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A nano-crystalline In,O; was synthesized using calcinations methods and was used as a photocatalyst to
degrade sulfan blue (SB) dye. In addition, this study addresses the conditions of the degradation and the
factors that influenced the catalysis. In,O3 was prepared by calcining In(OH)j; at heat ranges of 100-700 °C
for 24 h. The In,O3 was characterized using field emission scanning electron microscopy (FE-SEM), an
X-ray diffractometer (XRD), thermogravimetric analysis (TGA), and high-resolution X-ray photoelec-
tron spectroscopy (HR-XPS). The activities of these samples were tested for the photocatalytic degrada-
tion of SB dye. The results indicated that the In(OH); that was calcined at 300 °C for 24 h had the best per-

formance.
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INTRODUCTION

The characteristics of dyes and dyeing wastewater in-
clude high temperature, high chromaticity, high pH, and
high COD. The most frequently used dyeing wastewater
treatment methods can be categorized as follows: biologi-
cal treatment, physical adsorption, and chemical oxidation.
Biological treatment technology chiefly uses bacteria, en-
zymes, or microorganisms to enable the dyes to decolor-
ize."” However, in applied conditions, the high toxicity and
concentration of dyeing wastewater restrains organisms’
growth, making them ineffective in deconstructing dyes.
Physical adsorption technology uses adsorbent materials
with large surface areas, good chemical stability, and high
resistance to microbial decomposition, such as active car-
bon, porcelain clay, alumina, red soil, and wollastonite,’®
to reduce the colorization of the dyeing wastewater. How-
ever, this method only transfers the adsorbed dyes else-
where and does not remove dyes. Chemical oxidation tech-
nology uses strong oxidation effects to destroy the organic
matter in the water, achieving decolorization, detoxifica-
tion, and deodorization. This process has been examined
by recent studies on dyeing wastewater treatment. The oxi-
dation methods that can be used include ozone oxidation,
chlorination oxidation, photooxidation, electrolysis oxida-
tion, wet air oxidation, and advanced oxidation processes
(AOPs). The advantage of using chemical oxidation tech-

nology and physical adsorption technology is their ability
to breakdown dyes’ organic pollutants quickly, and that
they can treat high volumes or concentrations of dyeing
wastewater.””

Photocatalytic technology is a wastewater treatment
method that has been developed in the last 30 years. In
1972, Honda Fujishima found that using photocatalytic
conductors to oxidize titanium single-crystal electrodes
and white gold electrodes can directly photolyze water to
form hydrogen. Thereafter, multiphase photocatalytic tech-
nology attracted worldwide interest.'” In 1976, John H.
Carry used photocatalytic technology in the dechlorination
of PCBs and found that TiO, was suspended in the liquid.
Following 30 min of light reaction, the chlorine with a con-
centration of 50 ug/L was completely dechlorinated and
there was no chlorine in the intermediates.'' In 1977, S. N.
Frand used xenon lamps as his light source and found that
TiO,, ZnO, and CdS can effectively catalyze CN™ to CNO™.
Furthermore, TiO,, ZnO, CdS, and Fe,0; can effectively
catalyze SO;Z_ to SO42".12 Thereafter, studies on organic
photocatalytic technology became common. In recent years,
because studies on environmental waste control have be-
come increasingly important, the photocatalytic oxidation
method has been extensively used in studies regarding dif-
ficult organism decomposition in the air and water, demon-
strating significant treatment effects.
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Photocatalytic oxidation is a high-level oxidation
technology that uses sunlight as the radiation source to
stimulate semiconductor catalysts (e.g., TiO,, ZnO, CdS,
and Fe,03), producing electron-hole pairs that begin the re-
dox reaction. For decomposing organic materials in waste-
water, light produces electron holes and hydroxide radicals
that have positive removal effects for organic substances in
wastewater (e.g., hydrocarbon, halogenated organic com-
pounds, carboxyl, surface active agents, herbicide, dyes,
and organic matters with nitrogen) and inorganic sub-
stances (e.g., cyanogen ion, metallic ions). Following sus-
tained reactions, making a substance inorganic is possi
ble. 1315

In, 03 is an n-type semiconductor with a wide band
gap (3.6 eV) that is used in solar batteries, lithium batteries,
field emission displays, nano-bio sensors, gas sensors, op-

16-22 1 recent

toelectronic devices, and photocatalysts.
years, In,O; has been used as a raw material for electro-op-
tic modulators, electronic window heaters, electronic chrome
mirrors, and nano-electronic substrate structures.”>?* The
crystal structure of In,O; can be divided into two types: cu-
bic crystal and hexagonal crystal. The structure of In,O; is
bixbyite with a lattice constant of 10.117 A,***" which be-
longs to the c-type rare earth group and has imperfect ox-
ides. There are 16 groups of In,O; in a single crystal cell,
totaling 80 atoms. Bixbyite has a complicated and low-
symmetry structure. The structure of the bixbyite of In,0;
is similar to that of fluorite MX; (e.g., CaF,), although they
differ in composition. One atom must be eliminated for ev-
ery four oxygen atom. The two methods of the empty space
encircling the indium atom are the b and d site, as deter-
mined by Wyckoff. For the b site, there are two openings
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for negative ions in the diagonal of the positive ion. The
distance between the oxygen atom and negative ion is 2.18
A. For the d site, there are two diagonal openings for ions.
The distances between the oxygen ions in the deformed
cube to the indium ion in the center are not equal: 2.13,
2.19, and 2.23 A. Each cube is missing two oxygen ions,
forming an octagonal structure InOg with In at its center.
In,O; has good electric conductivity and greater than 80%
transmittance in the visible region. Therefore, it is fre-
quently proposed in studies on transparent conductive
films and organic photocatalysis.”**’

This study systematically investigated the controlled
synthesis of nano-crystalline In,O; using various calcina-
tions methods and examined the effects of the influencing
factors, including the initial concentrations of the dye and
catalyst dosages. This study obtained a better understand-
ing of the mechanistic details of the nano-crystalline In,O;-
assisted photodegradation of the SB dye under UV irradia-
tion.

EXPERIMENTAL

Materials. The experimental procedure was as follows.
In(OH); (99%, Aldrich) was placed in a high temperature cham-
ber and was heated to 100-700 °C for 24 h and, thereafter, natu-
rally cooled to room temperature. The sample preparation param-
eters are shown in Table 1.

Characterizations. The precipitates were further charac-
terized. Powder X-ray diffraction (XRD) was performed with a
MAC Sience MXP18 X-ray diffractometer with Cu Ka. radiation
and was performed at 40 kV and 80 mA. FE-SEM-EDS measure-
ments were performed with a field-emission microscope (JEOL
JSM-7401F) at an acceleration voltage of 15 kV, and an HRXPS

Table 1. Physical and chemical properties of the In(OH); and prepared In,O5

Preparation condition EDS element O/In XPS element O/In
Temp. Time atomic ratio (%) (atomic atomic ratio (%) (atomic (f\%)
No. (°C) (hr) In Ie} ratio) In 0 ratio)
S100 100 24 10.65 89.35 8.39 24.84 62.93 2.53 -
S200 200 24 16.02 83.98 5.24 28.30 56.94 2.01 2.66
S300 300 24 25.93 74.07 2.86 34.76 54.00 1.55 2.64
S400 400 24 30.50 69.50 2.28 33.42 52.31 1.57 2.63
S500 500 24 21.47 78.53 3.66 29.94 49.25 1.64 2.59
S600 600 24 25.46 74.54 2.93 29.65 50.29 1.70 2.60
S700 700 24 19.65 80.35 4.09 27.83 51.57 1.85 2.54
In(OH); 16.21 83.79 5.17 23.78 64.21 2.70 -
In,04 18.54 81.46 4.39 35.82 51.02 1.42 2.65
E,—E- he _ 6.6260689><10’34 x 2.9981108 _ 12402915\
A Ax107 x1.60217 x10 A
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measurement was carried out using ULVAC-PHI XPS. The Al Ko
radiation was generated with a voltage of 15 kV. The FTIR spectra
of the modified nano-crystalline In,O; were recorded with a reso-
lution of 2 cm™ by scanning 20 times from 300 to 4000 cm™ at
room temperature. Absorption measurements were performed us-
ing a Shimadzu UV-2100S spectrophotometer.

Photocatalytic reaction. The photocatalytic activities of
In,O5 were examined by degrading SB with the UV irradiation of
a 15 W lamp. An average irradiation intensity of 5.2 W/m?* was
maintained throughout the experiments and was measured using
an internal radiometer. The aqueous dispensions of SB (100 mL,
10 ppm) and the mentioned amount of catalyst powder were
placed in a Pyrex flask. The pH value of the dispensions was ad-
justed by adding NaOH or HNOj solutions. Prior to irradiation,
the dispensions were magnetically stirred in the dark for 30 min to
obtain an adsorption/desorption equilibrium between the dye and
the surface of the catalyst in ambient air-equilibrated conditions.
At specific irradiation time intervals, 5 mL of aliquot was col-

lected and centrifuged to remove the catalyst.

RESULTS AND DISCUSSION
Characterizations of the as-prepared powders

The property of the nano-crystalline In,0O; surface
following calcinations at various temperatures were char-
acterized using FE-SEM. Fig. 1 shows images of the FE-
SEM with a magnification of 50 000X. Fig. 1(a) shows that
the surface morphology of the custom In,O5 was cubic and
approximately 1-5 um in size. Fig. 1(b) shows the FE-SEM
images of sample S100 when part of the original cubic
structure began to peel. Fig. 1(c) shows the FE-SEM im-
ages of sample S200, which had cracks at surface of the cu-
bic structure. Fig. 1(d) shows the FE-SEM images of sam-
ple S300, which was sheet-shaped at the surface, suggest-
ing that the dehydration of In,0O; caused the original cubic
structure to crack in the sheet structure. Some cyclic struc-
tures were generated in the cracked sheet-shaped surface,
as shown by the FE-SEM images of sample S600 (Fig.
1(g)). This structural change may have been caused by cal-
cinations temperatures that were near the melting point of
nano-crystalline In,Oj.

Fig. 2 shows the XRD analysis of the In(OH);. The
diffraction peaks of (200), (220), (013), (222), (400),
(420), (422), (440), (442), and (620) of the In(OH); ap-
peared at 20 = 22.26°, 31.69°, 35.55°, 39.07°, 45.43°,
51.15°,56.45°, 66.20°, 70.79°, and 75.26°, respectively
(JCPDS Card No. 85-1338). Following testing with vari-
ous types of calcination temperatures, the diffraction peak
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had the strongest intensity when the In(OH); (Dzhalindite)
was prepared at 100 °C.*° The XRD spectra results for the
calcination temperatures ranging from 100 to 700 °C for 24
h for the In,O; are shown in Fig. 2. Without calcination, the
diffraction peaks of the In,O; did not appear. The nano-
crystalline In,O5 diffraction peaks of (211), (222), (400),
(411), (332), (134), (440), (611), (622), (136), and (444)

Fig. 1. SEM images of (a) commercial In(OH)3; (b)
commercial In,O3; In(OH)3 are calcined at
(c)100°C, (d) 200°C, (e) 300 °C, (f) 400 °C, (g)
500°C, (h) 600 °C, (i) 700 °C for 24 h.

] o Cubic In(OH);
8000 ® CubicIn,O5
o & In(OH)3 (Dzhalindite)
0 Mmom, | F ¢ o §% o9 o
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z 300-24
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= 400-24 A N
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1000 - 600-24 l A e
P e R S W — :
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Fig. 2. XRD patterns of samples prepared with differ-
ent conditions with different calcinations tem-
perature.
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were present at 20 = 21.49°, 30.57°, 35.45°, 37.68°,
41.83°,45.67°,51.01°,55.97°,60.65°, 62.16°, and 63.65°,
respectively (JCPDS Card No. 89-4595). When the calci-
nation temperature reached 300 °C, there were strong dif-
fraction peaks in the nano-crystalline In,O5;. However, the
intensity of the nano-crystalline In,O; phase substantially
decreased when the calcination temperature was 700 °C.
This result is attributed to the fact that nano-crystalline
In, 05 particles began to agglomerate and dehydrate the
In(OH);, causing the original cubic structure to crack in the
sheet structure. Therefore, high calcination temperatures
are harmful to the formation of the nano-crystalline In,O;
phase. Fig. 3 shows the XRD analysis of In,O; prepared by
changing the calcination temperature to 300 °C for 1, 3, 6,
12, 24, and 48 h, respectively. As shown in Fig. 3, the
In(OH); phase appeared without calcinations, and the dif-
fraction peaks of the In,O; were (211), (222), (400), (411),
(332), (134), (440), (611), (622), (136), and (444), as re-
vealed at 206 = 21.49°, 30.57°, 35.45°, 37.68°, 41.83°,
45.67°,51.01°,55.97°,60.65°, 62.16°, and 63.65°, respec-
tively, following the various calcinations times (i.c., 1, 3, 6,
12, 24, and 48 h). With the calcinations all had nano-crys-
talline In,O; diffraction peaks, but the intensity of the dif-
fraction peak increased with increased calcination time.
However, there was a weak In,O; diffraction peak follow-
ing 48 h of calcination. The cracking in the original cubic
structure in the sheet structure of the nano-crystalline In,O;
particles interfered with the weak nano-crystalline In,O;
diffraction peak for the calcinations time of 48 h. As a re-
sult, regardless of the calcination time, the In,O; phase was
achieved. The XRD results indicated that the synthesized
nano-crystalline In,O3 sample phase was pure, which is
consistent with the previous results using FE-SEM analy-

| © Cubic In(OH)3
7000 # CubicIn,O5
o
] (o]
6000 1 1m(0H); l L2 o 1.8 o o o
.
5000 { 05 o L 2e o o 3 o %
z 300-01
& 4000 _#_W
z 300-03 A R
Z 3000 - |
2 300-06 - ,
z oveve o — A _
2000 4 300-12 f\
D | U U —
1000 430024 A
300-48 |
0 T T T T 1 T
10 20 30 40 50 60 70 80

20

Fig. 3. XRD patterns of samples prepared with differ-
ent conditions with different calcinations time.
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sis.

HRXPS investigated the chemical bindings on the
sample surface obtained from the calcinations of the
In(OH); at various temperatures and measured their differ-
ences. Fig. 4 shows the binding energy (BE) of the In3d and
Ols from the samples following the calcinations. The cus-
tom In(OH); and nano-crystalline In,O; revealed that the

«10°
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A A 100-24
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LD W 200-24
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Fig. 4. The XPS spectra of In(OH)3 are commercial;
calcined at 100 °C, 200 °C, 300 °C 400 °C, 500
°C, 600 °C and 700 °C for 24 h; (a) Total sur-
vey; (b) In3d; (c) O Is.
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oxidation states for In** and BE(In 3d;);) were 452.4 and
444.8 eV, respectively, meaning that the binding of O and
In*" for the BE(O1s) was 531.4 eV for In(OH); and BE
(O1s) =530.3 ¢V for the nano-crystalline In,Os. Fig. 4(b)
shows that the adsorptions for BE (In 3d;,,) were 452.2 to
452.6 eV and that the BE (In 3ds/,) was 444.6 to 445 eV for
the oxidation state of the In’" obtained from the sample
through the calcinations with the In(OH); at 100-600 °C.
Fig. 4(c) shows that the spectrum of the O1s was composed
of two types of chemical configurations: metal-O (530.3
eV) and metal-OH (531.4 ¢V).*! The adsorption of BE was
531.4 eV for sample S100, which was consistent with the
BE adsorption of 531.4 eV for the custom In(OH);, mean-
ing they had the same configuration. Samples S200, S300,
S400, S500, S600, and S700 had individual binding ener-
gies of 530.5, 530.4, 530.2, 530.4, and 530.3 eV, respec-
tively, for the O (1s) adsorption. These were approximately
the same values of the BE (Ols) for the custom nano-crys-
talline In, O3, thereby showing that the chemical configura-
tion was In-O.

The energy change of the molecular vibration or vi-
bration-sinning based on the In(OH); calcinations with
various temperatures were observed using an FT-IR with a
range from 400 to 4000 cm™ to conduct a qualitative analy-
sis of the material. Fig. 5 shows sample S100’s absorptions
at 531, 780, 852, and 1160 cm’! in the spectrum. The infra-
red spectrum of the OH group shows the characteristic ab-
sorption of the In(OH); caused by the stretching vibration
at 1160 cm™ (8In-OH),* and the absorption at 1100 cm™
represented the bridge of the stretching vibration for the
carboxylic group (80H).*® The absorption appeared at
1620 cm™ and 3200-2600 cm™, meaning that for the
stretching vibration of the H,O (8H,0), the absorption at
1638 cm™ was the vibration of In-O, and the absorption at

250

(OH),
200 .

n
S
N

400-24
1700-24 _\

100 A

%o Transmittance

o

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumbers (cm)
Fig. 5. FT-IR spectra of In(OH)3 and In,O3 prepared
from different calcination temperature.
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3200 cm™ was the vibration of the In-O-H. The vibration of
In-O absorptions at 538, 564, 600, and 1638 cm’ for the
samples were S200, S300, S400, S500, S600, and S700.

The conversion process of the In(OH); sample during
the air calcination was studied using TG/differential ther-
mal analysis (DTA), as shown in Fig. 6. The TGA curve can
be divided into two weight-loss steps. The first step was be-
tween 30 and 50 °C and was attributed to the water evapo-
ration from the In(OH); sample. The weight loss of this
step was 2%. The second step was between 186 and 277 °C
and was caused by chemical dehydration. The DTA curve
indicated an endothermic process in this step, and there was
a weight loss of approximately 14.9%. Therefore, the nano-
crystalline In,O; architecture was obtained using the calci-
nation of the as-made In(OH); precursors.”*

Fig. 7 shows the UV—vis absorption spectra of the
nano-crystalline In,0Oj3 at various calcination temperatures.
The band gaps of the In,O5 are shown in Table 1. The dif-
ferences in the band gap energies in the prepared nano-
crystalline In,O; were caused by the various characteristics
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Fig. 6. TGA and DTA curves of the In(OH)3.
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Fig. 7. UV-vis absorption spectra of the prepared

In, O3 catalysts with different conditions with

different calcinations time.
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of their individual compositions. The red shift and tails of
the optical absorption spectra were caused by the variations
of the nano-crystalline In,0Oj3 in the structures that were in-
duced by calcination at various temperatures. In this study,
the nano-crystalline In,O; were in situ formed by anneal-
ing. There were oxygen vacancies at the interface of the
nano-crystalline In,O;. The concentration of oxygen va-
cancy depends on calcination temperature.’> Therefore,
the red shift may have been caused by new energy levels in
the band gap formed by the oxygen vacancy in the nano-
crystalline In,O;. Increasing the calcination temperature
for the interface interaction between the nano-crystalline
In,O3 may induce the formation of deep oxygen vacancy
energy levels in the valance band, resulting in a larger red
shift in the optical band gap.
Photocatalytic Activity Evaluation

Fig. 8(a) shows the relationship between the calcina-
tion temperatures and the efficiency of degradation and that
there was the same type of crystalline phase within the

~100-24
==200-24
—300-24

,NZ 4

2 0.6
>
9]
0.4 1
0.2
0 T T T ¥ T
0 24 48 72 96 120
Irradiation Time (h)
12
~-300-03
—=300-06
——300-12
—=300-24
——300-48
e ——
0 24 48 72 96 120

Irradiation Time (h)

Fig. 8. Influence of (a) calcination temperature ([cata-
lyst]=0.5 g/L, [SB] =10 mg/L, initial pH=5.0,
light irradiation:UV), Influence of (b) calcina-
tion time ([catalyst] = 0.5 g/L, [SB] =10 mg/L,
initial pH = 5.0, light irradiation:UV) on the SB
photodegradation rate with In,Os.
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200-400 °C calcination temperatures. The optimal condi-
tion for calcination was 300 °C and 24 h, and the nano-crys-
talline In,O5 had better results in the crystalline phase. In
addition, Fig. 8(b) shows the calcination time for the
nano-crystalline In,O; for the photocatalyst producing pro-
cess at 300 °C, demonstrating that this process influenced
the degradation effect. The optimized results appeared at
24 h. The crystalline property of the catalyst affected the
degradation results, and the crystalline phase of the nano-
crystalline In,O; that was calcined for 24 h was enhanced.

The concentration of nano-crystalline In,O3 photo-
catalyst was related to the efficiency of the treatment sys-
tem. Fig. 9 shows the reaction for 72 h with various amounts
of In,05 (1, 2, 3, and 4 gL™"). The removal efficiency was
greater than 97%. Increasing the concentration of the
photocatalyst helped the adsorption of the reactant on the
catalyst surface, raising the reaction efficiency of the
photocatalyst.”” Fig. 9 shows that the UV light did no affect
the degradation results of the SB dye. When the amount of
catalyst increased (1, 2, and 3 gL™"), the degradation rate of
the SB dye increased. When 4gL™" of catalyst was added,
the degradation rate slightly decreased, possibly because
the high concentration of nano-crystalline In,O3 in the
photocatalyst caused the over-aggregation of the particles,
decreasing the activity sites at the surface and reducing the
degradation rate. For the transmittance of the scattered
light, adding a catalyst of 4 gL' made solution muddy and
reduced the transmittance of UV light, reducing the degra-
dation rate of the SB dye.

The band gaps of the nano-crystalline In,0; catalysts
following calcination at various temperatures are shown in
Table 1. Table 1 shows that the band gap of sample S300
was 2.64 eV. The wavelength of the absorption light was
467.38 nm, meaning that the absorption of incident light

1.2
1 - * * * - - - © -
08 4 ——SB only
—1g/L
° —2g/L
< 0.6 4 2
o 3 g/L
o —=4g/L
0.2 4
0

0 8 16 24 32 40 48 56 604 72
Irradiation Time (h)

Fig. 9. Catalyst concentration effects of the SB photo-
degradation rate with In,Os.
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was located within the range of visible light (400-700 nm).
These two conditions are compared (i.e., ultra-violet light
and visible light) in Fig. 10. The former had a 99% removal
efficiency when the reaction was maintained for 144 h, and
the visible light had a 98% removal efficiency in the same
conditions.
Photodegradation mechanisms of SB

Photocatalytic degradation of AB1 dye yielded a
number of transient organic intermediates. Temporal varia-
tions occurring in the solution of the SB dye during the deg-
radation process with UV irradiation were examined using
HPLC coupled with a PDA detector and ESI mass spec-
trometry. The chromatograms at pH 5 are illustrated in Fig.
11. The intermediates were identified, all with retention
times of less than 50 min. We denoted the SB dye and its re-
lated intermediates as species A-E, A’-B’, A", B", SA, SA’,
", B"" and y"'. Except for the initial
SB dye (peak A), the other peaks initially and transforma-
tion of the intermediates. The absorption bands showed

SA", a", sa,sa’-sb’, o

1.2

0 24 48 72 96 120 144
Time (h)
Fig. 10. Influence of visble light irradiation ([catalyst]
=0.5g/L, [SB] =10 mg/L, initial pH =5.0) on
the SB photodegradation rate with In,Os.

®) B

B 1000 1500 2000 2500 3000 5 1000 1500 2000 2500 3000
Mrutes Motes

Fig. 11. HPLC/MS chromatogram of the photodegra-
dation intermediates derived from SB. (a) 580
nm, (b) 385 nm, (c¢) 350 nm (d) 300 nm ([cata-
lyst] = 1.0 g/L, [SB] = 10 mg/L, initial pH =
5.0).
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that the whole conjugated chromophore structure of the SB
dye, the benzophenone structure, and benzene structure
might exist. The absorption spectra of each intermediate in
the visible and ultraviolet spectral region are depicted in
Fig. 1S. The intermediates were further identified using the
HPLC-ESI mass spectrometric method, and the relevant
mass spectra are illustrated in Fig. 2S. The molecular ion
peaks appeared to be in the acid forms and/or basic forms
of the intermediates. Results of HPLC chromatograms,
UV-visible spectra, and HPLC-ESI mass spectra are sum-
marized in Table 2. From the results of absorption and mass
spectral analysis, they are identified as A-E, A’-B’, A”, B”,
SA,SA’,SA”,a"", sa,sa’-sb’, o', B"" and y""' correspond-
ing to the peaks A-E, A’-B’, A", B", SA, SA’, SA", a"’, sa,
sa’-sb’, "', B"" and y""
categories of intermediates can be distinguished in Fig. 12
and Table 2. Additionally, the other peaks, designated with
star marks, are depicted in Fig. 11. The absorption bands

in Fig. 11, respectively. Several

from 450 to 200 nm are observed. The concentration of
these intermediates may be too low to be examined by
HPLC-ESI-MS. The partial intermediates identified in the
study were also identified in our previous study using
Michler’s ethyl ketone and ethyl violet under TiO,/UV pro-
cesses.”™? According to the number of the ethyl groups de-
tached, we can characterize these intermediates. We found
a pair of isomeric molecules, i.e., di-N-de-ethylated SB
species, that differed only in their manner of loosening the
ethyl groups from the benzyl groups. One of them, the D in-
termediate, was formed by the removal of an ethyl group
from two different benzyl groups of the SB molecule.

Fig. 12. Chemical structure of photodecomposed inter-
mediates.
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Table 2. Summary of the SB photocatalytic degradation inter-mediates identified by

the HPLC-PDA-ESI/MS

Retention Time

[M+H7Y/[M-H

Characteristic Absorption

Intermediates (min) (m/z)* (nm)

A 29.699 545.11/543.10 637.1,412.6,313.1
B 28.296 517.10/515.09 622.4,403.0,310.7
C 26.585 489.03/487.28 607.7,395.7,305.9
D 24.164 489.09/487.21 607.7,369.9,302.4
E 21.832 461.02/459.20 591.8, 388.5, 302.4
A’ 26.892 561.10/559.15 647.0,412.6,313.1
B’ 25.178 533.27/531.14 627.3,413.8,309.5
A" 26.153 561.22/559.00 637.1,411.4,310.7
B" 24.722 533.15/531.34 623.6,389.7,317.9
SA 28.103 481.54/479.52 621.2,401.7,310.7
SA’ 22223 481.22/479.26 611.4,393.3,308.3
SA" 17.682 481.44/479.21 607.7,311.9
a' 24.647 430.27/428.24 435.6,295.2

sa 27.831 350.08/348.51 436.9,298.8
sa’ 27.996 350.23/348.32 457.5,275.0
sb’ 22.882 322.33/320.16 419.9, 266.6
a' 23.439 182.20 362.1

B 17.139 154.14 350.2

v 8.572 126.07 3322

Loosening two methyl groups from the same benzyl group
of the SB dye produced the other one, C intermediate.
Therefore, considering the polarity of the C intermediates
is greater than that of the D intermediate, we expected the
latter to be eluted after the C intermediate. Also, to the ex-
tent that two N-ethyl groups are stronger auxochromic moi-
eties than the N,N-diethyl or amino groups are, the maximal
wavelengths shorter than the band position of the D inter-
mediate. There is a similar situation in the other intermedi-
ates category. A-E intermediates may be the N-de-ethyla-
tion of the SB dye.

This result suggests that the removal of SB was N-
de-ethylation in a stepwise manner (i.e., ethylation groups
were removed one by one, as confirmed by the gradual
peak wavelength shifts). Therefore, N-de-ethylation might
be the dominating mechanism for the removal of SB by the
In,O3 process. The cleavage of the SB chromophore ring
structure is not the significant step. Based on these experi-
mental results, reaction pathways for the N-de-ethylation
of SB are proposed and depicted in Fig. 13. According to
earlier reports.*’ The intermediates may be the N-de-eth-
ylation of a, produced by symmetric cleavage of the SB
chromophore ring structure (Fig. 13). According to earlier

14,41

reports, ~ most oxidative Ndealkylation processes (path-

way I) are preceded by the formation of a nitrogen-centered
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radical and destruction of dye chromophore structures
(pathway II) is preceded by the generation of a carbon-cen-
tered radical. ‘OH radical attacked the diethylaminoben-
zene (or disulfonylbenzene) ring of the SB chromophore
structure (pathway III-1V) and substituted the sulfonyl
group (pathway V) intermediates, which were found for the
first time in In,O;3 photocatalysis process. Consistent with
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Fig. 13. Proposed photocatalytic degradation mecha-
nism of the SB with In,Os.
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these, degradation of SB must occur via the five different
photodegradation pathways listed in Fig. 13. To be consis-
tent with the above statement, the degradation of SB must
occur via two different photooxidation pathways (destruc-
tion of the chromophore structure and N-deethylation) due
to the formation of the different radicals (either carbon-
centered radical or nitrogen-centered radical). There is no
doubt that electron injection from the dye to the positive
holes of In,O5 yields the dye cationic radical. After this
stage the cationic radical Dye™ can undergo hydrolysis
and/or deprotonation pathways of the dye cationic radicals,
which in turn are determined by the different adsorption
modes of SB on the In,O; particle surface.

CONCLUSIONS

A nano-crystalline In,O; was synthesized using the
calcinations method and by meticulously controlling the
synthesis parameters. The photocatalytic efficiencies of the
powder suspensions were evaluated by measuring the SB
concentration. The optical calcinations synthesis parame-
ters for the nano-crystalline In,O; photocatalysts were
found to be calcinations at 300 °C for 24 h under UV irradi-
ation and visible light irradiation. In addition, the optimal
calcination condition of 300 °C for 24 h provided enhanced
results for the crystalline phase. The calcination tempera-
ture of the photocatalyst producing process influences the
degradation effect. Nano-crystalline In,O; are a promising
form of visible light-responsive photocatalyst. The reac-
tion mechanisms of SB were proposed and discussed in this
research. N-deethylation might be the main reaction path-
way for the removal of SB from aqueous solutions.
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