distilled water after cooling to room tempera-
ure. The resultant dark yellow color precipitate was obtained and then
ried for 12 h at 60 °C under a vacuum. 

.2.3. Synthesis of PANI/SnS 2 nanocomposite 

By maintaining the varied weight fractions of SnS 2 to 10% and
0% to aniline during the in situ polymerization of aniline, PANI/SnS 2 
anocomposite was produced. An overview of the reaction scheme is
resented in Fig.1 . 

An estimated quantity of aniline was dissolved in HCl solution
1 M). Then, this solution was sonicated for an hour while a calculated
mount of synthetic SnS 2 was mixed in. The reaction mixture was then
radually supplemented with the APS solution while being vigorously
tirred at room temperature for 4 h. The reaction mixture was then fil-
ered, washed with distilled water to remove the impurities. The final
anocomposite was obtained after kept for drying at 60 °C in a vacuum
ven. 

.3. Adsorption activity 

The adsorption property of synthesized PANI/SnS 2 nanocompos-
te against BB dye was studied by the means of dynamic method
 Chen et al., 2019 ). In this method, 100 mg of PANI/SnS 2 nanocom-
osite was first dispersed into 50 mL of an aqueous solution of BB
ye solution followed by continuous stirring. To approach the ad-
orption equilibrium, the mixture was sealed and kept at room tem-
erature. Further, the dye samples were taken out at a fixed in-
ervals to check the concentration of BB dye. The concentration of
B dye was checked at 594 nm of wavelength. The amount of dye
dsorbed on PANI/SnS 2 composite was calculated by the following
q. (1) : 

mount of dye adsorbed = 

𝐶0 − 𝐶𝑒 

𝑀 

∗ 𝑉 (1)

here, the initial dye concentration is denoted by C 0 and Ce is the
ye concentration at the equilibrium condition, volume of the dye so-
ution is denoted by V (L) and the mass of PANI/SnS 2 is denoted by M
g) that were taken. Adsorption thermodynamics using Langmuir and
reundlich adsorption isotherm and adsorption kinetics using pseudo-
rst-order (adsorption) and pseudo-second-order (diffusion) were stud-

ed by the results obtained. Moreover, the percentage adsorption effi-
iency (AE) of PANI/SnS 2 against BB dye was calculated by following
q. (2) 

dsorption eff iciency ( % ) = 

𝐶0 − 𝐶𝑡 

𝐶0 
∗ 100% (2)

.4. Photocatalysis, trapping and recycling studies 

The photocatalytic activity of PANI, SnS 2 , and PANI/SnS 2 (10% and
0%) investigated towards the degradation of BB dye. The photodegra-
ation process starts with the adsorption step. In a typical procedure,
00 mg of PANI, SnS 2 , and PANI/SnS 2 (10% and 20%) dispersed into
00 mL of an aqueous solution of dye under continuous stirring. The
ixture was kept with continuous stirring without light for 45 min to

each the adsorption − diffusion equilibrium between photocatalyst and
he BB dye. Further, a visible lamp (power 500 W) used to illuminate
he suspension under constant stirring. At regular intervals of time, 5 mL
f aliquots were taken out and centrifuged. Then the concentration of
liquots was recorded by spectrophotometer at wavelength 555 nm. The
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Fig. 1. Overview of the reaction for the synthesis of PANI/SnS 2 nanocomposite. 
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Fig. 2. XRD spectra of the PANI, SnS 2 and PANI/ SnS 2 nanocomposite. 
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btained data were used to study the kinetics and rate constant calcula-
ion of photocatalysts. The amount of BB dye degraded by PANI, SnS 2 ,
nd PANI/SnS 2 (10% and 20%) by using the following Eq. (3) 

mount of dye adsorbed = 

𝐶𝑒 − 𝐶𝑡 

𝑀 

∗ 𝑉 (3)

here Ce and Ct are the concentration of BB dye at adsorption equilib-
ium and at a time ‘t’ respectively, V (L) and M (g) are the volume of
ye solution, and mass of the photocatalysts respectively. Further, the
ercentage degradation efficiency of the photocatalysts against the BB
ye was calculated by following Eq. (4) . 

egradation eff iciency ( % ) = 

𝐶𝑒 − 𝐶𝑡 

𝐶𝑒 
∗ 100% (4)

Additionally, to ensure the main reactive oxygen species account-
ble for the degradation of the BB dye, trapping agents were added
uring photocatalysis to quench the reactive species. In the procedure,
 ‑butyl alcohol (TBA), ethylenediaminetetraacetic acid (EDTA) and p-
enzoquinone was used to quench •OH, h + and •O 2 

− respectively.
oreover, to confirm the durability of the prepared sample, the experi-
ent of photodegradation for BB dye was repeated successively without

hanging the sample (photocatalyst). 

.5. Materials characterization 

The synthesized materials were analyzed by various characterization
quipment. Transmission electron microscopy (TEM, TECHNAI G 

2 20
 TWIN) was used to ensure the formation of nano-range composites.
he X-ray diffractometer (BRUKER D8 ADVANCE 30 kV and 15 mA)
as used to analyze crystallite size and geometry of the materials.
TIR (Fourier transform infrared spectroscopy-Perkin Elmer spectrum-2,
SA) was probed to analyze the functional groups in the range of 400–
000 cm 

− 1 . SEM-EDX (JSM 6510 LV JEOL Japan) was used to exam-
ne the surface morphology and elemental composition. The absorbance
f the degraded BB dye samples were checked using ultraviolet-visible
pectroscopy (Thermo scientific Evolution 201-USA), and fluorescence
pectroscopy (Hitachi-F-2500-Japan) was used to check the photolu-
inescence intensity of charge carriers. Using Brunauer-Emmett-Teller,

he surface area, pore size, and volumes were estimated (Quantachrome
nstruments version 5.21). 
3 
. Results and discussion 

.1. The analysis of X-ray diffraction 

X-ray diffraction (XRD) was utilized for the estimation of crystallite
ize and the nature of the photocatalysts. The XRD spectra of PANI, SnS 2 ,
nd PANI/SnS 2 with 10% and 20% composition are presented in Fig. 2 .

The intense peaks of SnS 2 exhibit the crystalline nature whereas the
road hump in the case of PANI shows the amorphous nature. There
s no shift occurring upon doping of SnS 2 to the PANI indicating that
o angle of strain was observed in the PANI/SnS 2 nanocomposite. The
eaks at angle two theta of the PANI are 25.4° and the corresponding
kl values are 200 ( Xiong et al., 2013 ) and the peaks at the angle at
1.9°, 41.2°, 58.3°, 68.7°, 75.4° with corresponding hkl value 101, 102,
10, 111, 201 indicates the crystalline nature of SnS 2 nanoparticles and
ANI/SnS 2 nanocomposite ( Wu et al., 2015 ; Zai et al., 2021 ) The crys-
allite size of PANI, SnS 2 and PANI/SnS 2 with 10% and 20% were cal-
ulated by Sherrer’s formula as given below ( Sultana et al., 2017 ). 

 = 

0 . 9 𝜆
𝛽𝑐𝑜𝑠𝜃

(5)

here the average crystallite size is denoted by d, the wavelength of X-
ay is represented by 𝜆, full width at half maxima is denoted by 𝛽, and
ragg’s angle is represented by 𝜃 for the diffraction peaks in 2 𝜃 starting
rom 10° to 80° The estimated crystallite size of SnS , and PANI/SnS 
2 2 
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Fig. 3. FTIR spectra of the as prepared PANI, 
SnS 2 and PANI/SnS 2 nanocomposite. 

Fig. 4. SEM image of (a and b) SnS 2 and (c) PANI/SnS 2 and EDX image of PANI/SnS 2 (d,e). 
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ith 10% and 20% were found to be 31.7 nm, 43 nm, and 67.4 nm
espectively. 

.2. Functional group analysis (FTIR) 

For the analysis of the functional group present in PANI, SnS 2 , and
ANI/SnS 2 ­nanocomposites FTIR technique was used. FTIR spectra of
ANI, SnS 2 , and PANI/SnS 2 are presented in Fig. 3 . 

The spectrum of PANI clearly shows the absorption peaks at 1654
nd 1637 cm 

− 1 are due to stretching in aromatic nuclei. The polymer
hows absorption bands in the region 2923–2800 cm 

− 1 due to asymmet-
ic C 

–H stretching vibrations ( Khan et al., 2014 ). The peaks at 3300–
700 cm 

− 1 were attributed to N 

–H stretching and the bands at 1600–
500 cm 

− 1 correspond to C 

–H stretching in aromatic compounds. The
eaks that appeared at 567 cm 

− 1 are due to Sn-S Stretching vibration
 Yang et al., 2013 ; Saadati and Sheibani, 2022 ) which shows the forma-
ion of PANI/SnS 2 nanocomposite. 

.3. Thermal analysis 

Thermal analysis of PANI, SnS 2 , and PANI/SnS 2 NCs have been per-
ormed to check the stability under nitrogen atmosphere by using ther-
4 
ogravimetric analysis (TGA) and differential thermal analysis (DTA)
n the temperature range of 0–800 °C shown in Fig. S1. Weight loss anal-
sis of the prepared nanocomposites PANI observed in three region, the
rst region is up to 200 °C which is due to which is due to evaporation
f the physical water adsorbed on the surface of the nanocomposites
nd second region is between 200 to 400 °C at the midpoint of 321.68
nd the weight loss of − 3.711 mg which is due to loss of solvents is the
ynthesis of the nanocomposites and the region is between 400–750 °C
ue to removal of the lattice water and thermo-oxidative decomposition
f PANI ( Lin et al., 2017 ; Nepomuceno et al., 2021 ). The weight loss
f the nanocomposites (PANI/SnS 2 ) observed at the mid-point (109.2,
20.30, 622.81) is − 0.135 − 0.805, and − 2.102 mg respectively. Among
he three samples, tin chloride is the most stable over the entire range
f temperatures however PANI is the least stable. Upon doping of SnS 2 
o the PANI the stability of the PANI/SnS 2 has been improved, as shown
n the Fig. S1. 

.4. Microscopic studies 

A scanning electron microscope coupled with energy dispersive x-
ay spectroscopy (SEM-EDX) was used to study the surface morphology
nd elemental composition of the PANI/SnS nanocomposite. The SEM
2 
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Fig. 5. TEM image of (a) PANI and (b, c) PANI/SnS 2 nanocomposites at different magnifications. 

Fig. 6. BET image of SnS 2 and PANI/SnS 2 
(20%). 
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mage of SnS 2 nanoparticles are presented in 4 (a, b) and PANI/SnS 2 is
resented in Fig. 4 (c). From the figure spherical shape of SnS 2 nanopar-
icles can be clearly seen. And in the composite the particle of the SnS 2 
re agglomerated over the porous surface of the PANI. The surface mor-
hology of the PANI has been changed by the incorporation of the SnS 2 
s the pores of the PANI are covered which also reduces the surface area
f the PANI/SnS 2 nanocomposites ( Matyszczak et al., 2021 ). 

The elemental analysis of the PANI/SnS 2 nanocomposites were
robed by the EDX analysis, which confirms that carbon (C), oxygen
O), sulfur (S), and tin (Sn) were the major elements in the synthesized
atrix, as shown in Fig. 4 (d, e). 

Further, the TEM micrographs of PANI and PANI in the presence of
nS 2 confirms the formation of PANI/SnS 2 composites in nano-range,
s shown in Fig. 5(a, b). The high-resolution TEM image of PANI/SnS 2 
anocomposite is given in Fig. 5 c whereas TEM image of SnS 2 nanopar-
icles is provided in Fig. S2. Moreover, the formation of composite in
ano-range and the size of the particles can be confirmed with the re-
ults obtained from XRD analysis. 

.5. BET analysis for the surface area 

Brunauer–Emmett–Teller (BET) method was used to determine the
pecific surface areas, and pore volumes of SnS 2 and PANI/SnS 2 (20%)
sing nitrogen adsorption-desorption isotherm. The surface area and
ore radius of SnS 2 are 23.271 m 

2 /g, and 28.73 Å respectively, and
he surface area and pore radius of 20% PANI/SnS 2 are 27.532 m 

2 /g
nd 19.13 Å respectively, as presented in Fig. 6 . 
5 
The higher surface area of PANI/SnS 2 (20%) as compared to pure
nS 2 is due to the formation of composites of PANI/SnS 2 ( Parveen et al.,
016 ; Nawaz et al., 2022 ). The adsorption-desorption isotherm of SnS 2 
nd PANI/SnS 2 shows hysteresis loop clearly indicates the formation of
esoporous composites. The higher surface area of PANI/SnS 2 (20%) is

he reason for showing higher photocatalytic activity and adsorption of
ye than pure SnS 2 . 

.6. Bandgap energy and edge band potential analysis 

The band gap energy of SnS 2 , PANI/SnS 2 (10%), and PANI/SnS 2 
20%) were calculated by Tauc’s relationship between absorbance coef-
cient ( 𝛼) and bandgap (Eg) as shown below, 

 𝛼ℎ𝜈) 𝑛 = 𝐴 ( ℎ𝜈 − 𝐸 𝑔 ) (6)

here 𝛼, h 𝜈 and E g denotes the absorption coefficient, energy of the
hoton and the bandgap energy respectively. The plot of ( 𝛼h 𝜈) 2 Vs E g is
hown in Fig. S3 to determine the band gap energy of SnS 2 , PANI/SnS 2 
10%), and PANI/SnS 2 (20%). The tangent line drawn to the x-axis in-
icate the bandgap energies of the photocatalysts. The estimated band
ap energies for SnS 2 , PANI/SnS 2 (10%), and PANI/SnS 2 (20%) were
ound to be 2.45, 2.3 and 2.24 eV, respectively which is in the range of
alues of reported literature ( Zhang et al., 2014 ). 

.7. Evaluation of adsorption thermodynamics 

The adsorption thermodynamics were investigated by varying the
nitial concentration of BB dye ranges from 10 to 190 ppm with pho-
ocatalyst, as shown in Fig. 7 . The adsorption performances of PANI,



N. Ahmad, D. Bano, S. Jabeen et al. Journal of Hazardous Materials Advances 10 (2023) 100321 

Fig. 7. (a) Adsorption capacity of the BB-dye (b) plot of Freundlich adsorption isotherm and (c) Langmuir adsorption isotherm. 

Table 1 

Comparison of Langmuir and Freundlich isotherm on the adsorption capacity of photocatalysts. 

Langmuir isotherm 

Maximum Adsorption capacity q m (mg g − 1 ) Adsorption constant (K L ) Correlation coefficient R L 2 

165.2 0.027 0.9794 
Freundlich isotherm 

Adsorption constant (K F ) Adsorption intensity (n) Correlation coefficient R F 2 

2.27 1.66 0.990 

S  

F

L  

 

W  

a  

i  

q  

2  

s
 

m
 

t  

L  

t  

0

3

 

d  

u  

t  

g  

a  

t  

n  

p  

c  

d  

o  

 

l  

W  

s  

t  

p  

s  

s

l  

 

W  

r  

r  
nS 2 , and PANI/SnS 2 were investigated with the help of Langmuir and
reundlich isotherm adsorption models, by the following equation: 

og q e = log K f + 

1 
𝑛 
log C e (7)

𝐶𝑒 

𝑞𝑒 
= 

𝐶𝑒 

𝑞𝑒 
+ 

1 
𝐾𝐿 𝑞𝑚 

(8)

here K f and K L are Freundlich’s equilibrium constant and Langmuir
dsorption and n is a constant associated to the Freundlich adsorption
ntensity, qe is the equilibrium adsorption capacity of photocatalysts and
m is the maximum adsorption capacity of photocatalysts ( Ayub et al.,
020 ; Abdullah and Chong, 2010 ). The Langmuir and Freundlich ad-
orption isotherms of BB-dye are shown in Fig. 7 . 

The fitting parameters and correlation coefficients of Langmuir
odel and Freundlich model are summarized and listed in Table 1 . 

The adsorption of BB dye on PANI/SnS 2 is determined to correspond
o monolayer adsorption rather than multilayer adsorption, with the
angmuir model providing improved fitting to the equilibrium data than
he Freundlich model with a higher correlation coefficient of 0.93 than
.90. 

.8. Assessment of adsorption kinetics 

The choice of the ideal operating environment for practical systems
epends on the kinetics of dye removal. Then, two kinetic models were
tilized to assess the investigational data and determine the finest fit-
ing for the adsorption of dye by the photocatalyst to investigate the
6 
overning mechanisms of the adsorption method, for example transfer
nd chemical reaction. According to the first diffusion process, a concen-
ration gradient between the bulk and interface drives the diffusion of
umerous dye molecules to the surface of adsorbent. The initial diffusion
rocess has a relationship between the concentration of dye and photo-
atalyst adsorption sites for the diffusion kinetic rate. As a result, the
iffusion process is examined using the kinetic model of pseudo-second
rder in order to choose the model that best fits the experimental data.

𝑑 θt 
𝑑𝑡 

= k 2 d ( θe − θt ) (9)

n ( θe − θt ) = lnθe− K a t (10)

here the coverage fractions adsorbed at time t and equilibrium, re-
pectively, are represented by t and e. For the diffusion process, kd is
he pseudo-second-order reaction rate constant, while for the adsorption
rocess, ka is the pseudo-first-order reaction rate constant. A pseudo-
econd-order rate expression is used to express the adsorption rate con-
tant and is given as: 

n 
(
q e − q t 

)
= ln q e − K 1 t (11)

𝑡 

𝑞𝑒 
= 

1 
𝐾 2 𝑞𝑒 

2 + 

1 
𝑞𝑒 

(12)

here q e and q t (mg g − 1 ) are the amount of dye adsorbed at equilib-
ium and at time t, the adsorption time is denoted by t (min), and the
ate constant of pseudo-first-order and pseudo-second-order reaction are
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Fig. 8. (a) Kinetics of pseudo first order and (b) pseudo second order for SnS 2 , PANI, PANI/SnS 2 (10%) and PANI/SnS 2 (20%). 

Table 2 

Comparison of pseudo first order and pseudo second order kinetics parameter of various catalysts. 

Pseudo second order reaction (diffusion) 

Photocatalysts 
Fitting equation 
𝒕 

𝒒 𝒆 
= 1 

𝑲 2 𝒒 𝒆 
2 + 

1 
𝒒 𝒆 

Rate constant (K 2 ) (g mg − 1 

min − 1 ) Correlation coefficient R d 2 Standard Deviation 

PANI 𝒕 

𝒒 𝒆 
= 0.009t + 0.0086 0.0094 0.9987 0.12995 

SnS 2 
𝒕 

𝒒 𝒆 
= 0.0372t + 0.0597 0.0184 0.9945 0.11108 

PANI/SnS 2 (10%) 𝒕 

𝒒 𝒆 
= 0.0348t + 0.0564 0.0215 0.9944 0.10401 

PANI/SnS 2 (20%) 𝒕 

𝒒 𝒆 
= 0.0308t + 0.0516 0.0233 0.9939 0.09256 

Pseudo first order reaction (adsorption) 
Photocatalysts Fitting equation 

ln (qe-qt) = lnqe- K 1 t 
Rate constant (K 1 ) (g mg − 1 

min − 1 ) 
Correlation coefficient R a 2 Standard Deviation 

PANI = 3.607-( − 0.1474)t 0.1474 0.750 1.586 
SnS 2 = 3.597-( − 0.1363)t 0.1363 0.752 1.862 
PANI/SnS 2 (10%) = 3.563-( − 0.1357)t 0.1357 0.748 2.001 
PANI/SnS 2 (20%) = 3.211-( − 0.1274)t 0.1274 0.723 2.282 
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enoted by k 1 and k 2 (g mg − 1 min − 1 ) for the diffusion process. The ki-
etic investigational data studied with the help of pseudo-first-order and
seudo-second-order models are represented in Fig. 8 (a) and (b). 

The equations of fitting and kinetic parameters for the dye adsorption
hich is calculated with the help of the pseudo-first-order and pseudo-

econd-order kinetic models plots are shown in Table 2 . 
The values of high correlation coefficient for photocatalysts

R d 
2 = 0.9987 and R a 

2 = 0.750) were obtained to be around 1, indi-
ating that the adsorption kinetics of photocatalysts followed both the
seudo-first and second-order equations. Therefore the rate of the pro-
ess can be controlled by diffusion as well as adsorption processes. 

.9. Assessing of photocatalytic activity and kinetics of photodegradation 

The photocatalytic mechanism starts with the irradiation of visible
ight as a source of energy. A probable mechanism of the photodegra-
ation of dye is presented in Fig. 9 . 

The irradiation of visible light results in the generation of electron-
ole pairs in the photocatalyst from the valence band (VB) and con-
uction band (CB). The electron from the VB of SnS 2 and PANI excite
nd drift to their respective CB. Now to minimize the recombination of
hotogenerated pairs of electron and hole. The photogenerated holes in
he VB of PANI and photogenerated electron in CB of SnS 2 will recom-
ine because of almost similar edge band potential. Now the electron in
he CB of PANI will react with atmospheric O 2 to create •O 2 

− radicals.
ince the photogenerated holes in the VB of SnS 2 do have not sufficient
otential (E 0 = 2.27 eV vs NHE) to oxidize H 2 O so •O 2 

− will react with
 2 O to form H 2 O 2 and •OH radicals. Now the photogenerated holes in

he VB of SnS which has the potential to oxidize the H O molecule
2 2 2 

7 
hereby generating hydroxyl radical ( •OH) (E 0 = 0.80 eV vs NHE). For-
ation of reactive species i.e. e-, •OH, h + , •O 2 

− due to the breaking of
ater molecules results in the degradation of the BB-dye ( Ahmad et al.,
019 ; Iqbal et al., 2021 ; Rahman et al., 2020 ; Rahman et al., 2020 ;
ultana et al., 2020 ). In the case of PANI and SnS 2 when used as a bare
hotocatalyst, the degradation rate is very low. However, upon the dop-
ng of SnS 2 to PANI the photocatalytic activity enhanced which is due to
he suppression of the recombination of photogenerated electrons and
oles. The following general reaction is the degradation of the dye is
iven below: 

ANI∕Sn S 2 +h 𝑣 → (e − + h + ) (13)

ANI ( e− ) O 2 → ⋅O 

− 
2 (14)

O 

− 
2 + H 2 O → ⋅OOH + 

− OH (15)

OOH+ H 2 O → H 2 O 2 + 

. OH (16)

n S 2 
(
h + 

)
+ H 2 O 2 → ⋅OH (17)

 2 − ∕ . OH∕ h + +BBDye → CO 2 + H 2 O (18)

The UV–visible spectra of photo degraded samples of BB dye against
ANI, SnS 2 and PANI/SnS 2 (20%) are shown in Fig. 10 (a)–(c). After the
ptimization process of the reactor, the kinetics of the photodegradation
f the BB-dye was investigated which shows the highest photodegrada-
ion rate in PANI/SnS 2 (20%). The kinetics of dye degradation by the
hotocatalysts are shown in Fig. 10 (d). 

Further, to estimate the rate constant, the residual concentrations of
he dye were plotted as In C/C 0 vs. irradiation time, a plot of (C/C 0 )
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Fig. 9. Probable mechanism for the photodegradation of the 
brilliant blue dye. 

Fig. 10. UV–Visible spectra of the as degraded sample of BB dye against (a) PANI, (b) SnS 2 and (c) PANI/SnS 2 (20%) (d) plot of kinetics of photodegradation. 
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gainst irradiation time gives a straight line as shown in Fig. 11 which
hows the first order kinetics are followed: 
𝐶 

𝐶 0 
= 𝑒 − 𝑘𝑡 (19)

𝑛 

[ 
𝐶 

𝐶 0 

] 
= − 𝑘𝑡 (20)

here the initial concentration is represented by C 0 and the dye
oncentration at time‘t’ is denoted by C. The rates constant calcu-
ated from the above formula are 0.00017, 0.01282, 0.03571, 0.04571
nd 0.07983 min − 1 for controlled experiment, PANI, SnS 2 , PANI/SnS 2 
10%), and PANI/SnS 2 (20%) respectively. The degradation efficiency
as found to be highest in the case of PANI/SnS 2 (20%) is 96.2%. 

The fluorescence spectroscopy was used to determine the re-
ombination rate of photogenerated electron-hole pairs which mea-
8 
ures the photoluminescence (PL) intensity that depends upon the
ecombination rate of electron-holes pairs. The fluorescence spec-
ra of PANI, SnS 2 , and PANI/SnS 2 (10% and 20%) are presented
n Fig. S4. The higher recombination rate of the electron and hole
s directly proportional to the PL intensity. It is clear from the PL
pectra that the lower recombination was observed in the case of
ANI/SnS 2 (20%) photocatalyst, which has the highest photocatalytic
ctivity. 

.8. Durability and trapping experiment 

To confirm the durability of the photocatalysts, a recycling exper-
ment was performed. For this process, the photocatalyst PANI/SnS 2 
20%) was recovered, centrifuged, and washed with DW and acetone
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Fig. 11. Rate constant curve of controlled experiment, PANI, SnS 2 and PANI/SnS 2 (10% and 20%). 

Fig. 12. (a) Recycling experiment of PANI/SnS 2 (20%, b) trapping experiment using various scavengers. 
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o remove the impurities and again used for six consecutive cycles. Af-
er the six cycles, there is only a slight decrease (4.7%) in the degra-
ation efficiency of PANI/SnS 2 (20%) which shows the stability of the
hotocatalyst as shown in Fig. 12 (a). Further, to ensure the effect of
cavengers, 2 mM of each EDTA, TBA, and p-benzoquinone to quench
 

+ , . OH and . O 2 
− , respectively were added in photocatalytic reaction

 Ahmad et al., 2017 ; Khan et al., 2020 ) and simultaneously observed
he rate of photodegradation. The rate constant is larger when no scav-
ngers were added, as seen in Fig. 12(b), but when EDTA, TBA, and p-
enzoquinone were added one by one, there is a considerable decrease
9 
n the rate constant. The lowest photodegradation was observed in the
ase of TBA suggesting that . OH radicals are the primary reactive species
ausing a major effect in the photocatalytic activity. However, all the re-
ctive species i.e. h + , . OH and . O 2 

− are responsible for the degradation
f BB dye. 

Moreover to confirm the stability of the photocatalyst XRD was per-
ormed after the use of PANI/SnS 2 (20%) and no change in the peak
hift was observed as shown in Fig. S5. It can be concluded that the
hotocatalyst is durable and can be used for practical purposes in the
reatment of wastewater. 
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. Conclusions 

To conclude, the SnS 2 doped PANI photocatalyst has shown excel-
ent adsorption and photocatalytic activity towards BB dye. The pho-
ocatalytic activity of PANI is increased by 37% upon doping of SnS 2 
anoparticles which is attributed to the recombination of photogener-
ted electrons and holes and the generation of more reactive oxygen
pecies. Using a photocatalyst of the binary compound, the rate of trans-
er of electrons has been increased resulting in the formation of more
eactive species. The photocatalyst followed Langmuir and Freundlich
dsorption isotherm and the maximum adsorption capacity is found to
e 165.2 (mg g − 1 ) and maximum photocatalytic activity is found to be
6.2% in the case of PANI/SnS 2 (20%). The correlation coefficient value
R 

2 = 0.997 and 0.750), which shows the rate followed by pseudo first
nd second-order kinetics. Owing to excellent adsorption capacity, sur-
ace area, and photocatalytic activity, PANI/SnS 2 (20%) has shown a
ual role in the removal of BB dye. With the results obtained, it can be
oncluded that the photocatalyst can be used for practical implementa-
ion in industries for the treatment of wastewater. 
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