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ARTICLE INFO ABSTRACT

Keywords: A novel and efficient bionanocomposite was synthesized by incorporating SnO into chitosan (Ch)
Bionanocomposite and a room-temperature ionic liquid (RTIL). The bionanocomposite was synthesized in benzoyl
SnO/[BzPy]Cl/Ch

pyridinium chloride [BzPy]Cl to maintain the unique properties of SnO, chitosan, and the ionic
liquid. Adsorption and photodegradation processes were applied to evaluate the bio-
nanocomposite for removing azo and anthraquinone dyes and textile wastewater. SnO/[BzPy]Cl
and SnO/[BzPy]Cl/Ch samples were prepared and characterized using various techniques,
including FT-IR, SEM, XRD, EDAX, XPS, DSC, TGA, nitrogen adsorption/desorption isotherm, and
DRS analysis. SEM analysis revealed a hierarchical roughened rose flower-like morphology for the
biocomposite. The band gap energies of SnO/[BzPy]Cl and SnO/[BzPy]Cl/chitosan were found to
be 3.9 and 3.3 eV, respectively, indicating a reduction in the band gap energy with the intro-
duction of [BzPy]Cl and chitosan. SnO/[BzPy]Cl/Ch showed high removal rates (92-95 %) for
Fast Red, Blue 15, Red 120, Blue 94, Yellow 160, and Acid Orange 7 dyes. The adsorption kinetics
followed a pseudo-second-order model.

In addition, the effect of different photodegradation parameters such as solution pH, dye
concentrations, contact time, and amount of photocatalyst, was studied. Given the optimal results
obtained in removing azo and anthraquinone dyes, the SnO/[BzPy]Cl/Ch nanocomposite was
used as an efficient nanocomposite for removing dyes from textile wastewater. The highest
removal efficiency was found to be 95.8 %, obtained under ultraviolet and visible light.
Furthermore, BOD and COD reduction analysis showed significant reductions, indicating the
excellent performance of the photocatalyst.

Photodegradation

Azo and anthraquinone dyes
RT-Ionic liquid

Textile wastewater

1. Introduction

Recently, hybrid nanocomposite materials containing natural polymers like chitosan have been considered to remove dyes from
wastewater. The main advantages of these materials are their high availability, easier operation, unique structure, antimicrobial
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activity, high efficiency, and low toxicity with hydroxyl and amine functional groups as active adsorption sites. In this respect, some
efforts have been made to modify chitosan’s chemical and structural properties via different processes through functionalizing and
immobilizing with nanostructure metal oxides and ionic liquids. The results can be used to enhance performance, increase surface area,
recovery, reusability, and prevent aggregation [1].

During the past few decades, semiconductor metal oxides have been studied for electronic and optoelectronic applications [2]. Tin
oxide is one of the important semiconductor metal oxides used for this purpose. Stannic oxide (SnO3) and stannous oxide (SnO) are the
most common members of tine oxides. The oxidation states of +2 and + 4 are responsible for the existence of these two oxides. A wide
band gap semiconductor exists in both of these oxides. Several applications of tin (IV) oxide (i.e., SnO2) have been studied, including
gas sensors, solar cells, transparent electrodes, and optoelectronics [3]. In contrast, SnO has been used as an anode material [4],
coating material [5], photocatalyst [6], and as a precursor for SnO5 production [7]. SnO is a p-type semiconducting material that can
be further enhanced in terms of its band gap value through doping, making it a promising candidate for p-type semiconductor ap-
plications. The band gap of metal oxides is influenced by several factors, such as crystal structure, chemical composition, size and
shape, temperature, and pressure. In addition, crystal structure affects the band gap by determining the electronic properties of the
material, while the chemical composition can alter the band gap width by introducing additional energy levels. As the size of the
particle decreases, the band gap tends to increase due to the quantum confinement effect [8].

Ionogel is a term that refers to hybrid nanomaterials that comprise immobilized ionic liquids (ILs) within an inorganic or polymeric
matrix. These materials exhibit unique properties, such as high chemical, thermal, and electrochemical stability, superior ionic
conductivity, and low vapor pressure. These unique features are attributed to their ionic liquid component and the physicochemical
properties of the polymeric matrix host network properties [9]. One of their application is the discharge of colored wastewater from
industries such as textile, plastic, leather, pulp mills, and dyestuff manufacturing [10,11].

Nowadays, dye removal using nanotechnology has been developed for different nanostructures, such as zeolites, MCM-41, SBA-15,
and hybrid nanocomposites, including ionogels [12].

Nanocomposites’ chemical and physical properties in the water treatment were improved by immobilizing some heterogeneous
nanostructures such as TiOj, carbon nanotubes, ZnO, and Fe3O4 on the polymeric structure. Thus, designing a new photocatalyst
supported by polymeric materials has been the subject of intense research [13].

SnO/[BzPy]Cl/Ch nanocomposite was synthesized as part of our ongoing process for designing novel catalysts capable of both
adsorption and degradation in dye wastewater [14]. To this end, we employed [BzPy]Cl ionic liquid and chitosan as a supporting
matrix for the synthesized photocatalyst. This matrix allowed for interactions between the functional groups of benzoyl pyridinium
chloride and the chitosan, leading to significant enhancements in the photocatalytic properties of the nanocomposite. The results
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Fig. 1. Preparation of SnO/[BzPy]Cl/Ch bionanocomposite.
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showed that this synthesis technique improved the band gap value. In addition, our strategy was further enhanced using SnO/[BzPy]
Cl/Ch nanocomposite for the adsorption and degradation of anionic dyes, including azo and anthraquinone dyes. Afterward, it was
used for the removal of dye pollutants from textile wastewater an efficient nanocomposite (Fig. 1.). The industrial potential of the
SnO/[BzPy]Cl/Ch nanocomposite is highly promising, owing to its exceptional efficiency and simplicity in preparation. Furthermore,
it has remarkable effectiveness, reusability, and superior adsorption and photocatalytic capacity.

2. Experimental section
2.1. Materials and physical measurements

All reagents and solvents were purchased commercially and used without further purification. The dyes of analytical purity were
purchased from Nordex International, D.Z.E Dye Company in the UK (Fig. S1). FT-IR spectra were obtained using a Thermo/Nicolet
Avatar 360 spectrometer (Made in the USA). 'HNMR spectra (300 MHz) were recorded with a Bruker AVANCE 300 MHz in CDCl3. The
chemical shift (§) and coupling constants (J) are reported in ppm and Hz, respectively. The particle morphology and quality elemental
analysis of nanocatalysts were investigated by a scanning electron microscope (SEM) and energy dispersive X-ray (EDX), respectively
(FESEM, MIRA III TESCAN made in the Czech Republic). The nanocatalysts were measured by the X-ray powder diffraction (XRD)
pattern obtained with PW1730 Philips (made in the Netherlands). The X-ray photoelectron spectroscopy (XPS) was conducted on the
Bes Tec (USA) using Mg radiation. The thermogravimetric analysis (TGA) curve is recorded by the Shimadzu DTG-60 instrument. The
concentrations of the organic dyes were monitored by a UV-Vis spectrophotometer (Agilent Technologies Cary 60; made in the USA) at
maximum wavelengths (Amax) of 526, 635, 537, 590, 425, and 592 nm for Fast Red, Blue 15, Red 120, Blue 94, Yellow 160, and Acid
Orange 7, respectively. The real textile wastewater, including both orange and red Bemacron SER-DL, was prepared from the Farizad
Textile Dying Factory in Varamin, Iran. The BOD and COD in wastewater samples were measured by the Standard Methods COD and
BOD Reactor (USA-HACH) by Arman Mohit Pak Iranian Company. The specific surface area of samples was determined with the
Brunauer-Emmett-Teller (BET) method using the adsorption-desorption isotherms at 77 K (BEL, Belsorp mini I, Made in Japan).

2.2. Preparation of benzoyl pyridinium chloride as a new RTIL

According to our studies on the synthesis of ionic liquid as a green solvent, the benzoyl pyridinium chloride (as a new type of
molecular template) was prepared based on the Menshutkin reaction (Supporting information, Fig. S2).

2.2.1. Preparation of SnO (prepared in the absence of RTIL)
About 1 mmol of SnCly-Hs0 was added to the 4 mL NaOH (0.1 M) with stirring under reflux. After 3 h, the residue was filtrated,
washed with deionized water and ethanol several times, and dried under reduced pressure conditions [14a].

2.3. Preparation of SnO/[BzPy]Cl

SnCly-H20 (1 mmol) was added to the stirring solution of NaOH (4 mL, 0.1 M) in benzoyl pyridinium chloride (IL) (4 mmol), and
the reaction mixture was stirred under reflux conditions for 3 h. The sediment was filtered out, and the collected solid was washed
several times using distilled water and ethanol. Finally, it was dried under a vacuum.

2.4. Preparation of nanocomposite SnO/[BzPy]Cl/Ch

The chitosan and bzpyCl were dried at 80 °C for 24 h in a vacuum oven before its use. Next, 1 mmol of chitosan was dissolved in 10
mmol of bzpyCl at 50 °C for 30 min, producing a clear and viscous solution with a concentration of ~5 wt% (0.125 g of biomassin 2.2 g
of bzpyCl). The SnO/[BzPy]Cl/Ch hybrid material was prepared by adding 0.134 g of SnO/[BzPy]Cl nanoparticle to the solution and
continuously stirring for 20 min to homogenize the mixture. Subsequently, the solution was dispersed under ultrasonic waves (~40
kHz) for 1 h and cooled to room temperature. The nanocomposite was washed with ethanol five times. Next, it was washed five times
with deionized (DI) water to remove any remaining ILs, then dried for 10 h at 50 °C.

3. Results and discussion
Our previous study presented the synthesis of novel nanocatalysts and their use in the adsorption and degradation of dyes from
wastewater [14]. This research presents synthesizing a hybrid nanocomposite SnO/[BzPy]Cl/Ch as a new and effective nanocomposite

for the adsorption and degradation of azo and anthraquinone dyes from aqueous solutions. Additionally, this hybrid nanocomposite
proves to be efficient for textile wastewater remediation.

3.1. Characterization of IL

The ionic liquid structures were confirmed using 'H NMR (Fig. S3) and FT-IR spectroscopy (Fig. S4).
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3.2. Structural studies of bionanocomposite

Fig. 2a—e presents the FT-IR spectra of different stages of the preparation of nanocomposite, including SnO (prepared in the absence
of IL), SnO/[BzPy]Cl (SnO prepared in the presence of IL), pure chitosan, SnO/chitosan (prepared in the absence of IL), and SnO/
chitosan (prepared in the presence of IL), respectively. The FT-IR results confirm the formation of SnO. The peaks 526 cm™! and 682
em™! (Fig. 2b) corresponded to the stretching vibration of the Sn—O and Sn-0-Sn band, respectively. However, these peaks are weak
for the SnO prepared in the absence of IL (Fig. 2a). In the pure chitosan sample (Fig. 2d), the adsorption bands at 603 and 710 cm ™! are
indexed to the out-of-plane bending NH. Besides, the stretching bands at about 3640, 2881, 1610, 1417, and 1070 cm! are attributed
to the vibrations of NH and OH, CH, NH, CN, and C-O-C bands, respectively. After immobilizing SnO on the chitosan for the synthesis
of nanocomposite SnO/chitosan, a small shift in the peak position can be seen compared with pure chitosan, confirming the successful
anchoring of SnO on chitosan (Fig. 2¢ and e).

IR spectroscopy also confirms the presence of benzoyl pyridinium chloride molecules in SnO/[BzPy]Cl and SnO/[BzPy]Cl/Ch
samples (Fig. 2b and e). Therefore, the ionic liquid not only serves as a template during the formation of tin oxide but also persists
within the nanocomposite network due to the influence of intramolecular interactions, such as hydrogen bonding.

Fig. 3 presents the XRD patterns to identify the phase structures of SnO/[BzPy]Cl and SnO/[BzPy]Cl/Ch. According to Fig. 3a,
diffraction signals (eight peaks) at 26 = 18°, 29°, 32°, 36°, 47°, 50°, 57°, and 62° are represented by their indices 001, 101, 110, 002,
200, 112, 211, and 202, respectively. These peaks are perfectly matched with the standard pattern for the Romarchite phase of Tin(II)
oxide (JCPDS, 6-0395) [15].

Furthermore, the XRD pattern of nanocomposite SnO/[BzPy]Cl/Ch (Fig. 3b) shows a small decrease in intensity with a similar peak
pattern in comparison to the XRD pattern of SnO/[BzPy]Cl. Consequently, it can be concluded that SnO has correctly coated with the
chitosan and IL. Fig. S5 and S6 illustrate the XRD patterns of SnO (prepared in the absence of IL) with SnO (prepared in the presence of
IL), SnO/chitosan (prepared in the absence of IL) with SnO/chitosan (prepared in the presence of IL), respectively. As can be seen, the
peak intensity of the catalyst synthesized in the presence of ionic liquid is more than that of the catalyst prepared in the absence of IL
(See supporting information).

The SEM images of SnO/[BzPy]Cl and SnO/[BzPy]Cl/Ch are shown in Fig. 4, respectively. The morphology was observed using
field emission-SEM. As can be seen, the SnO/[BzPy]Cl nanosheets have a network structure with a high surface area and thickness of
97 nm (Fig. 4a). Here, smaller plates are agglomerated and formed irregular plates. The SnO/[BzPy]Cl/Ch, with a plate shape and size
distribution of 39-55 nm, was found to be well distinguishable and mostly agglomerate-free. The SEM results revealed the plate shape
of SnO/[BzPy]Cl/Ch nanocomposites consisting of hierarchical roughened rose flower-like morphology. The interactions between
chitosan and SnO via functional groups strongly prevent the sheets’ agglomeration in the matrix and improve the active surface for
catalytic dye removal. The porous chitosan containing holes that the SnO dispersed within the porous chitosan as composite and the
energy-dispersive x-ray spectroscopy (EDX) spectra proved the presence of Sn, C, H, and O.

The EDX analysis of nanocomposite SnO/chitosan was performed to confirm SnO immobilization on chitosan/[BzPy]Cl. The results
demonstrated the presence of N, C, O, and Sn atoms in the modified nanocomposite (Fig. 5).

In this study, an XPS spectrum was prepared to gain insight into the oxidation states of tin in SnO/[BzPy]Cl/Ch. Fig. 6a confirms the
presence of constituted elements (O 1s, C 1s, and Sn 3d). Also, according to Fig. 6b, the Sn 3d spectrum exhibited spin-orbit doublet
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Fig. 2. FTIR spectra of (a) SnO (prepared in absence of IL), (b) SnO/[BzPy]Cl, (c) SnO/chitosan (prepared in absence of IL), (d) pure chitosan, and
(e) SnO/[BzPy]Cl/Ch.



M.H. Arshia et al. Heliyon 10 (2024) e24771

18000 aom
16000
14000—
=
2000 o
el
100003 ‘
3
8000.E 112)
‘\ (202)
6000
001 @10
(001) ( 1 ) L@y
4000 [ (200) | {
\‘ \‘ \
2000 (b) o BURUR A \
0 (a)
0 10 20 30 29(e) 40 50 60 70 80

Fig. 3. XRD pattern of (a) SnO/[BzPy]Cl, and (b) SnO/[BzPy]Cl/Ch.

peaks at ~485 eV (Sn?" 3ds,,) and ~493.5 eV (Sn?" 3ds/,).

The Ny adsorption-desorption isotherm was evaluated for SnO/[BzPy]Cl/Ch nanocatalyst. The BET analysis displayed that this
nanocomposite belongs to the isotherm type V (Fig. 7). The data for the total pore volumes (Viota)) of pure chitosan and the nano-
composite are 0.010181 and 0.008124 cm>/g, respectively. Furthermore, the results for the BET specific surface area (Sggr) of pure
chitosan [16] and the nanocomposite are 1.7461 and 0.96247 m?/g, respectively. The results show that the surface area and pore
volume were decreased by anchoring SnO on the chitosan.

Thermogravimetric analysis (TGA) of the nanocomposite SnO/[BzPy]Cl/Ch revealed significant weight losses between 100 °C and
500 °C (Fig. 8). The first weight loss at around 100 °C was attributed to the evaporation of moisture and intermolecular water from the
composite. The second weight loss observed between 100 and 250 °C was directly related to the decomposition of ionic liquid frag-
ments. Subsequently, a third weight loss occurred at 250-350 °C, indicating the complete decomposition of chitosan. At higher
temperatures (350-500 °C), the decomposition of SnO was observed. As evident from these results, the exceptional thermal stability of
SnO/[BzPy]Cl/Ch suggests its promising applicability in high-temperature devices.

Fig. 9 shows the diffused reflectance spectra (DRS) of SnO/[BzPy]Cl and SnO/[BzPy]Cl/Ch. After anchoring SnO onto the chitosan/
IL, the bandgap of SnO/[BzPy]Cl, which was originally 3.9 eV due to modification of the structure, was reduced and changed to 3.3 eV.

The calibration curves in Fig. 10 represent the relationship between the amount of absorbance (nm) and concentration (ppm) for
different concentrations of six dyes by UV-VIS spectrophotometer. The results obtained from adsorption and photodegradation ex-
periments demonstrate the exceptional performance of the SnO/[BzPy]Cl/Ch nanocomposite.

4. Adsorption and photodegradation studies for azo and anthraquinone dyes

The adsorption and degradation performance of various azo and anthraquinone dyes were compared using SnO/[BzPy]Cl nano-
particles, chitosan, and SnO/[BzPy]Cl/Ch nanocomposites. The results demonstrated that the SnO/[BzPy]Cl/Ch nanocomposite
exhibited superior performance and had a more significant impact compared to the other catalysts. Different parameters were studied
on A7, FR, R120, B15, Y160, and B94 dyes removal. Before adding the photocatalyst, sodium hydroxide or hydrochloric acid was
added to adjust the acidity of the dye solution. During the dye removal process, the amount of photocatalyst (0.005-0.05 g), dye
solution concentration (5-40 mgL‘l, 50 mL), contact time (15-150 min), and pH value (2-10) were studied.

4.1. Optimization of solution pH for the removal of dyes

As illustrated in Fig. 11a, the effect of the pH in the range of 2-10 on the adsorption and photodegradation of six azo and
anthraquinone dyes was examined. Next, this data was used to determine the surface charge degree of the SnO/[BzPy]C,l/Ch and dye
molecules. The data analysis revealed that the maximum removal of dye occurred under acidic conditions at pH = 3 for the A7, FR, and
R120 and pH = 4 for the B15, Y160, and B94. Therefore, dye removal was significantly enhanced at pH = 3 and 4. An explanation for
this result is that under the acidic condition, the surface charge of the nanocomposite was completely positive. As a result, it led to
better electrostatic interaction between a positive surface of nanocomposite and dyes. Hence, the best photodegradation performance
was obtained under acidic conditions.

In this respect, sulfonate (-SO3—) groups of dyes are easily dissociated and add to the negative charges in the aquatic environment.
Under the acidic condition, the surface charge of the nanocomposite was completely positive, thereby leading to better electrostatic
interaction between a positive surface of the nanocomposite and anionic sulfonic groups of the dyes. As the pH of the system decreases,
the number of positively charged sites increases, thereby increasing the number of binding sites for anionic dye molecules. The de-
protonation of the surface groups in high pH ranges results in the electrostatic repulsion between the anionic dye and negatively
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Fig. 4. SEM images of SnO/[BzPy]Cl (a), and nanocomposite SnO/[BzPy]Cl/Ch (b).
charged sites. Therefore, the optimum pH for removing these dyes is between 3 and 4.

5. Optimization of the amount of photocatalyst for the removal of dyes

Fig. 11b presents the experimental results of investigating the effect of the photocatalyst content on the removal of A7, FR, B15,
Y160, B94, and R120. It was observed that by increasing the amount of photocatalyst from 2 to 12 and 14 mg, the maximum dye
removal was obtained for dyes A7, FR, and B15, and Y160, B94, and R120, respectively. Consequently, by increasing the catalyst
dosage, the specific surface area and available active sites for the dye removal were increased. Furthermore, when the catalyst’s weight
exceeded the mentioned amounts, it appeared that the percentage of dye removal remained unchanged.

6. Contact time studies on adsorption and photodegradation of dyes

Fig. 12a presents the results of the influence of time on the removal of the dyes A7, FR, B15, Y160, B94, and R120. The removal
percentage of A7 (96.22 %), FR (97.87 %), B15 (97.20 %), Y160 (97.36 %), B94 (95.76 %), and R120 (97.07 %) were increased up to
105, 90, 120, 90, 105, and 105 min, respectively. Hence, as the contact time increased, the dye removal also increased. This result can
be attributed to the enhanced accessibility of numerous active sites on the photocatalyst. However, after exceeding 120 min, the
photodegradation percentage remained constant, suggesting the saturation of available active sites.

This outcome can be described in terms of kinetic rate. First, more active sites are exposed as the reaction progresses, leading to
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more effective dye removal. Nevertheless, once these active sites are occupied, further increases in reaction time do not result in
additional removal. This result indicates that the reaction has reached equilibrium, and no further significant changes occur in the

photodegradation percentage.
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7. Effect of dye concentrations on adsorption and photodegradation of dyes

Heliyon 10 (2024) e24771

Fig. 12b shows the results of various dye concentrations, as another important parameter on adsorption and photodegradation of
dyes, in the range of 5-80 ppm in the presence of the prepared photocatalyst. Based on the results, the adsorption sites and reactive
species became saturated, leading to a decrease in their occupancy and a subsequent reduction in dye removal.

Table 1 presents the best conditions in terms of pH, dye concentration, contact time, and photocatalyst mass for the adsorption and
photodegradation of six different dyes with nanocomposite SnO/[BzPy]Cl/Ch.

Based on the obtained optimized conditions, we compared the adsorption and photodegradation of dyes in the presence of SnO,
chitosan, and SnO/[BzPy]Cl/Ch under UV and visible light. The results have shown that the best performance was in the presence of
nanocomposite SnO/[BzPy]Cl/Ch under UV light (Table 2.).
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8. Effect of temperature on adsorption and photodegradation of dyes

The effect of temperature on the removal rate of Fast Red dye was investigated within a range of 298-300 K. However, no sig-
nificant change in the removal efficiency was observed. These results indicate that the removal process, whether through adsorption or

photodegradation, remained unaffected by variations in temperature within the investigated range. The optimal temperature for
removing dyes by the nanocomposite is 25 °C.

9. Dye removal kinetics

For a better comparison of the parameters, the pseudo-first-order and pseudo-second-order models were used to study the dye
adsorption kinetics. The pseudo-first-order kinetic model can be integrated in terms of the solid capacity for sorption analysis.
Accordingly, and based on equation a, the first-order rate constants were calculated:
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In(g,-q,) = Ing-k;t (@)

where q; and q are the amounts adsorbed (mol g ) of dyes at time t (s) and equilibrium, respectively, and k; is the pseudo-first-order
rate constant (min~1). The values of k; (adsorption rate constant) of six dyes were determined according to the plot of In (qe-q¢) against
t (Fig. 13a). Furthermore, the data of g, R2, and k; are given in Table 3.

Eq. (b) presents the pseudo-second-order kinetic model. This equation depends upon the solid adsorption capacity. The kj is the
equilibrium rate constant of pseudo-second-order (g/mg min). The q; and q. are the amounts of dye adsorbed (mg/g) at time t (min)
and equilibrium, respectively.

t 1 t
Ch kzng qeq

(b)

As shown in Fig. 13b, linear plotting t/q; against t was used to investigate the applicability of this model. The obtained result is
given in Table 3.

Based on the obtained R? values (0.9930, 0.9903, 0.9954, 0.9934, 0.9845, and 0.9473), the pseudo-second-order model has a
higher R? than the pseudo-first-order model for the removal of dyes by nanocomposite SnO/chitosan.

10. Decolorization of real textile wastewater sample

This project examined the application of nanocomposite SnO/chitosan to efficient adsorption and photodegradation of dye from
real textile wastewater. To this end, the sample of real textile wastewater was initially filtered by a 0.45 mm membrane filter to remove
the debris and suspended particles. Then, a standard solution (20 mg/L) was prepared by dissolving the Fast Red dye in textile
wastewater. Subsequently, with the optimal conditions in hand for removing Fast Red dye, adsorption and photodegradation of
nanocomposite were measured for a standard solution (textile wastewater containing Fast Red dye). Because of the matrix effect, the
tests were performed through the standard addition method, and the final concentrations of the target species after removal with the
recommended procedure were determined. The calibration curve of textile wastewater containing Fast Red dye (Amax = 526 nm) is

10
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Table 1
The optimized experiment data for the adsorption and photodegradation of dyes.
Dye pH Dye concentration (ppm) Contact time (min) Photocatalyst concentration (mg/L)
A7 3 24 105 280
Bluel5 4 10 90 240
Blue94 4 20 120 280
Fast red 3 20 920 240
Red120 3 12 105 240
Yellow160 4 11 105 280
Table 2
The comparison results in the performance of different catalysts under light.
Dye Cat. Visible uv Dye Cat. Visible uv
A7 SnO/[BzPy]Cl 10 % 24 % Yellow160 SnO/[BzPy]Cl 8 % 20 %
chitosan 22 % 41 % chitosan 20 % 45 %
SnO/[BzPy]Cl/Ch 49 % 95 % SnO/[BzPy]Cl/Ch 44 % 95 %
Fast red SnO/[BzPy]Cl 16 % 25 % Blue94 SnO/[BzPy]Cl 11 % 20 %
chitosan 19 % 40 % chitosan 28 % 41 %
SnO/[BzPy]Cl/Ch 47 % 95 % SnO/[BzPy]Cl/Ch 47 % 94 %
Bluel5 SnO/[BzPy]Cl 16 % 23 % Red120 SnO/[BzPy]Cl 16 % 23 %
chitosan 23 % 42 % chitosan 24 % 44 %
SnO/[BzPy]Cl/Ch 49 % 94 % SnO/[BzPy]Cl/Ch 48 % 92 %

depicted in Fig. 14. The results show that the initial and final concentrations were 20 and 0.84 mg/L, respectively, and the removal
percentage was about 95.8 %.

11. The BOD and COD reduction analysis
In this study, The degradability of an actual wastewater sample was assessed, along with the examination of chemical oxygen

11
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for the adsorption of dyes by SnO/[BzPy]Cl/Ch.

Table 3
Kinetics constants for the adsorption of dyes by nanocomposite SnO/[BzPy]Cl/Ch.
Kinetics model Kinetics constants A7 FR B15 Y160 B94 R120
Experimental results Qesexp (ME/8) 164.58 80.792 86.125 129.25 126 80.042
Pseudo — first — Qe,cal (Mg/g) 1.433 1.936 1.158 1.78 1.085 1.481
order model K (min’l) 0.0251 0.0143 0.0318 0.0582 0.0279 0.0344
R? 0.9613 0.8767 0.98 0.9081 0.9761 0.8865
Pseudo - Qe,cal (Mg/g) 196.078 92.593 99.01 142.875 166.667 109.89
second — K5 (g/min.mg) 0.0002113 0.0005643 0.000503 0.0004948 0.0001381 0.0002188
order model R? 0.9930 0.9903 0.9954 0.9934 0.9845 0.9473

demand (COD) and biological oxygen demand (BOD).

The initial COD concentration of 1910 mg/L decreased to 86 mg/L, indicating a significant reduction. Similarly, the initial BOD
concentration of 810 mg/L gradually decreased to 159 mg/L. It is noteworthy that the analysis of BOD and COD was conducted by
Arman Mohit Pak, an Iranian company. The adsorbent’s performance was evaluated based on the acceptable limits for irrigation (200
mg/L) and agricultural uses (100 mg/L). The results demonstrate that the adsorbent performed exceptionally well, and the treated
effluent is suitable for reuse. During the adsorption and photodegradation processes, it is possible that the organic portions of the dye
molecules were destroyed, decomposed, or even adsorbed, contributing to the effective treatment.

In the next step, the removal of Fast Red dye from a real textile wastewater sample (95.8 %) was compared with that of synthetic
dye solutions (95 %) in the presence of SnO/[BzPy]Cl/Ch catalyst. The results demonstrate the superior performance of the catalyst
and, importantly, the presence of no matrix effect on the removal efficiency.

12. Mechanism for removing dye

In heterogeneous photocatalysis systems, the adsorption of dye molecules onto the catalyst surface and photodegradation through
photocatalytic reactions occur simultaneously under irradiation. The adsorption of dye serves as a precursor step that facilitates
efficient photocatalytic degradation. By concentrating dye molecules on the catalyst surface, adsorption enhances the proximity and
contact between the dye and the reactive sites where photocatalytic reactions take place. The adsorbed dye molecules are well-

025
L]
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02 1 R2=0.9767
0.15 e
< e
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Fig. 14. Calibration curve of wastewater containing fast red dye (Amax = 526 nm).
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positioned to undergo oxidation or reduction by photogenerated electrons and holes (Fig. 15).

The process of adsorption takes place through a range of interactions, encompassing hydrogen bonding, electrostatic attractions,
and metal coordination. These findings suggest the occurrence of electrostatic attractions, n-n stacking, and hydrogen bonding in-
teractions between the charged IL, chitosan, and negatively charged sulfonate groups of the Fast Red, Blue 15, Red120, Blue 94, Yellow
160, and Acid Orange 7 dyes. Initially, the dye molecules were absorbed by the charged IL and porous chitosan, subsequently forming
complexes with the SnO semiconductor and undergoing a subsequent photodegradation process.

13. Recyclability of the bionanocomposite

The regeneration and recyclability of the nanocomposite are crucial factors in water treatment. After the dye removal reaction, the
SnO/[BzPy]Cl/Ch nanocomposite was collected through centrifugation and underwent a series of washing steps. First, it was washed
with a 1 % acetic acid solution, followed by multiple rinses using distilled water and ethanol. Afterward, the retrieved SnO/[BzPy]Cl/
Ch nanocomposite was oven-dried at 50 °C for 5 h. This regenerated nanocomposite was then employed again under optimal con-
ditions for dye removal. The obtained result demonstrates that the nanocomposite exhibited good catalytic activity, allowing for its
reuse for at least three cycles (Fig. 16). It is worth noting that the removal percentage after three cycles remained above 72 %.

14. Conclusion

In conclusion, the SnO/[BzPy]Cl nanoparticles and nanocomposite SnO/[BzPy]Cl/Ch were prepared in the presence of benzoyl
pyridinium chloride ionic liquid. Based on the obtained experimental results, among different prepared catalysts, the synthesized
bionanocomposite SnO/[BzPy]Cl/Ch has the best performance because of improving the band gap values of the catalyst. The SEM
images showed the sheet morphology of SnO. Also, after being supported by chitosan and IL, it displayed a layered flower-like structure
due to the orientation of the hydrogen bonding effect. The photodegradation and adsorption process depends on the nanocomposite
amount, dye concentration, contact time, and solution pH. Followed by achieving the optimal conditions, the efficiency of the novel
bionanocomposite in decolorizing real textile wastewater samples was tested, and it demonstrated outstanding performance.

The observed results show a considerable reduction in the BOD and COD values using the prepared photocatalyst. Moreover,
different isotherm data and adsorption kinetics models were investigated. Several characterization spectroscopy techniques were used
to determine the structures of different catalysts.
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