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Abstract: The use of waste from various agricultural sectors has recently drawn increased interest
from the scientific, technological, ecological, economic, and social fields. As such, in this study,
a novel production of an affordable and environmentally friendly photocatalyst of silicotitanate
(S1, S2, and S3) made from silica solution (extracted from rice husk ash) and various molar ratios
of titanium (IV) 2-ethylhexyl-oxide is reported. Following that, chitosan/silicotitanate (CHMix)
nanocomposite material was created through a crosslinking reaction between chitosan and fabricated
silicotitanate (S2). Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy (SEM-EDX), as well as N, adsorption-desorption isotherm and zeta potential
measurements were used to characterize each of the fabricated samples. Additionally, in comparison
to neat chitosan, the newly fabricated material’s (CHMix) photocatalytic reactivity was investigated
using two synthetic anionic dyes, reactive blue and Congo red, with decolorization rates of up to
95.76% and 99.9%, respectively. The decolorization results showed that CHMix is the most efficient
photocatalyst for the degradation of reactive blue and Congo red. Reactive blue and Congo red’s
molecular structures were almost completely broken when equilibrium was reached using sunlight,
and the decolorization rate for both dyes was close to 100%. As a result, the combination of chitosan
and silicotitanate, or CHMix, has an effective photocatalytic capability for dye degradation in both
natural and concentrated sunlight.

Keywords: solar photocatalytic degradation; chitosan/silicotitanate; nanoparticle; synthetic dyes;
reactive blue; Congo red

1. Introduction

Over the past ten years, there has been a significant increase in research on how to
effectively combine renewable solar radiation with improved photocatalytic performance to
manage freshwater scarcity and the energy crisis. Recent research has suggested that solar
energy combined with water evaporation, photocatalytic degradation, sterilization, and
hydrogen production offers promising opportunities to the fields of energy production and
clean water [1-5]. A wide range of photocatalysis technologies have been applied, boosted
by the advancements of functional solar-powered materials that have been thoughtfully
designed. Solar photocatalysis is one of these processes that has attracted industrial interest
as a viable method for reducing the negative environmental effects of water pollution [6,7].
Diverse photocatalytic processes have been suggested at a pilot scale for the degradation
and mineralization of water contaminants such as pesticides, herbicides, dyes, emerging
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pollutants, phenols, and halogenated compounds. These processes use solar energy and
commercial catalysts [8-11].

The coupling of solar-driven photocatalysts is crucial in order to realize the photocatal-
ysis effect along with solar-driven devices. Numerous functional materials with excellent
photo-conversion properties have recently surfaced in the field of photocatalysts for water
treatment, including frequently used Ti-based oxides [12-15], metal nanoparticles [16,17],
perovskites [18,19], W-based oxides [20-27], and other semiconductors [28-31]. These pho-
tocatalysts have attracted a lot of interest because of their wide solar spectrum absorption,
significant specific surface area, customized electrical property, and stability. This interest
has led researchers to investigate how the photothermal effect can be used to improve the
kinetic rates of redox reactions and charge separation efficiency. There have been a lot
more articles published recently about photothermal catalysis and solar-driven evaporation.
Recently, various inorganic semiconductor nanomaterials, including ZnO, ZnS, CdS, SiO,,
TiO,, Fep, O3, Al,O3, and ZrO,, have been shown to be useful as photo catalysts [32,33]. In
addition, they are thought to be safe, biologically inert, chemically stable, and insoluble in
water. In particular, one of the key benefits is the cost-effectiveness of TiO; it is the most
commonly used because of its ability to degrade dye molecules, as well as its non-toxicity,
large surface area, and stability in both acidic and basic media [32-35].

Regretfully, TiO, cannot be activated by visible light. Due to its wide band gap
(3.2 eV) and the low quantum yield of catalysts brought on by the quick recombination
of photo-generated electron (e) hole (h*) pairs, TiO; is also insufficient for photocatalytic
activities [36]. However, dye adsorption in the dark was found to be lower and photocat-
alytic activity for CdS/TiO, was higher comparedtoTiO, [36,37]. Different approaches are
used to progress the visible light responsiveness and decrease the charge recombination
in pure TiO;. Doping is one of the many modification methods that can readily change
the electronic structure and create new energy levels without altering the primary crystal
structure [38-40]; in particular, doping TiO, with noble metals (Pt, Ag, and Au), along with
non-metals (S, N, C, and P) [38]. Some factors, such as impurities, crystallinity, surface
area, and the surface hydroxyl group’s density, could affect the photocatalytic activity of
TiO,. TiO; can be used as a photocatalyst for both anatase and rutile crystal structures.
The anatase phase is much more active than rutile; however, it requires ultraviolet light to
become photocatalytically active. People are currently interested in harnessing sunlight
due to the visible light photocatalysis of titanium dioxide. It is, at present, possible to
produce visible light active photocatalysts by altering TiO, with metals. Nevertheless,
due to their potential to serve as recombination sites that lower quantum efficiency, some
dopants significantly increase while others decrease the photocatalytic degradation of
contaminants [38]. For instance, the recombination of charge at defect sites is attributable
to the copper incorporation into TiO,, which is the cause of the Cu-doped TiO, unfortunate
catalytic activity, and the high efficiency of W-doped TiO, [41]. Co-doping and the creation
of stable anatase TiO, photocatalysts at high temperatures can both be accomplished with
non-metal doping. The fluorine and nitrogen high-temperature stable anatase preparation
(F, N), co-doped by a microwave pretreatment, was carried out by other authors in an
effective, quick, and simple manner [42]. By co-doping N, F, and P, they also increased the
high-temperature stability of the anatase TiO, photocatalyst. It is well known, for example,
that modifying anatase TiO, by hexagonal boron nitride increases the transition tempera-
ture of anatase to a rutile, and gets better photocatalytic activity when exposed to sunlight
when compared to bare TiO,. Despite the numerous applications for mesoporous TiO,
powder and films that have been reported so far, catalyst effectiveness is still hampered
by two main deficiencies: (i) both the photogenerated charges rapid recombination, and
(ii) activation in the ultraviolet region, which makes up only about 3 to 5% of the whole
spectrum of solar, are restricted by its broadband energy. To reduce the TiO, photocatalytic
activity second deficiency, TiO, can be modified with a variety of elements, particularly
transition metals and ions of rare earth metal. In order to create cerium titanate (Ce-Ti)
porous materials, nanorods, nanoparticles, and cerium-doped TiO,, multiple earlier studies
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have used a multi-approach. The photocatalytic performance of this kind of catalyst is
enhanced by the state of band gap created by Ce, which in turn is used as a doping ele-
ment in TiO, [43]. Therefore, more research on this subject is required. Titanates, on the
other hand, are TiO,-containing compounds with thermally stable, chemically stable, high
photocatalytic activity and remarkable selective adsorption [34—46]. At the same time, it
is challenging and time-consuming to separate the catalyst from the reaction media. As
a result, polymers such as chitosan, cellulose, and others have been utilized as the base
material for semiconductors in recent years [47-50]. These polymers act as an interface
for charge transfer and lessen ion leakage in the treated water. Chitosan is one of many
polymers, but it is particularly popular because of its beneficial characteristics, such as
its nontoxicity, biodegradability, biocompatibility, antibacterial properties, and so on [51].
Chitosan’s structure is mainly composed of glucosamine and N-acetyl glucosamine. As a
result, the amino group within its structure is the primary cause of its affinity to dissolve
in acids, as it acts as a cationic polyelectrolyte, causing chitosan to adhere to negatively
charged surfaces [52]. Chitosan’s amino and hydroxyl groups can also act as active sites
during the adsorption process. Chitosan was used previously in the removal of organic
pollutant from wastewater [53].

The main objective of this work is to synthesize a highly efficient photocatalytic
nanocomposite material, chitosan/silicotitanate (CHMix), for the degradation of some
organic dyes present in polluted water. This research also aims to synthesize such a
compound using economically feasible materials such as rice husk ash (as a source of silica)
and chitosan, along with green synthesis techniques. The primary benefit of this hybrid
process is the improvement in chitosan performance and the development of a highly
effective wastewater treatment method. Consequently, the CHMix photocatalytic activity
is assessed when exposed to sunlight while using reactive blue (RB) and Congo red (CR) as
models. This work can provide a practicable way to create nanocomposite with superior
photocatalytic degradation and high stability.

2. Results and Discussion

2.1. Characterization of CHMix Nanocomposite with Respect to Pure Chitosan, Si—Ti (51, S2,
and S3)

2.1.1. FTIR Analysis

The FTIR spectra of pure chitosan, silicotitanate with different molar ratios of Si-Ti (S1,
52, S3), and Si-Ti (S2) crosslinked with chitosan (CHMix) are shown in Figure 1. The infrared
spectra of silicotitanate powder (51, S2, S3) exhibit three separate regions with peaks at the
wave numbers 455-961, 1600-2000, and 2800-3500 cm ™1, respectively [54,55]. The Si-O-5i
stretching modes and the Ti-O-Ti vibration stretching are associated with the first region
(455-961 cm~1) [51,56,57]. The second peak refers to the H-O-H bending of pure water [58],
whereas the broad peak in the higher wave number region (2800-3500 cm 1) relates to the
O-H stretching, indicating the presence of hydronium ions [59-61]. Figure 1 also shows
the IR spectrum for pure chitosan and the prepared nanocomposite (CHMix), which has
the same characteristics, with some notable intensity peaks shifting and the appearance of
peaks due to N-H and O-H bending vibration shifts. Due to the chemical modification of
chitosan (CHMix), the new bands (Figure 1) observed at 1354, 1000-1250, and 455 cm~! are
due to in-plane OH, Si-O-Si bending, and O-5i- or O-Ti bending, respectively [62]. These
outcomes demonstrate that the amino and hydroxyl groups are involved in composite
formation, which characterize the chitosan silicotitanate nanocomposite.
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Figure 1. FTIR pattern for pure chitosan, silicotitanate with different molar ratios of titanium (S1, 52,
S3), and S2 crosslinked with chitosan (CHMix).

2.1.2. X-ray Diffraction Analysis

X-ray diffraction profiles were carried out to characterize the phase structure of pure
chitosan, silicotitanate with different molar ratios (S1, S2, S3), and Si-Ti(S2) crosslinked with
chitosan (CHMix), as presented in Figure 2. The figure shows four main crystalline peaks
for S1, 52, and S3 at 26 equal to 12.19°, 28.22°, 32.31°, and 47.9°, which correspond to (100),
(113), (300), and (606) of silicotitanate (JCPDS 47-0591) [63]. The intensity of the strongest
peaks at 28.22° and 47.9° increase with the increasing titanium molar ratio, and indicate
that titanate is in the anatase phase according to card number 21-1272 [63]. An XRD of pure
chitosan revealed strong peaks at 260 around 17.7° (broad), indicating that chitosan exist as
an anhydrous crystalline phase [64,65]. After the crosslinking reaction of chitosan with 2 M
Si-Ti (CHMix), and after comparison with the XRD pattern of pure chitosan, new peaks
were detected in the nanocomposite (CHMix) due to H-bonding with the functional group
of chitosan. The broad chitosan peak around 17.7° became negligible in the nanocomposite,
and new peaks around 26 equal to 20.4° and 21.63 appeared. Additionally, two peaks
were identified at the 26 = 29.5° (200) and 36.06° (130) planes relating to silicotitanate [66],
indicating a strong interaction between chitosan and Si-Ti nanoparticles (52). Table 1
presents values of d-spacing, and and Full width half maximum (FWHM) before and after
the crosslinking reaction which are computed using the modified Scherer equation [66].
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Figure 2. X-ray diffraction analysis (XRD) patterns for different prepared samples.

Table 1. d-spacing and FWHM of S1, S2, S3, and CHMix nanocomposite material.

S1
Pos. (26°) d-spacing (A°) FWHM left (20°) Rel. Int. (%)
12.19 7.25 0.35 22.75
14.23 6.22 0.35 20.95
20.40 4.35 0.47 11.15
21.44 4.14 0.35 12.52
28.22 3.16 0.47 21.72
32.31 277 0.29 78.83
37.86 2.37 0.23 29.72
47.90 1.89 0.47 27.17
S2
Pos. (20°) d-spacing (A°) FWHM left (26°) Rel. Int. (%)
12.22 7.24 0.70 5.06
17.56 5.04 0.47 6.80
25.96 343 0.70 4.90

28.07 3.17 0.47 16.83
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Table 1. Cont.

32.31 2.77 0.59 8.35
47.94 1.89 0.59 14.80
S3

Pos. (20°) d-spacing (A°) FWHM left (20°) Rel. Int. (%)
12.22 7.23 0.29 20.16
13.94 6.35 0.17 12.52
17.66 5.02 0.35 9.54
20.44 4.34 0.35 7.89
25.83 3.44 0.35 9.47
28.12 3.17 0.23 26.16
32.31 277 0.23 34.85
34.73 2.58 0.35 12.61
47.86 1.90 0.47 21.46

CHMix

Pos. (20°) d-spacing (A°) FWHM left (26°) Rel. Int. (%)
20.41 4.35 0.70 61.02
21.63 4.10 0.35 71.71
29.50 3.02 0.14 100.00
36.40 2.46 0.17 75.09

2.1.3. Scanning Electron Microscope Analysis

SEM was used to study the possessions of various treatments on the morphology of
pure chitosan, S1, S2, S3, and (CHMix) nanocomposite materials, as shown in Figure 3.
As seen with high magnification, the prepared materials (51, S2, and S3) were rough and
aggregation occurred; the particle agglomeration was a large granule shape, signifying
that the silicotitanate particles were acutely agglomerated. In the case of nanocomposites
(CHMix), irregular shaped materials with random orientation were clearly observed on
the polymer surface in comparison with pure chitosan, indicating that nanocomposites
(CHMix) were completely formed from the binding of inorganic silicotitanate with the
organic chitosan polymer; i.e., different from pure chitosan, which has an almost smooth
surface.

S1

S2

Figure 3. Cont.
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Chitosan

(CHMix)

Figure 3. Scanning electron microscopy images of pure chitosan, silicotitanate with different molar
ratios of titanium (51, S2, S3), and S2 crosslinked with chitosan (CHMix).

2.1.4. Energy Dispersive X-ray Analysis

EDX analysis was employed to confirm the presence of major constituents of pure
chitosan, S1, S2, S3, and CHMix nanocomposite material (as presented in Figure 4). In
the case of pure chitosan beads, the characteristic peaks of carbon, nitrogen and oxygen
were observed, while in 51, S2, and S3 nanoparticles, EDX consists essentially of silicon (Si),
titanium (Ti), oxygen (O), and a small peak of sodium (Na). The sodium is from the silica
solution, which was extracted from rice husk ash. The very high peak of Si and Ti in the
EDX spectrum suggests that the hybrid nanocomposite consists predominantly of silica
and titanium. The carbon in CHMix is from the chitosan polymer.

1400 Elements Weight % |
C
1200 F % s
N K 9.84
1000
Z
‘2 800 F
=
g le) Chitosan
= 600 [N
400
200 |
0 N . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 4. Cont.
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Figure 4. EDX analysis of pure chitosan, silicotitanate with different molar ratios titanium (51, S2,
S3), and S2 crosslinked with chitosan (CHMix).

2.1.5. Zeta Potential

The surface charges of pure chitosan, 51, S2, S3, and CHMix nanocomposite material
affecting anionic dye adsorption were further analyzed by zeta potential under the pH
ranges of 2.0-9.0, and surface charge distribution is displayed in Figure 5. Alternatively,
chitosan has several-NH, and -OH groups which give different surface charges upon
protonation or vice versa under acidic and alkaline mediums, respectively. Conversely,
as the pH increases (pH = 5), further amine groups grow to be available in the chitosan
chain for dative bonding (electron donor) with silica cations, thus reducing the electrostatic
repulsion and supporting the stabilization of the Si-Ti NPs at smaller dimensions owing
to the increase in the number of nucleation sites [67]. The two anionic dyes (Congo red
and reactive blue) applied in this study have different numbers of SO3~ groups. Thus,
Congo red and reactive blue dyes and chitosan would have dissimilar levels of electrostatic
interaction under acidic and alkaline environments [68]. Generally, zeta potentials of
chitosan, S1, S2, S3, and CHMix nanocomposite are positive in an acidic environment
and negative after pH 7. Zeta potentials of chitosan, S1, S2, and S3 before the isoelectric
point were more positive than those of crosslinked CHMix nanocomposite. These results
indicated a decrease of the surface charge with an increasing pH level [68].
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Figure 5. Zeta potential curves of pure chitosan, S1, S2 and S3, and CHMix nanocomposite solutions
at different pH.

2.1.6. Surface Area Measurements

From the N, adsorption—desorption isotherm (Figure 6), we noticed that all fabricated
silicotitanate (S1, S2, and S3) revealed a mesoporous structure of type IV isotherms [69,70].
The hysteresis is present, along with capillary condensation in a Type IV a isotherm [70].
This happens when the pore width surpasses a specific critical width, which is dependent
on the adsorption system and temperature; for example, for nitrogen and argon adsorption
in cylindrical pores at 77 K and 87 K, respectively, hysteresis starts to occur for pores wider
than 4 nm. In addition, the Brunauer, Emmett and Teller surface surface area (BET), the
pore volume (Vm), the total pore volume, and the average pore diameter decrease with
increasing titanate concentration in silicotitanate (Table 2). This could be rationalized by
filling the pores of silica NPs with more titania molecules, which would decrease both
the pore volume and the BET surface area. On the other hand, neat chitosan biopolymer
showed the lowest BET surface area, pore volume, total pore volume, and average pore
diameter with macropores structure. When blending chitosan with silicotitanate (CHMix)
in a mole ratio of 2, the BET surface area, the pore volume, the total pore volume, and the
average pore diameter increased while retaining the macropore structure.

Table 2. BET, pore volume, and average pore diameter of pure chitosan, S1, S2, S3, and CHMix
nanocomposite material.

Parameters Unit Pure Chitosan S1 S2 S3 CHMix
Vin cm3(STP) g~! 0.06 3.23 3.01 1.74 0.19
BET m? g~ ! 0.28 14.06 13.08 7.55 0.83

Total pore em? g1 0.01 0.13 0.08 0.05 0.04

volume

Average pore

. nm 139.85 38.45 26.37 25.76 63.381
diameter
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Figure 6. N, adsorption—-desorption isotherms of pure chitosan, S1, S2, and S3, and CHMix nanocom-
posite materials.

2.1.7. UV-Vis Spectroscopy and Energy Band Gap

The UV-vis spectra of chitosan, S1, S2, S3, and CHMix nanocomposite are shown in
Figure 7. In the present study, the UV absorption spectra of S1, S2 and S3 show absorption
peaks at 310.9 and 327 nm, 309.7 and 327.6 nm and 307.09 nm, respectively. While the
absorption peaks of pure chitosan and CHMix nanocomposite are 278.6 and 296.7 nm,
respectively, these values are lower than of nanocrystalline S2 (309.7, 327.6 nm). In addition,
the pure chitosan displayed some visible light absorption, which, usually, could be con-
nected to a narrowing of the band gap after the synthesis of the CHMix nanocomposite [71].
The apparent shift in the nanocomposites may be a result of 52 chemical reactions with
chitosan significant molecular structure. The corresponding band gap values were obtained
by plotting Tauc’s plot obtained from absorption spectra function [72,73] against the photon
energy (inset in Figure 7) and found 2.80, 2.88, 2.82, and 2.76 eV for S1, S2, 53, and CHMix,
respectively. The band gap values of CHMix nanocomposites (Eg = 2.76 eV) were lower
than that found for the S2 (Eg = 2.88 eV). As a result of the production of the CHMix
nanocomposites, the bonding interactions between chitosan and Si-Ti were validated and
made a decrease in band gap, and they were directly associated to an enhancement in
photodegradation performance [74].
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Figure 7. The UV-vis absorption spectroscopy, and Tauc’s plot of the prepared samples.

2.2. Dye Adsorption and Photocatalytic Study

Dye removal efficiency of the fabricated samples (chitosan, S1, S2, S3, and CHMix
nanocomposite) towards anionic dyes (reactive blue (RB) and Congo red (CR)) was evalu-
ated at neutral pH by examining the adsorption performance as presented in Figure 8A,B.
The adsorption efficiency of chitosan towards anionic dyes in Figure 8 was high. The addi-
tion of silicotitanate (52) to give chitosan silicotitanate (CHMix) nanocomposite material
caused an increase in the removal efficiency up to (45 and 85%) for RB and CR, respec-
tively. These results may be explained based on the charge of chitosan and silicotitanate, as
well as dye molecules. Because of its cationic nature, chitosan exhibited high adsorption
efficiency towards anionic dyes (CR and RB). Additionally, with the incorporation of S2
to form CHMix, the adsorption activity increased, Generally, zeta potentials of chitosan,
51, 52, S3, and CHMix nanocomposite are positive at neutral pH. Consequently, it could
be hypothesized that the addition of Si-Ti (S2) to chitosan led to a clear increase towards
the RB and CR dye removal performance when using the obtained CHMix in comparison
with pure chitosan [75]. As a matter of fact, it is possible to conclude that chitosan has
a beneficial effect on the discoloration procedure. The charge separation caused by the
Si-Ti charge on the chitosan could explain the increased discoloration. The main role of
chitosan are the electron transport from Si-Ti NPs, and the limiting of the electrons-holes
pair recombination [76]. A large number of photoreactive species were formed as a result
of longer-lasting electron-hole pairs. Additionally, the dye molecules are concentrated
around the catalyst due to the adsorption capacity of chitosan and the nanocomposite’s
porous structure, which makes it more probable that the dye molecules will diffuse and
transfer to the external below a concentration slope. As a result, both the dye sufficiency
and the degradation percentage are raised. Throughout all circumstances, there is still a
small amount of dye in the solution; this shows that the process’s blocking of photocatalytic
active sites makes it difficult for the residual organic matter or intermediate products to
degrade completely [76,77]. The findings demonstrate a significant variation in degradation
effectiveness by CHMix.



Catalysts 2023, 13, 981

12 of 26

A

100
- % Degradation CR
|:| % Adsorption

80 |
60

40

% Removal

20

S2 S3 Chitosan CHMix
Sample

B

100
- % Degradation
- % Adsorption RB

80 |

% Removal

S1 S2 S3 Chitosan CHMix

Sample

Figure 8. The adsorption efficiency and photocatalytic degradation of CR (A) and RB (B) dyes (10mL,
33 mg/L CR and RB, 0.05 g of pure chitosan, S1, S2, and S3, and CHMix nanocomposite material).

2.2.1. Effect of Dose on Photocatalytic Activity

The photodegradation effectiveness is influenced by catalyst dosage. In a 50 mL
solution of reactive blue (RB) and Congo red (CR), with a concentration of 100 mg L1,
pure chitosan, S1, 52, S3, and CHMix doses were dispersed. Figure 9A,B illustrates the
relationship between the rate of photodegradation and the dose of pure chitosan, S1, S2, S3,
and CHMix. As predicted, the efficiency of photodegradation increased with the increasing
dose of catalyst for the reason that more binding sites were available for degradation. The
degradation sharply increases the behavior of the CHMix composites at different doses
with RB and CR. The other catalyst, on the other hand, exhibited promising degradation
behavior at 100 mg L~!, which is why CHMix was chosen as the standard for subsequent
experiments. As a result, the composite CHMix has the highest catalytic ability to degrade
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RB and CR. CHMix can degrade CR and RB dyes by more than 95% and 90% in 5 h.
This indicates that the active groups that are able to degrade the CR and RB dyes are
readily obtained through the activation procedure. However, when nanoparticles of Si-Ti
are directly cross-linked with chitosan, the rate of discoloration enhances due to the use
of nanoparticles in the production of nanocomposites [43]. In order to investigate dye
removal, CHMix nanocomposite materials were used as photocatalysts in the subsequent
experiments. and the most effective dose is 50 mg.
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Figure 9. The effect of material dose on the CR (A) and RB (B) dye photodegradation by pure chitosan,
51, 52, and S3, and CHMix nanocomposite material (dosage of 0.01, 0.025,0.05,0.07, and 0.1 g). The
CR and RB concentration was 100 mg/L, CR and RB dyes were at a pH of 6, and the degradation

time was 360 min.

2.2.2. The Effect of Dye Solution pH on Photocatalytic Degradation

The pH level significantly affects how well the photocatalyst works. To modify the
pH of dye (CR and RB) solutions, sodium hydroxide and hydrochloric acid were used
in this experiment. Figure 10 shows the effects of a pH ranging from 2-10 and a dye
starting concentration of 100 ppm on a 50 mg CHMix nanocomposite in a 20 mL solution
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of dyes (CR) and (RB) over the course of three hours. The degradation effectiveness of CR
and RB increases as the pH increases from acidic to alkaline values, and then gradually
decreases after pH 9. The nanocomposite catalysts showed much higher degradation rates
for CR (95%), compared to RB (56%), which can be explained by the abundant functional
groups and the photocatalytic reaction that occurred. This high photocatalytic activity is
due to the remarkable synergistic effect of the molecule interfacial layers on (CR) adsorp-
tion [78-80]. Titania—silica/cobalt ferrite photocatalyst has previously demonstrated similar
behavior [81]. The pH level has a significant impact on the photocatalyst’s surface charge
properties. In an alkaline solution, a photocatalyst’s surface can be negatively charged;
however, in an acidic solution, it posed positive charges [82]. At alkaline pH values, the
interaction between photogenerated holes and hydroxide ions (OH) to produce hydroxyl
radicals (OH) is most likely improved, which, in turn, would support the photocatalytic
degradation process [81].

o[ EEIRB EICR

80

70
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40

% Degradation

30
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10

pH

Figure 10. Influence of solution pH range (2-10) on photodegradation of CR and RB dyes on CHMix
(with a dosage of 50 mg, a CR and RB concentration of 100 ppm, and a degradation time of 180 min).

2.2.3. Effect of Degradation Time

The effect of contact time on the degradation of CR and RB by CHMix nanocomposite
material in sunlight, concentrated sunlight, and in the presence of Hy,O, at optimal pH
and adsorbent dosage was investigated. This investigation’s findings are summarized in
Figure 11. According to the findings, the dye degradation percentage increases signifi-
cantly during the early contact time. They begin to increase slowly after 25 min and reach
near equilibrium at about 120 and 175 min for CR and RB, respectively. The equilibrium
time between the dye and the photocatalyst is therefore optimized to 120 min for CR and
175 min for RB. When the degradation efficiency with and without H,O, were compared,
it was shown that the intensity of the concentrated light improves the ability of the pho-
tocatalyst; additionally, at early intervals, H;O, improves the degradation ability of the
nanocomposite sites and reaches near equilibrium after about 30 min. The combined effects
of photodissociation of H,O; with light and on the photocatalyst surface, as well as the
complex transport of highly reactive hydroxyl radical (*OH) in the reactant mix, may be
responsible for the enhanced photodegradation of dyes with nanocomposite material in the
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presence of HyO,. The crucial step is the photolysis of H,O, to produce hydroxyl radicals,
which can then be used to interact with organic compounds [83]. During photocatalysis,
H,0O, may be used as an electron scavenger. In the molecular orbital of the photocatalyst,
the hydroxide ion produced during H,O, electron scavenging may combine with holes
(h*), reducing electron-hole recombination [84]. The hydroxyl radical is more efficient at
oxidizing organic molecules than the superoxide ion (O, ™) that was produced during the
reaction [85]. It is obvious that HyO, can interact with both oxidized and reduced catalyst
surfaces, and that both the catalyst and HyO, can undergo redox reactions simultaneously.
Additional hydroxyl radicals and ions are produced as a result of such reactions, which act
as electron/hole hunters and interact with organic compounds. The photocatalytic reaction
may also be enhanced by hydroxyl, superoxide, and perhydroxyl radials that tend to react
on the catalyst surface. The increase in the overall photodegradation rate may be explained
by such a cycle of reactions.
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Figure 11. The effect of contact time on CR and RB degradation in sunlight and concentrated sunlight
in the presence of HyO, on CHMix(dosage of 0.05 g, a CR and RB concentration of 100 ppm at pH 6).



Catalysts 2023, 13, 981

16 of 26

2.2.4. Scavenger Experiments and Reaction Mechanisms

In order to propose a photocatalytic mechanism for the degradation of CR and RB,
the key active species such as *OH, *O,, h*, and H,O, were investigated. Figure 12
shows the radical experiment results against CR and RB photodegradation using CHMix
nanocomposite under sunlight irradiation. It can be observed that the photocatalytic
performance was inhibited to 70% and 15% after the addition of the p-benzo quinone
scavenger to CR and RB dye solutions, respectively. This signified that the *O, ™ radicals
play a crucial role in CR and RB photodegradation. In addition, the photodegradation rate
of CR and RB was significantly decreased after the addition of EDTA-2Na and AgNOs
scavengers into the reaction solution, verifying the major role of h* and e~ species in the
photoreaction [69]. In contrast, the *OH and H,O, displayed no influence on the CR and
RB photodegradation performance, where the photodegradation efficiency was still high
(88, 87, and 85% for CR and 62, 50 and 48% for RB), in spite of the addition of methanol,
isopropanol and Fe (II) to the reaction, respectively. According to the above results, the
power of the reactive species can be ordered as follows: *O, > e~ >h* > H,0, > *OH.

2 Cr
B rB

—

S

=]
L]

Photocatalytic removal efficiency(%)

Control Methanol EDTA-2Na Fe (I) Isopropanol AgNO3P-benzoquinone

Type of Scavenger

Figure 12. Trapping experiment of CR and RB oxidation (CHMix dosage of 1 g/L, CR and RB
concentration of 100 ppm, and a pH of 6.2).

The mechanism of organic dye degradation reactions by photocatalysis has previously
been described. The photocatalyst (such as a semiconductor) captures light energy that is
greater than the material’s band gap during photocatalysis. As soon as the light hits the
photocatalyst surface, the electrons (e™) in the valance band become energized and move
up into the conduction band. A positive hole forms on the valence band (h*VB) when the
electron is in the conduction band (e~ CB), as shown in Equations (1)—(10):

Chitosan + hv — (h*VB + e~ CB) Chitosan 1)

S2 + hv — (h*VB + e "CB) S2 @)
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Superoxide radicals are now produced by the energized electrons’ reaction with O, in
the conduction band, as demonstrated in Equation (3):

(e"CB)S2 + Oy — *0y~ 3)

According to Equation (4), these radical oxygen species have the ability to convert
contaminants (dyes) into CO, and H,O.

*0,” + Dye* — H,0 + CO, @)

The positive hole oxidizes water to produce hydroxyl and hydrogen ions in the valence
band, as shown in Equation (5).

H*(VB) + H,O — OH ™ + H* ()

The pollutants (dyes) can be mineralized by the hydroxyl ions created in the afore-
mentioned reaction, changing them into the H,O and CO; provided in Equation (6).

OH™ + Dye" — + H,O + CO, (6)

As shown in Equations (7)—(10) [86,87], the superoxide radicals produced can also be
used for additional degradation processes:

*O,” +H" — HO, (7)

H,0, — 2°0OH 8)

*OH + dye — dye (ox) )

(e~ CB) + dye — reduction products (10)

2.3. Applications of Sunlight Energy for Real Wastewater

To degrade real wastewater polluted by CR and RB, CHMix nanocomposite mate-
rial was used. The degradation of CR and RB in sunlight and concentrated sunlight by
nanocomposite material was investigated at optimal pH, time, and adsorbent dosage. This
investigation’s findings are summarized in Figure 13. The results for CR and RB were
88.4 and 89.1%, for the sunlight photocatalytic treatment, and 92.3 and 90.6% for the con-
centrated sunlight photocatalytic treatment, respectively. The photodegradation results
show that the electrical conductivity (EC) of polluted water increases with photocatalytic
treatment, as shown in Figure 13 and Table 3. The electrical conductivity (EC) increased
from 1527 to 3090 and 3205 mS/cm in sunlight and concentrated sunlight photocatalytic
treatments, respectively. These values are attributed to the formation of free radicals during
the photocatalytic process. These results verified that CHMix composite demonstrated
good photocatalytic efficiency, comparable and, in some cases, better than other comparable
systems [72,88-91], as indicated in Table 4. Because of the improvements in degradation
efficiency towards CR and RB, the CHMix nanocomposite photocatalyst is a promising
photocatalyst for wastewater treatment.



Catalysts 2023, 13, 981 18 of 26

100 T ; T
B CrR _ )
&
I rB 43000 &
[«]
—e—EC g
<X
=.
g OF 8
;g =1 2500 §
E E
o0 &
o =
=] =
N J <
= ol 2000 =
=1
n
8
7]
)
i 41500 B
70 L
Initial sunlight concentrated light

Figure 13. Real wastewater treatment in the presence of sunlight and concentrated sunlight by using
CHMix (a dosage of 1 g/L, CR and RB concentrations of 100 ppm, and a pH of 6.2).

Table 3. Physico- chemical analysis of wastewater samples in sunlight and concentrated sunlight by
CHMix nanocomposite material.

?;zcaelntration Concentrated Light Sunlight
EC (us/cm) 1527.00 3205.00 3090.00
PH 7.39 6.22 6.40
CO3 0.00 0.00 0.00
HCO;3 ppm 12.20 106.75 76.25
Cl ppm 152.13 152.13 152.13
TH ppm 441.00 284.20 343.00
Ca ppm 98.00 35.30 39.20

works for the catalytic degradation of CR and RB.

Table 4. Comparison of the photocatalytic performance of CHMix with other reported previous

Catalyst Pollutant . Time Photo . Efficiency
Catalyst Dosage (g/L) Concentration Light Source (min) Major ROS (%) References
Silica-coated Congo red (20 200 W xenon H,0?, *OH,
A WO,/ AgsS 1.0 me/1) lamp 140 i 99.5 [72]
Agl-Ag,S@g- Congo red (10 500 W xenon +
S 05 ma /L) lamp 50 h 94.2 [88]
400 W metal
Fe; 03 /porous 1.0 Congo red (20 halide 180 *OH 88 [89]
SIOZ mg/ L) L
amp
under . ~ ot
CHMix 1.0 Connglo ;e]:c)l (20 concentrated 120 O%_,Ieo, b, 92.3 This work
8 solar light 22
. . Fresnel lens to .
TIO,Z /the 1.0 Reactive blue concentrate 120 HZOZ,+ OH, 50 [90]
Fenton’s reagent 30 mg/L h
solar energy
Reactive blue undgr solar .
V5,05 06 light 80 H,0,, *OH 97 [91]

25mg/L

irradiation
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Table 4. Cont.

Catalyst Pollutant . Time Photo . Efficiency
Catalyst Dosage (g/L) Concentration Light Source (min) Major ROS %) References
under
. Reactive blue concentrated °0O,, e, ht, .
CHMix 1.0 20 mg/L solar light 120 1,0, 90.6 This work
irradiation

2.4. Stability and Reusability Measurements

Stability and reusability tests were carried out to illustrate the practical application of
CHMix nanocomposite as it had been developed Figure 14. In these experiments, five cy-
cles of CR and RB dye photodegradation were conducted using CHMix nanocomposite
under the identical conditions. After each round of degradation, the CHMix photocatalyst
was separated using a centrifuge [92,93]. The photocatalytic degradation performance
maintained (at 65% for CR and 20.4% for RB) after five measurement cycles. The CHMix
nanocomposite showed moderate stability and recycling after the fifth cycle, though there
was a high decrease (28.5% and 50%) in photocatalytic degradation performance against
CR and RB dyes, respectively, compared with the first cycle as shown in Figure 14. The
significant decline in the photocatalytic efficiency was explained by catalyst loss and the
reduction of active sites on the CHMix surface by reactive intermediates that can be owing
to the limited covering of catalytic active sites [94].
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=
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=
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Figure 14. Stability and reusability studies for CHMix nanocomposite using five cycles of CR and RB
degradation under sunlight illumination (time = 180 min, catalyst dosage =1 g/L, pH = 6.2, CR and
RB concentration = 100 ppm).

3. Experimental
3.1. Chemical and Reagents

The chemicals used in this research were all of analytical grade and were not purified
before use. Rice husk (Giza 78) was collected from the East Nile Delta, Egypt. Chitosan
(MW =8.96 x 5 g/mole, degree of deacetylation = 40%) was obtained from SE Chemical
Co., Ltd., Japan. Titanium (IV) 2-ethylhexyl-oxide, (95%), CAS (1070-10-6) solution was
purchased from Alfa Aser, Germany. Reactive blue and Congo red were purchased from R
& M chemicals. NaOH (Mwt = 39.99 g/mol) was purchased from Sigma Aldrich, Sweden.



Catalysts 2023, 13, 981

20 of 26

3.2. Green Synthesis of Silicotitanate Nanoparticles (NPs)

First, the silicon suspension was prepared by washing rice husk with distilled water,
drying it at 60 degrees Celsius, crushing it into a fine powder, and then burning it for eight
hours at 900 degrees Celsius to produce rice husk ash. Then, 5.5 g of the rice husk ash was
transferred into a 0.5 L stoppered flask containing an 18% NaOH solution, and the mixture
was refluxed at 120 °C for two hours before being filtered through filter paper. Second,
to make silicotitanate nanoparticles, 10 mL of Tween 80 was mixed with 100 mL of silica
solution filtrate. Then, different molar ratios (1, 2, and 3 M) of titanium (IV) 2-ethylhexyl-
oxide were added to the previous silica solution. The mixture solution was then heated at
80 °C for 24 h while being constantly stirred. The product was centrifuged, washed several
times with deionized water, and dehydrated in an oven, in air, at 80 °C for 24 h until it
reached a fixed weight, before being burned at 500 °C for 3 h to remove any remaining
organic compounds. The precipitates are denoted by acronyms derived from the Si-Ti
molar ratio (shown as 51, 52, and S3, which represent Si-Ti prepared with 1, 2, and 3 molars
of titanium (IV) 2-ethylhexyl-oxide, respectively).

3.3. Preparation of Chitosan Silicotitanate Nanocomposite Material

Chitosan solution was initially prepared as follows: 0.5 g of chitosan polymer was
dissolved in 100 mL of distilled water, and 2 mL of acetic acid were added and mixed
thoroughly. Then, 100 mL of chitosan solution was intercalated using the 2 molar ratios
of silicotitanate NPs as follows: in 12 mL of titanium (IV) 2-ethylhexyl-oxide solution and
10 mL distilled water, 10 mL of silicon solution and 1 mL of Tween 80 were dispersed.
The previous suspension was treated with 0.08 g ammonium persulfate and heated at
80 °C for 3 h. Then, 100 mL of previously prepared chitosan solution was added, and
the process was repeated for another 2 h at 50 °C. After mixing the components, a 5%
glutaraldehyde solution was used to crosslink the nanocomposite material. The cross-
linked nanocomposite was heated to 50 °C for 24 h, then washed, and dried at 50 °C;
and has been denoted by an acronym (CHMix). The synthesis of CHMix nanocomposite
material for the degradation of CR and RB dyes isshown in Scheme 1.

3.4. Characterization Technigues

FTIR spectroscopy was used to investigate the interaction of pure chitosan, silicoti-
tanate (51, S2 and S3) NPs, and CHMix. The procedure was carried out at a rate of 30 scans
per minute using a Nicolet Avatar (Waltham, MA, USA) 230 spectrometer to verify infrared
spectra with wave numbers ranging from 400 to 4000 cm~!. X-ray diffraction analysis
(XRD) analysis was carried out using the database of the Joint Committee on Powder
Diffraction Society (JCPDS). A field emission scanning electron microscope was used to
examine the morphology of the chitosan-silicotitanate composite (Zeiss Auriga, Padua,
Italy). The elemental composition was determined using an EDX XL30 SFEG from Phillips
in the Netherlands. Zeta potentials of pure chitosan, S1, S2, S3, and CHMix samples were
determined by means of electrophoresis using a MalvernZetasizer 3000. N; adsorption
and desorption measurements were measured on Q adsorb evo equipment (BELSORP-
minix (S/N: 10039, version 1.1.3.1, Osaka, Japan) to evaluate the texture of synthesized
materials through the sorption system, and the sample was degassed at 80 °C for 24 h. The
absorbance spectra of the fabricated materials was measured using UV-vis spectrum(Elico
EI 301E, Telangana, India) in the wavelength range of 200-900 nm.
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Scheme 1. Illustration synthesis of CHMix nanocomposite material for the degradation of Congo
Red (CR) and Reactive Blue (RB) dyes.

3.5. Photocatalytic Degradation

A batch experiment was used to conduct photocatalytic tests. For two months during
September through October, all photocatalytic tests were conducted on sunny days between
8:30 a.m. and 3:00 p.m. under the same conditions (the reaction time was 6 h). CHMix
nanocomposite (0.05 g) was added to 0.02 L of the reactive blue (RB, 33 mg L~1) solution
and Congo red (CR, 33 mg L) solution and agitated for a period of time in the dark at
room temperature (25 °C) for 1 h to investigate the composite’s adsorption behavior. Due
to the complex molecular structure of Congo red, a less concentrated solution was used. A
higher concentration would make the process take a slightly longer time. A UV-Vis spec-
trophotometer was used to determine the dye concentration after the sample was collected
over various time intervals. A dish with a 1 m diameter, and a geometrical concentration
factor of C = 10x was used. The samples were placed on the top of the focal point of
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the dish for a certain amount of time without any cooling. The photocatalytic activity of
chitosan/silicotitanate (CHMix) in concentrated sunlight is presented in Scheme 1. The
photocatalytic activity assessment of chitosan silicotitanate (CHMix)in both concentrated
sunlight and direct sunlight used the same procedure. As the time of highest adsorption
varied with composites and dyes, the time gap and points for all samples were the same. To
assess the reusability of a synthetic photocatalyst, a five-cycle reusability experiment for CR
and RB degradation was conducted. The photocatalyst was recovered by centrifugation,
washed with ethanol four times, and dried for 18 h at 75 °C after each cycle.

3.6. Scavenger Experiments

In order to propose a photocatalytic mechanism for CR and RB degradation, key
active species such as *OH, h*, *O,, H,0,, and e~ were investigated. First, 0.5 mmol/L of
methanol (*OH), isopropanol (*OH), disodium ethylene diamine tetra acetate (EDTA-2Na)
(h*), p-benzoquinone (*O;), AgNO3(e™), and Fe (II) (H,O,) were used in the scavenger
experiments for reactive species detection, respectively. The CHMix heterojunction rad-
ical tests against CR and RB dye degradation were carried out under the same reaction
conditions but with different scavengers.

4. Conclusions

This study described a successful development of chitosan/silicotitanate (CHMix)
nanocomposite as a highly efficient photocatalyst for the degradation of organic dyes using
the green synthesis technique. SEM-EDX, FI-IR, BET, and XRD were used to characterize
the nanostructures’ structure and morphological properties. All morphologies (chitosan,
51, 52, S3, and CHMix) demonstrated varying degradation efficiencies, with the CHMix
demonstrating the highest degradation percentage. All of the catalysts developed were
tested for photocatalytic decolorization of RB and CR dyes. The molar ratio of titanate
loading and the solution pH had a significant impact on the degradation process. Among
all chitosan/silicotitanate compound (CHMix) demonstrated the highest decolorization
efficiency for both dyes and reaching 99.9% and 95.76% for RB and CR, respectively, when
exposed to sunlight. Additionally, the CHMix sample has unique optical characteristics
that may make it easier for it to excite, which would also result in greater photocatalytic
activity. Based on degradation efficiency, CHMix can be regarded as an excellent candidate
photocatalyst material for wastewater treatment.
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