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ABSTRACT

This study applied the sol-gel method to generate TiO,—In,O5 composites (Ti-In), and this
prepared Ti-In was further modified with L-cysteine to form S-N co-doped Ti-In (Ti-In—
SN). Surface properties of the Ti-In-SN were analyzed by X-ray diffraction, UV—-vis spectro-
photometry, scanning electron microscopy, transmission electron microscopy, surface area
analysis, and X-ray photoelectron spectroscopy. The dye C.I. reactive red 2 (RR2) was uti-
lized as the model compound subjected to Ti-In and Ti-In-SN and measured for removal
by adsorption and photocatalytic degradation. The Ti-In-SN had an average diameter of
13 nm, surface area of 48.6 m*/g, and band gap energy of 2.75 eV. Removal rate constants
for RR2 in the UV/Ti-In and UV/Ti-In-SN systems fitted pseudo-first-order kinetics and
were 0.43 and 0.68 h™}, respectively. Co-doping S-N in Ti-In via L-cysteine formed Ti-N-O,
Ti-O-N, and Ti-O-S bonds; hence, crystalline size and band gap energy were decreased.
Accordingly, adsorption ability and photocatalytic activity of Ti-In-SN for RR2 decoloriza-
tion was improved.
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1. Introduction photogenerated electrons and holes in TiO, reduces
the efficiency of photocatalytic reactions.

Notably, TiO, can be modified by combining it
with metal oxides and doping it with nonmetals to
reduce its band gap energy, extend the life and utility
of photogenerated electron-hole pair, or improve pol-
lutant adsorption on the catalyst surface. Many studies
have combined TiO, with In,O; to produce TiO,—
In,O3; composites (Ti-In) via the sol-gel approach
[1-4]. These studies showed that organic removal effi-
ciency of Ti-In exceeds that of TiO,. This process
effectively captures photogenerated electrons and

Advanced oxidation processes effectively decolor-
ize and eliminate the pollutants in textile wastewater.
Titanium dioxide (TiO,) is currently considered as the
most promising photocatalyst because of its chemical
and biological stability, high availability, and nontox-
icity. However, when the amount of available oxygen
in a solution is limited, rapid recombination of
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retards the recombination of photogenerated electron-
hole pairs [4,5]. Nonmetal-doped forms of TiO,, such
as N-doped TiO, [6-8] and S-doped TiO, [9-11], exhi-
bit superior photocatalytic activity because the N and
S atoms effectively narrows the band gap energy of
TiO,. Moreover, S-N co-doped TiO, [12-14] has been
investigated and co-doped TiO, has been shown to
have a higher photocatalytic activity than single-
doped TiO; [6,13].

Several studies used thiourea as the dopant in modi-
fying TiO, to generate S-N co-doped TiO, [13-16].
However, thiourea, a toxic chemical, is not an
environmentally friendly reagent. Recently, biomole-
cule-assisted synthesis has been developed into novel
methods for preparing various nanomaterials [17-19].
Hence, this study selected the L-cysteine (2-amino-3-
sulfhydrylpropanoic acid), a biomolecule, as the dopant
to modify the Ti-In surface. To the best of our
knowledge, this is the first work to prepare S-N
co-doped Ti-In (Ti-In-SN) using L-cysteine as the dop-
ant. To assess the photocatalytic activities of Ti—In-SN,
removal of C.I. reactive red 2 (RR2), a common azo dye,
was studied. The objectives of this study were to (i)
characterize the surface properties of Ti-In-SN, and (ii)
assess the photocatalytic activity of Ti-In-SN in decol-
orizing RR2 relative to the parent Ti-In.

2. Materials and methods
2.1. Materials

The sources of Ti and In for preparing Ti-In were
TiCly (Acros) and InCl; (Alfa Aesar), respectively. The
parent compound was RR2 (C;9H;9Cl:N¢Na>O75;) and
the dopant was L-cysteine (CzH;NO,S), respectively,
and both were obtained from Sigma-Aldrich. Single-
doping S or N into Ti-In under the same mole ratio
was performed to generate Ti—-In-S or Ti-In-N. Their
effectiveness was then compared with that of
Ti-In-SN. The precursor of S and N was sodium thio-
sulfate and urea for Ti-In-S and Ti-In-N, respectively.
Solution pH was adjusted using 0.1 M HNO; (Merck)
and 0.1 M NaOH (Merck). All chemicals were of
analytical reagent grade and used as obtained.

2.2. Preparation of photocatalysts

The Ti-In was prepared with a Ti/In mole ratio of
54 via the sol-gel method, as described previously [4].
Experimental results reported for Ti-In by Wu et al. [4]
were used as background data to compare with the
experimental results for Ti-In-SN obtained herein.
L-cysteine (1.179 g) was first mixed with 20 mL HCI
(0.65 M) by placing the mixture in an ultrasonic bath
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for 10 min, then InCl; (0.4805¢g; 99.9%) and TiCly
(13 mL; 98%) were added to this solution. Solution pH
was adjusted by adding 26 mL NH4OH solution (28%),
forming a yellow solid precipitate. Rengifo-Herrera
et al. [15] demonstrated that photocatalytic activity of
co-doped powders decreased when calcination temper-
ature exceeded 500°C. Hence, the precipitate was
collected by filtration and washed repeatedly with
distilled water; it was dried at 110°C for 24 h and then
calcined at 450°C for 2 h to yield the Ti-In-SN. The Ti/
SN mole ratio was 11.9. To produce Ti-In-S, except for
changing the precursor from L-cysteine to sodium thio-
sulfate (0.771 g), all procedures were same as that to
generate Ti-In-SN. To prepare Ti-In-N, Ti-In (2.5 g)
and urea (0.074 g) were thoroughly mixed and the
mixture was then calcined at 450°C for 2 h.

2.3. Characterization

The crystalline structure of prepared photocatalysts
was analyzed by X-ray diffraction (XRD) (Bruker D8
SSS, Germany). Accelerating voltage was 40 kV and
applied current was 30 mA. The XRD patterns were
recorded as 26 values in the range of 10-90°. The spe-
cific surface area of samples was determined using
nitrogen as the adsorbate at —196°C in a static volu-
metric apparatus (Micromeritics ASAP 2020, USA).
The UV-vis spectroscopy (JAS.CO-V670, Japan) was
applied to profile absorbance spectra of photocatalysts
at wavelengths of 200-800 nm. The UV-vis diffuse
reflectance spectra were utilized to calculate the band
gap energy of photocatalysts. The morphology and
structure of Ti-In-SN were characterized using scan-
ning electron microscopy (SEM) (JEOL 6330 TF, Japan)
and transmission electron microscopy (TEM) (JEOL
3010, Japan). The X-ray photoelectron spectroscopy
(XPS) measurements were taken using a PHI Quan-
tum 5000 XPS system (USA) with a monochromatic Al
Ko source and a charge neutralizer. The C;s peak at
284.5 eV was used to calibrate the spectra.

2.4. Decolorization of RR2

Experiments used 0.2 g/L of each photocatalyst at
pH 3 and 25°C. In total, 20 mg/L RR2 was used in all
experiments, except those to determine the concentra-
tion effect of RR2 on its decolorization. Decolorization
experiments were carried out in a 3-L hollow cylindri-
cal glass reactor, illuminated by an 8-W UV lamp
(254 nm, Philips) with a light intensity of 1.12 W/m?
that was placed inside a quartz tube. Adsorption
experiments were performed in darkness. The reaction
medium was stirred continuously at 300 rpm to keep
it in suspension. Aliquots, with a total volume of
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10 mL, were withdrawn from the reactor at preset
time intervals to assess reaction progress. Following
the sampling, solids were separated by filtration
through a 0.22 um filter (Millipore), and the RR2
remaining in the filtrate was analyzed by a spectro-
photometer using absorbance at 538 nm (Hitachi
U-5100, Japan).

3. Results and discussion
3.1. Surface characteristics of Ti—In and Ti—In-SN

Fig. 1 shows the XRD patterns of Ti-In and Ti-In-
SN. The peaks, diffractions of various crystal planes of
anatase, were at 25.4°, (1 0 1) and 48.1°, (2 0 0). Other
crystal phases corresponding to peaks at 27.4°, 36.1°,
41.2°, and 54.3° were the diffraction peaks of (1 1 0),
(101,10 11),and (21 1) of rutile, respectively. No
patterns included any In,Os;, N-derived, or S-derived
peaks. One reason for this absence was that the
L-cysteine concentration was so low that it was unde-
tectable by XRD. The other was that N and S atoms in
L-cysteine were incorporated into the structure of
Ti-In and substituted the lattice oxygen and titanium
atoms or located at the interstitial sites. Anatase
content was determined from the intensity of (1 0 1)
anatase diffraction, I5, and that of (1 1 0) rutile diffrac-
tion, I, using Eq. (1) [20]. With these XRD patterns,

the crystalline size of prepared powders was
calculated using Scherrer’s formula, Eq. (2):
1
Anatase (%) = ——— x 100 M
T+12.6%
600
500 ﬁ
i ;l Tiln-SN

10 20 30 40 50 60 70 80 90
Angle (2 theta)

Fig. 1. XRD pattern of Ti-In and Ti-In-SN.
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where D is the crystalline size in nm, 4 is the X-ray
wavelength (0.15418 nm), f is the line width at med-
ium height of the anatase (1 0 1) and rutile (1 1 0)
peaks, and 6 is the diffraction angle [21]. Table 1 lists
the surface characteristics of Ti-In and Ti-In-SN. The
anatase percentage of Ti-In-SN exceeded that of Ti-In.
The XRD diagrams indicate that S-N co-doping retards
transformation of the TiO, phase from anatase to
rutile. Wang et al. [17] suggested adding L-cysteine
favored the formation of anatase and inhibited the for-
mation of rutile. This retardation may be due to stabil-
ization of the anatase phase by the surrounding N
and/or S ions. Hurum et al. [22] proposed that anatase
has more stable electron-trapping sites than rutile, such
that anatase exhibits more photocatalytic activity.
Accordingly, S-N co-doping in Ti-In may improve the
photocatalytic activity of Ti-In.

Particle size and band gap energy of Ti-In was
greater than that of Ti-In-SNj; conversely, the surface
area of Ti-In was smaller than that of Ti-In-SN
(Table 1). S-N co-doping in Ti-In reduced particle
diameter, suggesting that S-IN co-doping retards the
agglomeration of Ti-In crystals; accordingly, the sur-
face area of Ti-In-SN was further enlarged. Liu et al.
[11] indicated that S-doping effectively inhibited the
growth of TiO, crystals; Chen et al. [6] reported that
N-doping had a similar effect. Wang et al. [17] also
demonstrated that the addition of L-cysteine could
decrease average crystalline size of the samples.

The band gap energy of Ti-In declined after S-N
co-doping (Table 1). A red shift indicates that the
Ti-In-SN can be excited to generate additional hole-
electron pairs under UV-irradiation, which can
increase photocatalytic activity. Li et al. [13] found
that absorption spectra of S-N co-doped TiO, had a
red shift in the adsorption edge. This shift was
attributed to the fact that calcination induces doping

Table 1

Surface characteristics of prepared photocatalysts
Photocatalysts Ti-In" Ti-In-SN
Anatase (%) 30 100
Rutile (%) 70 0
Particle size (nm) 57 13

BET (m*/g) 35.7 48.6
Band gap (eV) 2.97 2.75

aWu et al. [4].
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of S and N atoms into the lattice of TiO,, narrowing
the band gap. The band gap energy for Ti-In-SN
herein was similar to that for S-N co-doped TiO,.
Fig. 2(a) and (b) show SEM and TEM micrographs for
Ti-In-SN, respectively. The Ti-In-SN exhibited a high
tendency to agglomerate and had a platelet-like
structure (Fig. 2(a)); moreover, the compact aggregates
of Ti-In-SN sized 15-80 nm (Fig. 2(b)).

Fig. 3(a)-(e) present the XPS spectra of Tip,, Inzg,
O1ss Nys, and Sy, respectively, for Ti-In-5-N. The
Tizps/2 and Tippy /2 spin-orbital-splitting photoelectrons
were located at binding energies of 455.7-458.8 and
462.1-464.5 eV [23-25], respectively (Fig. 3(a)). These
binding energies are close to those reported for Ti**
show binding energy in TiO, [26]. Both Insgs,» and
Inzq3/2 spin-orbital splitting photoelectrons were
observed at binding energies of 443.9-445 [24,27-29]
and 451.5-452.0 eV [24,27,29], respectively (Fig. 3(b)).
Peaks at 529.3, 529.7, and 531.1 eV were assigned to
O, and they were associated with In-O, Ti-O, and
OH, respectively [28] (Fig. 3(c)).

Binding energies of 397.0-397.4 in the Nj, region
were assigned to Ti-N-O [30-32]; the binding energy
at 399-400.7 eV was attributed to the Ti-O-N bond
[24,28]. Moreover, binding energy of 402 eV in the Ny,
region was assigned to NO species [15,28] (Fig. 3(d)).
Li et al. [13] indicated that the N5 peak at 402 eV was
due to adsorbed organic impurities. The S atoms in
this study were in the S°* state, yielding a peak at
168.2-169 eV [9,11,33] (Fig. 3(e)). When S atoms
replace O atoms on TiO, surfaces, no peak exists in
the range of 160-163 eV, which corresponds to the
Ti-S bond [9]. Umebayashi et al. [34] suggested that
sulfur was doped as an anion and replaced the lattice
oxygen in TiO, to form Ti-S bonds; conversely, Ohno
et al. [33] reported that S atoms were incorporated as
cations and replaced Ti ions in the S-doped TiO,.
Anionic S-doping may be difficult to perform because
S*” (0.17 nm) has a significantly larger ionic radius

Fig. 2. Micrographs of Ti-In-SN (a) SEM and (b) TEM.
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than O%” (0.122 nm). Hence, the substitution of Ti** by
S** is chemically more favorable for Ti-In-SN than
replacing O*~ with $°7 [9]. Cheng et al. [16] found that
S elements were incorporated into the lattice of TiO,
through substituting titanium atom and co-existed in
the cationic forms S°* and S*'. Ho et al. [10] suggested
that the oxidation state of the S-dopant depends on
the preparation route. Thus, XPS characterization con-
firmed that Ti-N-O, Ti-O-N, and Ti-O-S formed in
Ti-In-SN in this study.

3.2. Photocatalytic activity of Ti—-In—-SN

At pH 3, no significant RR2 decolorization occurred
during direct photolysis (<5%) (data not shown).
Hence, the elimination of RR2 was attributed to adsorp-
tion and/or photodegradation reactions. Fig. 4 plots
RR2 removal rates in the Ti-In, Ti-In-S, Ti—-In-N, and
Ti-In-SN systems. After 180 min, the Ti-In, Ti-In-S,
Ti-In-N, and Ti-In-SN systems adsorbed 34, 24, 31,
and 52% of RR2, and total removal percentages were
78, 55, 66, and 90%, respectively. The adsorption pro-
cess was rapid in the initial 60 min, and then gradually
decreased in speed until equilibrium was reached
(Fig. 4). The pseudo-second-order model [35,36] was
applied to analyze experimental data and thereby eluci-
date adsorption process kinetics. Equation (3) is the
pseudo-second-order model, where g. and gq are the
amounts of RR2 adsorbed onto the photocatalyst at
equilibrium and at various times ¢ (mg/g), and k; is the
rate constant of the pseudo-second-order model for
adsorption (g/mg min).

t 1 t
62@*—% (3)

Table 2 lists the Kkinetics parameters of various
photocatalysts. The R” value of the pseudo-second-order
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Fig. 4. RR2 removal in Ti-In, Ti-In-S, Ti-In-N, and Ti-In-
SN systems ([photocatalyst] = 0.2 g/L, [RR2]=20mg/L,
pH 3).

model exceeded 0.995; moreover, the g value (ge,ca)
derived from this pseudo-second-order model agreed
well with experimental g values (g exp) (Table 2). Hence,
the pseudo-second-order model well represents adsorp-
tion kinetics. The RR2 adsorption capacity of various
photocatalysts followed the order Ti-In-SN > Ti-In>
Ti-In-N > Ti-In-S. Moreover, the total removal rate
constants (k) of RR2 in the tested systems fit
pseudo-first-order kinetics, as in various dye
decolorization studies [4,7]. The k values followed the
order Ti-In-SN > Ti-In > Ti-In-N > Ti-In-S (Table 2).
The k value trend agreed with the order of adsorption
capacity of photocatalyst. Lv et al. [19] suggested that
enhanced adsorption of the dye by L-cysteine-modified
TiO, should also benefit dye photodegradation. Since
the adsorption capacity of RR2 by Ti-In-S and Ti-In-N
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Table 2
Kinetics parameters of various photocatalysts
Photocatalysts k; (g/mg min) e, exp. (Mg/g) e, cal. (Mg/g) k™)
Ti-In 21107 (0.997) 337 35.3 0.43 (0.999)
Ti-In-S 4.1x107° (0.998) 243 254 0.22 (0.996)
Ti-In-N 5.4 %1072 (0.999) 31.0 31.3 0.29 (0.998)
Ti-In-SN 1.6 x107° (0.997) 524 54.9 0.68 (0.999)
Note: (): R* value.
was lower than that of Ti-In, single-doping S or N into 1
Ti-In did not enhance the photocatalytic activity of . + 10mglL
Ti-In at the molar ratio of 11.9. The crystalline size of i ® e . © 20mglL
Ti-In was greater than Ti-In-SN; however, the k value sl P . " ® 40mg/L
of Ti-In-SN was higher than Ti-In. In large photocata- o . i
lyst particles, the recombination process is reportedly 06 , o *
favored since electrons and holes cannot easily reach & °

o . YT o
the surface of photocatalyst within their lifetimes, 04 . o
limiting the formation of surface reactive oxidative
species [15]. * -
Both N and S atoms were incorporated into the lat- » ¥ "
tice of Ti-In simultaneously, and were substituted for ¢ . . ©
the lattice oxygen and titanium atoms, respectively, 0 . *
thereby inducing the formation of a new energy level ¢ o e L0 A0
Time (min)

and narrowing of the band gap. Cheng et al. [16] indi-
cated that decoration with N-S co-doped TiO, mark-
edly enhanced electron transfer and mobility by
reducing the recombination of photogenerated electron
and hole pairs; hence, degradation efficiency for
organic pollutants was improved. Experimental results
suggest that enhanced photocatalytic activity of
L-cysteine-modified Ti-In was attributed to the syner-
gistic effects of enhanced adsorption of organic pollu-
tants and increased efficiency in separation of
photogenerated electron and hole pairs, similar to the
L-cysteine-modified TiO, [19].

Fig. 5 presents the RR2 removal in the UV/Ti-In-
SN system under various RR2 concentrations. After
180 min, removal of RR2 from initial concentrations of
10, 20, and 40 mg/L by UV/Ti-In-SN was 96, 90, and
37%, respectively. The k value of 10, 20, and 40 mg/L
RR2 was 1.66, 0.68, and 0.11 h™', respectively. The RR2
removal rate constants were inversely related to RR2
concentration. Increasing the RR2 concentration would
to some extent shield the photocatalytically active sites
from a given photon flux, reduce RR2 conversion.
Additionally, increasing the amount of RR2, corre-
spondingly intermediates may have increased the
competition for photogenerated hydroxyl radicals.
Thus, with the same amount of photocatalysts and
photon input and an increased RR2 load, RR2 removal
could be reduced due to shielding or increased con-
sumption of hydroxyl radicals.

Fig. 5. Effects of RR2 concentration in UV/Ti-In-SN
system ([Ti-In-SN]=0.2 g/L, [RR2] =20 mg/L, pH 3).

4. Conclusions

This study synthesized novel L-cysteine-modified
TiO,—-InyO3 composites by the sol-gel method. Adding
L-cysteine facilitated the formation of anatase and
inhibited the formation of rutile. Moreover, S-N co-
doping retarded the agglomeration of Ti-In crystals;
hence, the surface area of Ti-In-SN was further
enlarged. Both N and S atoms were incorporated into
the lattice of Ti-In simultaneously, inducing the for-
mation of a new energy level and narrowing the band
gap. Experimental results suggest that the enhanced
photocatalytic activity of Ti-In-SN was due to the syn-
ergistic effects of enhanced adsorption of RR2 and
increased efficiency in separation of photogenerated
electrons and holes. The RR2 decolorization rate
decreased as the RR2 concentration increased.
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