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Abstract: This study investigated the decolorization of Remazol Black (RBB) using a TiO2 photocat-
alyst modified by S and Co co-doped TiO2 (S-Co-TiO2) from a single precursor. X-ray diffraction,
Fourier transform infrared spectroscopy, scanning electron microscopy, and UV–Vis specular re-
flectance spectroscopy were used to characterize the photocatalysts. The results revealed that the
band-gap energy of the doped and co-doped TiO2 decreased, with the S-Co-TiO2 8% showing the
greatest one, and was found to be 2.78 eV while undoped TiO2 was 3.20 eV. The presence of S and
Co was also identified through SEM-EDX. An activity study on RBB removal revealed that the
S-Co-TiO2 photocatalyst showed the best result compared to undoped TiO2, S-TiO2, and Co-TiO2.
The S-Co-TiO2 8% photocatalyst reduced RBB concentration (20 mg L−1) up to 96% after 90 min of
visible light irradiation, whereas S-TiO2, Co-TiO2, and undoped TiO2 reduced it to 89%, 56%, and
39%, respectively. A pH optimization study showed that the optimum pH of RBB decolorization by
S-Co-TiO2 was 3.0, the optimum mass was 0.6 g L−1, and reuse studies show that S-Co-TiO2 8% has
the potential to be used repeatedly to remove colored pollutants. The results obtained indicate that
the modification of S, Co co-doped titania synthesized using a single precursor has been successfully
carried out and showed excellent characteristics and activity compared to undoped or doped TiO2.

Keywords: cobalt; decolorization; photocatalyst; Remazol Black; sulfur; TiO2

1. Introduction

Dyestuff waste is a significant source of contamination in the aquatic environment.
Among various synthetic dyes, Remazol Black (RBB) is the most widely used because of its
low energy consumption during the dyeing process, water fastness, color brightness,
and good fixation characteristics on fabric fibers [1,2]. However, due to its complex
chemical structure, this dye is stable and difficult to biodegrade, so the concentration in the
environment does not tend to decrease [3–6]. The release of this dye into the environment
is extremely hazardous because it can produce toxic, mutagenic, and harmful by-products
of oxidation, hydrolysis, and other chemical reactions that occur in the wastewater mixture,
which are toxic, mutagenic, and harmful to microorganisms, aquatic life, and humans [5].
Therefore, an efficient method is needed to remove the dye concentration from wastewater
before being discharged into the environment.

One of the effective methods for dealing with various organic pollutants such as
dyestuff waste is advanced oxidation processes (AOPs) using heterogeneous photocata-
lysts [7,8]. Compared to other semiconductors, TiO2 is the most widely used due to its
advantages such as high photocatalytic activity, stability, non-toxicity, and low cost, and it
has been widely used for environmental pollution control, especially water pollution by
dyestuff waste [9,10]. However, due to its large band gap (anatase 3.2 eV), TiO2 can only
be activated by UV radiation, which is only 3–4% of the available total solar radiation. To
improve the efficiency of photocatalyst activity in the visible light region, TiO2 should be
further modified [11–13].
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Modification with dopants has been shown to reduce the band-gap energy and in-
crease the responsivity of TiO2 to the visible light region. The use of single dopants has
been widely studied. However, there are several drawbacks to the effects of single doping,
including that high doping levels are almost unattainable due to the mismatch of ionic
charge and/or atomic radius of the dopants with TiO2, thermal instability, and the rate of
electron recombination being increased compared to undoped conditions [14], which can
inhibit the photocatalytic activity of TiO2. Co-doping can be an alternative to solve this
problem. The co-doping technique is an effective method for lowering the band gap energy
of TiO2, allowing TiO2 to be responsive in the visible light range [15–18]. Meanwhile, the
combination of metallic and non-metallic dopants proved to be effective in reducing the
band gap energy of TiO2 significantly, reducing electron and hole recombination that might
result from a single doping effect, thereby increasing photocatalytic activity in the visible
spectrum for efficient utilization of sunlight [19].

Compared to other non-metallic dopants such as N and C, sulfur is considered ad-
vantageous due to its ability to narrow the band gap, high thermal stability, and enhanced
photocatalytic activity [10,20–22]. Meanwhile, incorporation of 3D transition metals into
TiO2 is also an effective approach to reducing the band gap energy. The unfilled d-electron
structure in transition metals can accommodate more electrons, allowing transition dopants
to act as a photogenerated electron–hole pair trap, reducing the occurrence of electron–hole
pair recombination on the photocatalyst surface [23]. Among other transition metals such
as V, Cr, Mn, Fe, and Co, cobalt is considered a good candidate for TiO2 doping due to
the similarity of the ionic radius of Co2+ to Ti4+, and it has been shown to increase the
photocatalytic activity of TiO2 in the visible region [24–26]. Co-doping modification of TiO2
with S and Co has been reported. However, to the best of our knowledge, no studies have
reported the use of a single precursor as a source of S and Co dopant, as well as activity
assays for photocatalytic decontamination of Remazol Black under visible light exposure.
Furthermore, we developed light-emitting diodes (LED) as a light source due to their long
lifetime and high energy efficiency compared to typical light sources such as Xe lamps and
Hg-Xe lamps [27].

2. Materials and Methods
2.1. Materials

Titanium(IV) isopropoxide (TTIP, 97%) was purchased from Hangzhou Jiu Peng Ma-
terial Co., Ltd. (Zhejiang, China). Ethanol (C2H5OH, 99.5%), cobalt(II) sulfate (CoSO4),
thiourea (CH4N2S), cobalt(II) chloride hexahydrate (CoCl2·6H2O), hydrochloric acid (HCl,
36%), sodium hydroxide (NaOH), and Remazol Black (RBB, C26H21O19N5S6Na4,
MW = 991.82 g mol−1) were obtained from Merck, and deionized water was used in
this work. The chemical structure of RBB is shown in Figure S1.

2.2. Synthesis of Photocatalysts

The sol-gel method was used to synthesize all of the photocatalysts. Under magnetic
stirring, titanium(IV) isopropoxide (97%) was stoichiometrically dissolved in 20 mL ethanol.
In separate bins, 0.24 g of thiourea was dissolved in a mixture of distilled water and ethanol
(1:1 volume ratio) to obtain a dopant concentration of 10% S (w/w). The prepared TTIP
solution was added dropwise to this solution under magnetic stirring, and the pH of the
solution was adjusted to 3 with the addition of 1 M HCl. Stirring was continued for 2 h,
and then the mixture was allowed to stand for 24 h for the gel ripening process. Then, the
gel that formed was dried in an oven at 80 ◦C for 4 h, and the solid obtained was calcined
at 450 ◦C for 3 h. The catalyst obtained was labeled S-TiO2.

To synthesize Co-doped TiO2, a similar method to the previous one was used.
CoCl2·6H2O 4% (w/w) as a source of Co dopant was dissolved into a mixture of dis-
tilled water and ethanol to obtain a solution of Co. The prepared titanium solution was
added dropwise into this dopant solution, followed by a similar procedure for the S-TiO2
synthesis, and then the catalyst was marked as Co-TiO2.
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To synthesize S and Co co-doped TiO2, a stoichiometric amount of titanium(IV)
isopropoxide was dissolved in ethanol absolute under magnetic stirring (solution A). At
the same time, 47.91 mg of CoSO4 was dissolved in a mixture of distilled water and ethanol
(volume ratio 1:1) to obtain the desired ratio of 4% (w/w) Ti: CoSO4 dopant concentration
(solution B). Solution A was added dropwise to solution B under magnetic stirring, then
the solution pH was adjusted to 3.0 with the addition of 1 M HCl, and stirring continued
for 6 h, followed by aging for 24 h. Afterward, the gels were dried at 80 ◦C for 4 h to
evaporate water and organic materials. Then, dry gels were calcined at 450 ◦C for 3 h
to control the crystal phase of the catalyst. The final catalyst was thoroughly milled and
labeled as S-Co-TiO2 2%. A similar procedure was followed to prepare S-Co-TiO2 with
concentration ratios of 6%, 8%, and pure TiO2 without adding dopants.

2.3. Photocatalyst Characterization

The composition and crystalline phase of the photocatalyst was identified by X-ray
diffractometer (XRD Shimadzu 6000, Cu Kα radiation λ = 0.15406 nm as the source of
X-rays, operated at 40 kV, 30 mA, the angular range of 2θ = 5–90◦ and nickel as the filter).
The crystallite size of the prepared photocatalyst was estimated by Scherrer equation
(Equation (1)):

D =
kλ

β cosθ
(1)

where k is a shape factor (0.94), λ is the wavelength of Cu Kα source used, β is the full
width at half maximum (FWHM), and θ is the angle of diffraction.

A Fourier-Transform Infrared (FTIR) spectrophotometer (Shimadzu Prestige 21) was
used to verify the functional groups and chemical bonds in the photocatalyst in the
wavenumber 400–4000 cm−1. Scanning Electron Microscopy (SEM) equipped with Energy
Dispersive X-ray Analysis (EDX) was used to determine nanoparticle morphology and
nanoparticle composition, and to identify the photocatalyst light absorption profiles, UV–
Vis Specular Reflectance Spectroscopy (UV–Vis SRS) was used.

2.4. Photocatalytic Activity

The photocatalytic activity of the synthesized S-Co-TiO2 was studied for Rema-
zol Black (RBB) decolorization using a batch system in a closed reactor equipped with
4 UV lamps (@20 W, intensity 200 lm/m2) and 4 visible lamps (TL-D, intensity @20 W,
2000 lm/m2), which can be adjusted for use (Figure S2). For comparison, photocatalytic
activity tests were performed under the same conditions on other prepared photocatalysts
TiO2, S-TiO2, and Co-TiO2. The variables studied included the type of photocatalyst, light
source, initial pH, photocatalyst dose, dye concentration, and photocatalyst reuse test. In
the study of light source parameters, visible light or UV light can be adjusted as needed, so
the visible and UV tests were carried out under different conditions. At the beginning of
the photocatalytic reaction, the prepared photocatalyst was dispersed in RBB solution and
then magnetically stirred for 30 min in the dark without irradiation to achieve adsorption–
desorption equilibrium conditions. The following process is a photocatalytic reaction
initiated by contacting the solution with visible/UV light under continuous stirring. The
photocatalyst was separated from the solution by centrifugation at 5000 rpm for 10 min
at certain time intervals. Furthermore, the residual concentration after the photocatalytic
process was investigated using a UV–Vis spectrophotometer at a wavelength of 598 nm
(λmax = 598 nm). The efficiency of RBB removal by photocatalyst was determined using
Equation (3):

The removal efficiency of RBB (%) =
Ci− C f

Ci
100 (2)

where Ci was the initial RBB concentration (mg L−1) and Cf was the final RBB concentration
(mg L−1). Each experiment was repeated four times.
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2.5. pH Point of Zero Charge (pHPZC) of TiO2-S-Co

pHPZC of S-Co-TiO2 was determined using the procedures from previous work [28]
with a few modifications. A 0.1 g measure of catalyst was added to 25 mL 0.1 M NaNO3.
The pH of the solution was adjusted by adding HCl or NaOH solution to obtain pH values
in the range of 2–11. The final pH values of the solution were determined after constant
shaking for 2 h at 293 K and left for 24 h.

3. Results and Discussion
3.1. Photocatalyst Characterization
3.1.1. XRD Analysis

The crystal phase of the photocatalyst was analyzed using XRD, and the XRD pattern
is shown in Figure 1. The diffraction pattern of pure TiO2, S-TiO2, Co-TiO2, and co-doped
S-Co-TiO2 showed the major peaks of the crystal planes for (101), (200), (105), (211), (204),
and (215) corresponded to the anatase phase of TiO2 (JCPDS reference No. 21-1272), and
no other phases such as rutile or brookite appeared in the samples.
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Figure 1. XRD pattern of undoped, doped, and co-doped TiO2 photocatalyst.

There were no other crystallite peaks for S and Co ions in any samples, indicating that
the S and Co dopants were evenly distributed on the titania surface [15]. Furthermore, the
diffraction peaks of doped and co-doped samples shifted narrowly to a larger diffraction
angle, followed by a decrease in peak intensity compared to undoped TiO2. The difference
was also observed in the average crystallite size (D) (Table 1), which is estimated using
Scherrer’s equation (Equation (1)). It was shown that the presence of dopant reduced
the average crystallite size, with the most significant decrease attributed to the co-doping
effect. As previously reported, the shift in diffraction peaks accompanied by a decrease in
intensity and the average crystallite size after co-doping can be attributed to the presence
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of new bonds formed after the addition of sulfur and cobalt dopant to titania, in the form
of Ti–O–S or Ti–O–Co bonds or both, which suppresses titania crystal growth and causes
distortion of the crystal structure [25,29,30].

Table 1. The average crystallite sizes and the band gap energy of undoped TiO2 and S-TiO2, Co-TiO2,
and S-Co-TiO2.

Photocatalyst D (nm) Band Gap (eV)

TiO2 5.154 3.20
S-TiO2 3.504 3.16

Co-TiO2 5.170 3.15
S-Co-TiO2 4% 2.405 2.82
S-Co-TiO2 6% 2.079 2.83
S-Co-TiO2 8% 2.445 2.78

3.1.2. FTIR Analysis

The functional groups formed on the photocatalyst before and after doped and co-
doping were identified using the FTIR spectrum (Figure 2). Based on Figure 2, the spectrum
of undoped TiO2 displayed a broad absorption band at 3400–3600 and 1635 cm−1, which
were identified as stretching and bending vibrations of the hydroxyl groups on the TiO2
surface [20]. The adsorption band at 2924 cm−1 was defined as the Ti–OH2 group vibration,
and the strong absorption band at 500–800 cm−1 was defined for Ti–O strain vibrations [31].
In the S-TiO2 and Co-TiO2 doped samples, the Ti–O absorption band widens and shifts
slightly to a lower wavenumber due to the substitution of Ti4+ ions by Co2+ ions [32] and
Ti4+ by S6+/S4+ ions [33,34]. A more significant shift occurred in the S-Co-TiO2 sample,
which was associated with the substitution of the Ti4+ ion by the two dopants S6+ and
Co2+ ions. This replacement caused more defects, particularly oxygen vacancies, due to
the charge neutrality after the replacement of Ti4+ by Co2+ or/and S6+S4+ [32,35]. Then,
in the S-TiO2 and S-Co-TiO2 samples, a new peak appeared at 1047–1080 cm−1, which
corresponds to the bending vibration of Ti–O–S. This bond is formed from the substitution
of Ti4+ by S6+/S4+, which also causes the Ti–O bond to weaken [36]. Furthermore, the peak
at 1120–1125 cm−1 confirmed the S–O bending vibration in the form of SO4

2−, indicating
that S was presented in cationic species (S6+/S4+) since the substitution of Ti4+ by S6+/S4+

is chemically more favorable than the substitution of O2− by S2− (anionic sulfur), because
of the ionic radius of S2− (1.7 Å) is quite larger than O2− (1.22 Å), so this substitution is
difficult to achieve compared to the substitution by the cationic sulfur [20,34]. Meanwhile,
the shift in the Ti–O absorption peak was greater in the co-doped sample than the doped
sample, indicating that more Ti ions were replaced by S and Co dopants [15,18].
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Figure 2. FTIR spectra of (a) pure TiO2, (b) S-TiO2, (c) Co-TiO2, (d) S-Co-TiO2 4%, (e) S-Co-TiO2 6%,
and (f) S-Co-TiO2 8%.

3.1.3. SEM Analysis

SEM analysis was used to identify the surface morphology of the photocatalysts, and
the SEM micrographs of undoped, doped, and co-doped TiO2 are presented in Figure 3.
The surface of pure TiO2 showed a uniform spherical morphology and size homogeneity.
After being modified with Co dopant, the photocatalyst showed a surface with large and
inhomogeneous agglomerates, while after co-doped with S and Co, the particles formed
homogeneous spherical agglomerates with smaller sizes.

EDX was employed to classify the elemental composition of the photocatalyst. The
EDX pattern confirmed the presence of S, Co, or both dopants in the S-TiO2, Co-TiO2, or
co-doped TiO2 samples in addition to the main elements Ti and O (Figure 3). A small
amount of sulfur could not be identified in the S-Co-TiO2 4% sample, which may be due to
the dopants’ content being too small. Other than that, the EDX pattern confirmed that all
the targeted elements are in the TiO2 co-doped sample (Table 2).

Table 2. The elemental composition of undoped TiO2, S-TiO2, Co-TiO2, and S-Co-TiO2.

Element
% Atom

TiO2 S-TiO2 Co-TiO2 S-Co-TiO2 4% S-Co-TiO2 6% S-Co-TiO2 8%

Ti 27.28 22.53 29.07 21.26 20.93 22.94
O 72.72 77.37 69.35 78.37 78.60 76.25
S - 0.10 - - 0.09 0.17

Co - - 1.58 0.38 0.39 0.63
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3.1.4. UV–Vis SRS Analysis

The UV–Vis SRS spectrum revealed the optical properties and band gap energy of
the photocatalyst. Figure 4 exhibits the UV–Vis SRS spectrum and Tauc’s plot of undoped,
doped, and co-doped TiO2. As shown in Figure 4a, TiO2 shows an ultraviolet absorption
semiconductor profile (200–400 nm) due to the large band gap energy of anatase TiO2
(3.2 eV). A small red-shift to the visible region was observed in the S-TiO2 sample due
to the formation of a new sub-band gap in the valence band (VB) from the formation
of the Ti–O–S bond after S doped to titania [37]. The new sub-band gap is formed by
mixing the S3p orbital with the O2p orbital, which narrows the band gap of TiO2 [25]. The
distinctive red-shift was also observed in the Co-TiO2 sample, indicating that Co-TiO2
has an absorption in the visible region. The optical absorption mechanism of undoped
TiO2 is the transition energy from the valence band to the conduction band. The sp-d
exchange interaction between the band electrons and the localized d-electrons of the Co2+

ion replacing the Ti4+ cation is responsible for the red-shift in the Co-TiO2 sample. This
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interaction between sp and pd causes a downward shift in the conduction band (CB) and
an upward shift in VB, narrowing the band gap system [38].
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Meanwhile, the red shift in the co-doping sample (S-Co-TiO2) was the most significant
compared to the previous two doping samples (S-TiO2 or Co-TiO2). The S-Co-TiO2 sample
displayed a high adsorption profile in the ultraviolet region, even higher than undoped
and doped TiO2. Then, the absorption bands are significantly widened to the visible
light region, implying that the photocatalyst activity in visible light has increased due
to the impurity of S and Co co-dopants in TiO2. The SRUV–Vis absorption data were
implemented into a Tauc’s plot between (αhV)2 versus hV to determine the band gap energy
before and after modification, and the results are presented in Figure 4b. The band gap
energy of undoped TiO2 was identified to be 3.2 eV. When impurity S is present in TiO2, the
band gap is reduced to 3.16 eV, while doping by Co lowered the band gap to 3.15 eV. The
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decrease in band gap energy was more significant when TiO2 was co-doped by S and Co.
The addition of 4% and 6% CoSO4 as a single precursor of co-dopants caused a decrease
in the band gap to 2.82 and 2.83, respectively. The most significant decrease occurred at
the S-Co-TiO2 8% sample, resulting in a band-gap width of 2.78 eV (Table 1). The more
significant band-gap narrowing in the co-doped sample may be due to the formation of two
impurity states close to the VB and CB. One is formed by mixing the S3p orbitals with the
O2p orbitals of the S dopant, and the other is formed by exchange interactions between the
sp on the electrons band and d-electrons of the Co2+ ion that replaces the Ti4+ ion [25,38,39].

3.2. Photocatalytic Performance on RBB Removal
3.2.1. Effect of Different Photocatalyst

The prepared photocatalysts TiO2, S-TiO2, Co-TiO2, and S-Co-TiO2, were used in the
photocatalytic removal of RBB under visible or UV-light irradiation separately to evaluate
the photocatalytic activity before and after modification. In this experiment, 20 mg L−1

of RBB solution was added with the prepared photocatalyst and then irradiated with
visible/UV light for a certain time. The results of RBB removal using various photocatalysts
are shown in Figure 5.
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In order to determine the photolysis properties of RBB, the removal concentration
without the addition of the photocatalyst was also investigated. The results showed that
RBB did not undergo photolysis after 150 min of UV or visible light exposure.

Figure 5a shows the photocatalytic activity of various prepared photocatalysts under
visible light. A reasonably good result is shown in the S-TiO2 sample. The undoped TiO2
was only able to degrade 49% of RBB after 150 min of visible light exposure. Meanwhile,
after dopant addition, the removal efficiency of RBB increased to 94% and 61% for S-TiO2
and Co-TiO2 after 120 min of exposure, respectively. However, the most effective removal
of RBB was obtained from the TiO2 co-doped by S and Co 8% (S-Co-TiO2 8%) photocatalyst.
Although S-TiO2 reduced 94% of dye concentration, time efficiency can be achieved in
co-doped samples (S-Co-TiO2 8%), which can remove 96% of RBB in 90 min of visible light
irradiation. Thus, the S-Co-TiO2 8% demonstrated the best photocatalytic performance
compared to other prepared photocatalysts.

Under UV irradiation, the S-Co-TiO2 8% sample also demonstrated the highest photo-
catalytic activity compared to other photocatalysts. During 90 min of UV irradiation, 98%
of RBB could be removed, while S-TiO2, Co-TiO2, and pure TiO2 removed 95%, 76%, and
74% of RBB concentration, respectively. These findings confirm that S-and-Co-co-doped
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TiO2 (S-Co-TiO2) exhibits the most significant increase in photocatalytic activity in visible
or UV light.

Pure TiO2 displayed significant photocatalytic activity in UV light but not in visible
light since the energy from visible light is insufficient to activate TiO2. The UV light energy
corresponds to the expansive band-gap energy of TiO2 (3.2 eV). However, the presence
of S and Co as impurity dopants in the titania structure can enhance the photocatalytic
activity in visible light due to the formation of new sub-levels energy in the titania structure,
resulting in a narrowing of the TiO2 band gap energy [25]. The new energy level formed
by the S atom was attributed to the substitution of Ti4+ by S6+ from mixing the S3p orbital
with the O2p orbital close to the valence band (VB), which narrowed the band gap of TiO2
and increased the absorption of visible light [13,25,29]. On the other hand, Co dopant
contributes to lowering the band gap energy from the substitution of Ti4+ by Co2+. Co
dopant directs the sp-d exchange interaction between the band electrons and localized d-
electrons of the Co2+ ion that replace the Ti4+ ion. This interaction causes a downward shift
of the conduction band (CB), resulting in a narrowing of the band gap system [25,30,38].
The synergetic effect of S and Co dopants forming two new energy levels on the S-Co-TiO2
sample resulted in the most optima in decreasing the band gap energy and encouraging
the visible-light absorption compared to S-TiO2 or Co-TiO2 samples.

Although both were doped, S-TiO2 had a much higher photocatalytic activity than
Co-TiO2. According to the literature, the higher activity of S-TiO2 can be attributed to
the presence of hydroxyl groups on the surface of the sulfur oxide photocatalyst, which
can create an acidic environment on the surface. Then, the substitution of Ti4+ by S6+

ions in the TiO2 lattice causes a charge imbalance in the structure of TiO2. The extra
positive charge formed will attract anions from the solution, such as hydroxide ions, to the
surface of the photocatalyst, thereby neutralizing the charge imbalance [40]. Furthermore,
this extra positive charge can adsorb the hvb

+ formed by the photocatalyst induced by
light to produce hydroxyl radicals, which have strong oxidizing power to decompose the
organic compounds such as RBB dyes. The difference in electronegativity between the S
and O atoms in the Ti-O-S bond causes electron transfer from the less electronegative S
atom to the more electronegative O atom. This causes the sulfur atom to be deprived of
electrons and will retain e− generated by the photocatalyst. As a result, the electron and
hole recombination rate decreases, and hvb

+ will be abundantly available to generate more
hydroxyl radicals on the surface of the photocatalyst [13]. The abundant availability of
hydroxyl radicals will increase the decontamination efficiency of organic compounds such
as RBB dyes.

The co-doped samples demonstrated the most superior photocatalytic activity in
visible or UV-light due to a variety of factors, including a better narrowing in band gap,
a decrease in particle size, and an increase in surface-area-reduced electron and hole
recombination [15,41]. This result is in accordance with the band gap energy (Eg) obtained
from the UV–vis SRS data, such that S-Co-TiO2 8% produces the most significant decrease
in Eg, which is 2.78 eV and corresponds to the energy of visible light irradiation.

The decolorization process by the photocatalyst starts with the surface adsorption
process and continues with the photocatalytic reaction. In order to evaluate the surface
adsorption properties of the S-Co-TiO2 8% photocatalyst as well as to evaluate whether the
adsorption process continued along with the photocatalytic process, the adsorption of the
S-Co-TiO2 8% catalyst was carried out in the dark for 150 min without irradiation as shown
in Figure 6. The undoped TiO2 adsorption test was also used for comparison purposes.
The results indicate that adsorption takes place in the first 15 min and the concentration
of the dye tends not to decrease, which implies that the next process is photocatalytic
decolorization after a contact period of 15 min.
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Figure 6. Adsorption of RBB by TiO2 and S-Co-TiO2 8% in the dark condition at RBB concentration:
20 mg L−1, photocatalyst dosage: 1 g L−1, and initial pH: 5.5.

3.2.2. Effect of pH

The effect of pH is a critical parameter in the efficiency of the decolorization process
because it can affect the photocatalyst surface, dye characteristics, and the rate of decol-
orization. As shown in Figure 7, the effect of the initial pH on RBB removal by the S-CoTiO2
8% catalyst under 60 min of visible light exposure was evaluated in the range of 2.0–10.0.
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Figure 7. Influence of pH on photocatalytic decolorization of RBB under 60 min of visible light
irradiation by the S-Co-TiO2 8% photocatalyst, RBB concentration: 20 mg L−1, photocatalyst dosage:
1 g L−1.

As shown in Figure 7, when the initial pH was reduced from 5.0 to 3.0, the decoloriza-
tion efficiency of RBB increased from 88% to 97% at 60 min of irradiation. However, there
was no increase in decolorization when the pH was reduced to 2.0. However, increasing
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the solution pH to 8.0, 9.0, and 10.0 reduced the decolorization efficiency to 67%, 54%,
and 53%, respectively. This result can be explained by the fact that TiO2 has a positive or
negative charge depending on the pH of the solution:

pH < pHZPC: Ti-OH + H+ → TiOH2
+ (3)

pH > pHZPC: Ti-OH + OH− → TiO− + H2O (4)

The optimum pH for RBB decolorization was found to be 3.0, and the pHPZC of S-Co-
TiO2 8% was found to be 6.41 (Figure 8). When the solution pH is below the pHPZC, the TiO2
surface will be positively charged. At acidic medium (pH = 3.0), RBB has sulfonate (SO3

−)
and sulfite (SO3

2−) groups, which can be adequately adsorbed by the positive charge
on the surface of TiO2 through electrostatic force at the beginning of the decolorization
process [3,42]. As a result, the optimal pH of RBB adsorption on the catalyst surface is 3.0.
When the pH of the solution is lowered from 7.0 to 10.0, the removal efficiency decreases as
well. It can be explained because at alkaline pH conditions, the surface of TiO2 is negatively
charged, leading to charge repulsion with the RBB, which is also negative.
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Figure 8. pHPZC of the S-Co-TiO2 8% photocatalyst.

3.2.3. Effect of Catalyst Dosage

The effect of photocatalyst amount on the RBB removal under visible light irradi-
ation was investigated by varying the mass of the S-Co-TiO2 8% from 0.2 to 1.0 g L−1

(C0 = 20 mg L−1, pH = 3.0). The obtained results are shown in Figure 9.
As shown in Figure 9, increasing the photocatalyst mass from 0.2 to 1.0 mg L−1 resulted

in additional RBB removal, which was associated with an increased adsorption rate on
the catalyst surface and increased hydroxyl radical formation. The photocatalyst mass
of 1.0 g L−1 provided the highest decolorization efficiency. However, the amount of dye
adsorbed on the surface of the photocatalyst was very high at the beginning of the reaction,
whereas the photocatalytic reaction became insignificant. It can be seen that after 60 min
of irradiation, the photocatalytic reaction did not continue since an excessive amount of
photocatalyst had increased the number of active sites on the surface of the photocatalyst,
allowing adsorption to dominate at the start of the process while the photocatalytic reaction
becomes insignificant.
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Figure 9. The effect of the S-Co-TiO2 8% photocatalyst dosage on RBB removal at RBB concentration:
20 mg L−1 and initial pH: 3.0.

The photocatalyst mass of 0.6 mg L−1 was chosen for further investigation due to its
high photocatalytic efficiency after 30 min of adsorption–desorption. When the photocata-
lyst dosage was increased from 0.6 to 1.0 mg L−1, decolorization was almost insignificantly
different.

3.2.4. Effect of Dye Concentration

The color removal process is affected by the initial concentration of pollutants. There-
fore, the effect of RBB concentration on the efficiency of decolorization by the S-Co-TiO2 8%
photocatalyst was carried out by varying the RBB concentration from 20 to 50 mg L−1, and
the results obtained are presented in Figure 10. The decolorization efficiency decreased
from 98% to 57% as the RBB concentration increased from 20 mg L−1 to 50 mg L−1. This is
due to the fact that as the dye concentration increases, the number of molecules adsorbed
on the photocatalyst surface increases, obstructing direct contact with the holes and in-
hibiting the formation of hydroxyl radicals. Furthermore, at higher concentrations, the dye
molecules adsorbed more photons, thereby reducing the light intensity and decolorization
efficiency [28,43].
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3.2.5. The Recyclable Ability of S-Co-TiO2 8% Photocatalyst

The stability and reusability of photocatalysts are critical parameters in the study
of photocatalysts for use in sustainable wastewater treatment. The S-Co-TiO2 8% pho-
tocatalyst was tested for stability and reuse four times. In each test, S-Co-TiO2 8% was
centrifuged and then washed and dried before being used in the next cycle under the same
experimental conditions for 90 min of visible light irradiation. The reuse test results for
S-Co-TiO2 8% photocatalyst are shown in Figure 11. The results showed that the S-Co-TiO2
8% sample had high decolorization efficiency after four reuse cycles, but there was a 44%
decrease in decolorization efficiency after four uses. This could be due to the loss of pho-
tocatalyst during the iteration process. These findings suggest that the co-doped sample
S-Co-TiO2 8% photocatalyst has promising potential and can be used repeatedly to remove
dye pollutants.
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3.3. Mechanism of RBB Photocatalytic Decolorization

Photocatalytic removal reactions can occur when TiO2 absorbs photons with energies
equal to or greater than their band gap energy. S and Co co-dopants create impurity states
close to VB and CB, resulting in a narrowing of the TiO2 band gap, thereby increasing pho-
tocatalytic visible light activity. The schematic of the S-Co-TiO2 photocatalyst mechanism
is presented in Figure S6. The characterization results using XRD, FTIR, SEM-EDX, and
SRS UV–vis indicate that the modification of the addition of S and Co co-dopants to TiO2
has been successfully carried out.

When S-Co-TiO2 is exposed to visible light radiation, electrons in the VB are excited
towards the CB (eCB

−), producing holes (hVB
+) in the VB. These excited electron–hole pairs

are commonly referred to as excitons [44]. The mechanism that occurs is as follows:

S-Co-TiO2 + hν→ hVB
+ + eCB

− (5)

The holes can react with adsorbed hydroxyl anion on the TiO2 surface to form hydroxyl
radicals, which have high oxidizing power and can decompose organic pollutants, and
excited electrons (eCB

−) can reduce O2 to form oxygen radicals, which can be converted
into hydroxyl radicals in water as follows:

OH− + hVB
+ → •OH (6)

•OH + RBB→ degradation pollutant (Cl−, NO3
−, SO4

2−, CO2 and H2O) (7)



Photochem 2021, 1 502

4. Conclusions

The decolorization of Remazol Black (RBB) was investigated using an S-Co-TiO2
photocatalyst. This photocatalyst was prepared through one-pot synthesis using a single
precursor as a source of S and Co dopants. Characterization using XRD, FT-IR, SEM-EDX,
and UV–Vis SRS showed that S-and-Co co-doped TiO2 was successfully synthesized and
degraded RBB under visible light better than TiO2 or S-TiO2 and Co-TiO2. Eight percent
(w/w) of CoSO4 as a single precursor of S and Co provides the best reduction in band gap
energy to 2.78 eV and is supported by the best photocatalytic activity when compared
to other photocatalysts. After 90 min of temporary visible light, the S-Co-TiO2 8% can
degrade 96% of RBB, whereas S-TiO2, Co-TiO2, and undoped TiO2 can decrease to 89%,
56%, and 39%, respectively, and the optimum decolorization results are obtained at pH
3.0. Reuse studies show that S-Co-TiO2 8% has the potential to be used repeatedly for the
removal of dye pollutants in the environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/photochem1030032/s1, Figure S1: Chemical structure of Remazol Black (RBB); Figure S2:
Schematic diagram of photoreactor for photocatalytic experiment; Figure S3: EDX pattern of (a)
TiO2, (b) S-TiO2, (c) Co-TiO2, (d) S-Co-TiO2 4%, (e) S-Co-TiO2 6%, and (f) S-Co-TiO2 8%; Figure S4:
Absorption spectrum of Remazol Black analyzed by spectrophotometry, Remazol Black concentration:
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