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Abstract

In this study, photocatalytic activity of TiO, nanoparticles under visible light was improved and the modified photocatalysts
were used in a pilot-scale continuous submerged photocatalytic membrane reactor (SPMR) for decolorization of Reactive
Orange 29 (RO29) under visible light irradiation. The Taguchi method was used to optimize the activation of TiO, nano-
particles. Effect of the activation precursors (urea, thiourea, ammonium thiocyanate and sulfanilic acid), TiO,: precursors
w/w ratio (1:1-1:6), activation time (1-7 h) and activation temperature (350-500 °C) on the visible photocatalytic efficiency
of the nanoparticles was investigated to achieve maximum decolorization efficiency. X-ray diffraction, scanning electron
microscopy, Fourier transform infrared and diffuse reflection spectroscopy analysis were used to characterize the photocata-
lysts. The results presented that the doping source and the doping source:TiO, ratio had the most and the lowest effect on
the TiO, activation process, respectively. When urea was applied as an activation precursor with mass ratio of 6:1 to TiO, at
450 °C for 5 h, the decolorization efficiency of 84.2% was obtained in a continuous SPMR system. The RO29 degradation

intermediates were analyzed by gas chromatography coupled with mass spectroscopy technique.
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Introduction

Textile wastewater is one of the main sources of environ-
mental contamination. They are not only colorful, but also
contain great amounts of suspended organic solids (Dast-
khoon et al. 2015). The physicochemical methods such as
flocculation, oxidation, coagulation, membrane filtration,
electrochemical techniques, adsorption, sonocatalyst and
photocatalysis are usually utilized for decolorization from
industrial wastewaters (Khataee et al. 2009; Madaeni et al.
2011; Zamani et al. 2014; Fakhri et al. 2016; Oskoei et al.
2016; Agarwal et al. 2017; Essandoh et al. 2017). Advanced
oxidation processes (AOP), especially the photocatalysts,
are the most successful processes for treatment of the dye
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wastewater. The key advantage of this technique is organic
carbon mineralization (Oskoei et al. 2016). This process is
based on the creation of highly reactive hydroxyl radicals
that can degrade a wide variety of pollution (Sheydaei et al.
2014a, b). The most used photocatalyst is titanium diox-
ide (TiO,). Despite the good properties of TiO, such as the
favorable physical/chemical properties, the low cost, the
availability and the stability, this photocatalyst is only active
under the UV irradiation (4 < 388 nm) (Khataee et al. 2009;
Garcia-Araya et al. 2010; Royaee et al. 2011). Therefore,
several attempts have been made in recent years to enhance
the visible photocatalytic activity of TiO,. Various methods
have been used for this purpose such as doping with transi-
tion metals (Umebayashi et al. 2002; Rajabi et al. 2013),
reduction with hydrogen (Kili¢ and Zunger 2002; Palmer
et al. 2002), coupling with semiconductors and dye sensiti-
zation (Pelaez et al. 2012).

The doping with nonmetal elements is one of the most
effective and widely used activation methods in which non-
metals such as B, C, N, F and S are doped into TiO, lattices
(Ohno et al. 2004; Kobayakawa et al. 2005; Di Valentin et al.
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2007; Kitano et al. 2007). Among these nonmetals, nitrogen is
considered as the most effective ones. The presence of donor
energy states consists of N2p and O2p in the valance band
of N-TiO, enhances the visible photocatalytic activity of this
semiconductor (Asahi et al. 2001; Xing et al. 2009).

Furthermore, separation of TiO, particles from suspension
is another major obstacle associated with the suspended pho-
tocatalytic systems. Immobilization of the particles on a sub-
strate is a way to eliminate the particle recovery step (Tsumura
et al. 2002; Ménesi et al. 2008). However, in this condition,
the reduced catalyst area to volume ratio of the immobilized
photocatalyst causes mass transfer and diffusion limitations
(Butterfield et al. 1997).

The induction of the magnetic field (Beydoun et al. 2000)
and pH adjustment (Fernande-Ibanez et al. 2003) are methods
alternatively have been carried out to recovery of the nano-
particles from the suspended systems. In these methods, the
nanoparticles are lost during the withdrawing of treated water.
Applying the suitable membrane is another operative method
to efficient separation of the suspended photocatalyst particles
from treated water (Weimin and Geissen 2001; Vatanpour et al.
2017). In this process, photocatalytic treatment of the polluted
water and filtration of treated water are done simultaneously
in photocatalytic membrane reactors (PMRs) (Mozia 2010).

In recent years, the statistical experimental designs have
been widely used to improve the quality of the processes by
optimizing the effective parameters (Fakhri et al. 2016). The
Taguchi method is a popular experimental design method,
which provides maximum and reliable data using fewer pos-
sible experiments (Pourjafar et al. 2013).

Aim of this work is optimization of TiO, modification
for visible photocatalytic degradation process in a continu-
ous pilot-scale submerged photocatalytic membrane reactor
(SPMR). Polyvinylidene fluoride (PVDF) membrane was fab-
ricated and used to separate continuously the activated TiO,
nanoparticles from the treated wastewater. To improve visible
photocatalytic activity of TiO,, four precursors including urea,
thiourea, ammonium thiocyanate and sulfanilic acid at various
mass ratios were applied at different doping times and tempera-
tures. For determination of optimum synthesis parameters, the
Taguchi method was used. The efficiency of activated TiO,
was evaluated in the SPMR for degradation of Reactive Orange
29 (RO29) as a model pollutant under visible light irradiation.
All the test results reported in this research are based on tests
conducted in July to September 2016 in Karaj city in Iran.

Materials and methods
Materials

Commercial TiO,—P25 was purchased from Degussa (Ger-
many). PVDF (Kynar® K-761) powder was purchased from
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Elf Atochem (UK). N-methyl pyrrolidone (NMP) as a sol-
vent of PVDF, urea, thiourea, ammonium thiocyanate and
sulfanilic acid were obtained from Merck (Germany). Vis-
ible lamp (FML, 36 W) was purchased from Omid Padideh
Ghostar, Iran.

The Reactive Orange 29 dye, a commercial reactive
azo dye, (Boyakhsaz Co., Iran) with molecular weight of
599.34 g/mol was chosen as a model pollutant, which its
structure is presented in Fig. 1.

Experimental design for synthesis of visible
activated TiO,

The Taguchi method was used to design the experiments
for simultaneous investigation of the effect of various
operational factors and optimize TiO, visible photocata-
lytic activation. Experiments were designed according to
the effective factors including TiO, activation precursors,
mass ratio of the activation precursors to TiO,, activa-
tion time, and activation temperature. The experiments
were designed according to the L4 orthogonal array of
the Taguchi method. Designed experimental runs and the
levels of the effective factors are shown in Table 1.

On the basis of the designed conditions, first, TiO, nan-
oparticles were activated by mechanical mixing method
with the activation precursors in designed weight ratios
and then calcinated for dedicated time at specified temper-
ature. The resulted powders were cooled at room tempera-
ture and washed with ethanol and deionized water several
times. Finally, the products were dried at 70 °C.

PVDF membrane and SPMR
To synthesis flat sheet microfiltration PVDF membranes,
non-solvent-induced phase inversion method was used

(Arefi-Oskoui et al. 2016). First, the PVDF polymer was
dissolved in NMP to prepare 12 wt% solution. After that, the

H\N,CO%&CHZ
Br

NaO;S

Fig. 1 Chemical structure of Reactive Orange 29
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Table 1 Taguchi’s L16 Exp. Nos. Control factors Response
orthogonal design and related
experimental results Activation Tempera-  Time (min) Doping source Decolorization
source: TiO, ture (°C) efficiency (%)
ratio

1 1:1 350 1 Urea 63.2

2 1:1 400 3 Thiourea 71.5

3 1:1 450 5 Sulfanilic acid 63.1

4 1:1 500 7 Ammonium thiocyanate 60.3

5 2:1 350 3 Sulfanilic acid 14.0

6 2:1 400 1 Ammonium thiocyanate 80.2

7 2:1 450 7 Urea 75.7

8 2:1 500 5 Thiourea 58.9

9 4:1 350 5 Ammonium thiocyanate 64.5

10 4:1 400 7 Sulfanilic acid 33.7

11 4:1 450 1 Thiourea 68.7

12 4:1 500 3 Urea 53.3

13 6:1 350 7 Thiourea 79.9

14 6:1 400 5 Urea 82.8

15 6:1 450 3 Ammonium thiocyanate 74.3

16 6:1 500 1 Sulfanilic acid 23.8

solution was completely homogenized and heated at 50 °C
to remove air bubbles. The solution was cast by a home-
made applicator on a nonwoven fabric to form a film layer
at a nominal thickness of 170 um. The resulted films were
immediately immersed into a coagulation bath containing
distilled water at room temperature for solidification.

The SPMR setup used in this work (Fig. 2) consists of:
(1) a polluted water storage tank; (2) a pump for continu-
ous flow of polluted water into the SPMR; (3) 5.6 L stain-
less steel SPMR system including: a submerged membrane
cell with effective membrane area of 140 cm?, submerged
visible lamp(s) to provide radiation energy required for
photocatalytic process, a pH-meter electrode, a thermom-
eter sensor, an air diffuser and a jacket with the flow of
cooling water to control the temperature of the SPMR; (4)
a peristaltic pump for continuous suction of the treated
water from the submerged membrane cell, which cause
continuous filtration and separation of treated water from
the photocatalyst nanoparticles; and (5) a treated water
storage tank (Vatanpour et al. 2017).

Fig.2 Schematic and real
images of SPMR setup contain-
ing (A) polluted water storage
tank, (B) pump for continuous
flow polluted water into the
SPMR, (C) 5.6 L stainless steel
SPMR system, (D) submerged
membrane cell (E) a peristaltic
pump for continuous suction of
treated water from submerged
membrane cell and (F) treated
water storage tank

The air diffuser was used to bubble air into the solu-
tion and surface of the membrane cell to provide required
dissolved oxygen for photoreaction, suspend the photo-
catalyst nanoparticles and prevent the fouling of the mem-
brane surface. The membrane filtration was continuously
performed using a peristaltic pump. The contents of the
SPMR were mixed at 600 rpm using a magnetic stirrer.

Analytical procedures

The obtained photocatalyst nanoparticles were characterized
by X-ray diffraction (XRD) analysis using Siemens X-ray
diffraction D5000, with Cu Ka radiation (A = 1.541874 A) in
the range of 10°-80° for 26 angle at 40 kV and 30 mA. The
average size of crystallites was calculated using the Scher-
rer equation. The morphology of the samples was observed
using scanning electron microscope (SEM, Tescan, Czech
Republic). Transmission electron microscopy (TEM) image
of the nanoparticles was recorded using Philips CM 10,
high tension 100 kV. To record Fourier transform infrared
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(FT-IR) spectra, a RIX FT-IR 2400 Perkin-Elmer spectrom-
eter was employed using the KBr pellet technique. UV—Vis
diffuse reflectance spectra (DRS) were obtained by a Cray-
300 UV/Vis spectrophotometer at room temperature in the
wavelength range of 300-800 nm with BaSO, as the refer-
ence for the optical characterization of the products.

Visible photocatalytic degradation

In this study, visible photocatalytic performance of the acti-
vated TiO, nanoparticles was investigated in degradation of
RO29 dye solution. Accordingly, the activated TiO, nano-
particles were dispersed in dye solution in the SPMR for
15 min in the absence of any light. Then, air was pumped
and simultaneously the visible light was irradiated into the
reactor. During all photodegradation runs, a fresh dye solu-
tion was fed into the SPMR and treated water was continu-
ously filtered by the PVDF membrane. At different times
of sampling, the RO29 concentration in the filtered solution
was determined by a UV—visible spectroscopy (double beam
spectrophotometer UV-210A) at A = 475 nm. Decolorization
efficiency (%) was calculated through the following equation:

inlet — Coutlet

Decolorization efficiency (%) = x 100

ey
inlet

where Cy,» and C_ ., are the input and output concentra-

tions of the RO29 from the SPMR, respectively.

Gas chromatography—mass spectrometry (GC-MS)
analysis was performed to evaluate the photodegradation
intermediates and propose the degradation mechanism of
the pollutant. Accordingly, 100 mL of RO29 solution was
treated by the photocatalytic degradation process in the pres-
ence of the activated TiO, nanoparticles under visible light
for 10 min. Organic components of the resulted solution
were extracted with 30 mL of diethyl ether three times. The

VEGAWTESCAN SEM HV: 20.00 kV

EMHV: 20.00kV  WD: 16.2100 mm
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obtained organic solution was held to evaporate the organic
solvent. The remaining solids were dissolved in 100 pL of
N,O-bis-(trimethylsilyl) acetamide, and the solution was
stirred for 10 min under heating at 60 °C. GC-MS apparatus
(Agilent 6890 gas chromatography and 5973 mass spectrom-
eter, Palo Alto, Canada) was used to analysis of the resulting
silylated products.

Results and discussion
Characterization of PVDF membrane

The SEM images of prepared PVDF membrane are shown in
Fig. 3. Figure 3a, which shows cross-sectional image of the
membrane, approves that the prepared membrane consists of
two layers. The top thin and dense layer of the membrane
plays the role of the separator (selective layer). The bottom
layer of PVDF microporous membrane has a finger-like struc-
ture with the large cavities that plays the role of the support
for the surface layer. Figure 3b shows surface SEM image of
this membrane that approves the development of the uniform
PVDF membrane with average pore size of 80-200 nm (ana-
lyzed by Image J software) (Yakavalangi et al. 2017).

To show TiO, rejection ability of the fabricated micropo-
rous membrane, the turbidity test was made from perme-
ated water after TiO, suspension filtration (without dye).
The results presented that there was no TiO, nanoparticle
permeation and the rejection was 100%.

Optimization of TiO, activation
According to the experimental design presented in Table 1,

16 TiO, activation experiments were carried out and the
ability of the prepared samples was determined in the
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Fig. 3 SEM images of the prepared asymmetric PVDF microporous membrane
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photocatalytic degradation of RO29 under visible light irra- 100
diation. The obtained results, which are shown in Table 1, _ (a)
were analyzed by Qualitek-4 software. Analysis of variance § 80
(ANOVA) test was conducted in order to estimate the effec- g
tive parameters and their confidence levels in activation of % 60y D\D\D/D
TiO, nanoparticles for visible photocatalyst applications. 5
F-ratio is a tool to indicate which investigated factors have a g Or
significant effect on the process. This statistic value for each _§ ol
factor is a ratio of the variance of factor to the variance of ;.‘S
error. The obtained results, which are shown in Table 2, indi- o . . .
cate that the doping source was the most effective parameter 11 21 21 6:1
in comparison with the others. Doping source:TiO, ratio
As can be seen in Table 2, the doping source:TiO, ratio 100
factor has the lowest effect on TiO, activation process with _
compared to the other factors and can be pooled to error. § s | (b)
Table 3 shows the ANOVA results after pooling. e
Predicted decolorization efficiency plots for the control £ 6o} //\
factors are depicted in Fig. 4. As can be seen in Fig. 4a, all c
investigated ratios of the doping agent to TiO, had simi- % 40 -
lar effect on the visible photocatalytic performance of the H
activated TiO, samples. Figure 4b shows that the increase S 20r
in doping temperature up to 450 °C led to increase in decol- e
orization efficiency. However, more increase in doping tem- 0300 3_,;0 4(;0 4;0 5(;0 <50
perature caused decrease in photocatalytic decolorization Temperature (°C)
efficiency. In fact, in high temperatures, the effective area
of the catalyst surface reduces due to the aggregation of 100
particles. According to the results shown in Fig. 4c, acti- ()
vation time of 1, 3, 5 or 7 h had relatively similar effect £ sof
on the visible photocatalytic performance of the prepared g
% o A\A/A\A
& aof
Table2 ANOVA results s
Factors Degrees  Sum of squares Variance F-ratio —8 20
of free- g
dom 0 . . . . . . .
0 1 2 3 4 5 6 7 8
Doping 3 316.418 105.472 0.722 Time (h)
source:TiO, ratio
Temperature (°C) 3 1193.128 397.709 2913 100
Time (min) 3 417.397 139.132 1.019 (d)
Doping source 3 3847.870 1282.623 9.394 g 80
Other/error 3 409.578 136.526 g
2 60
[
_§ 40}
Table 3 ANOVA after pooling _g
Factors DF Sum of squares (ss) Variance F § or
Doping source:TiO, 3 316.418 Pooled % o ! ! !
ratio Urea Thiourea Sulfanilic acid Ammonium
Temperature (°C) 3 1193.128 397.709 3.286 Doping source hioeyante
Time (min) 3 417.397 139.132 1.149
Doping source 3 3847.870 1282.623 10.601 Fig.4 Predicted main-effect plots on visible photocatalytic degrada-
Other/error 6 725.996 120.999 tion process corresponds to Taguchi’s L16 design. Effect of a doping

source:TiO, ratio, b calcination temperature, ¢ calcination time and d
doping source

* @ Springer
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Table 4 Optimum levels of investigated factors and related RO29
degradation efficiencies

Factors Level descrip-  Experimentally Predicted RO29
tion obtained RO29  degradation (%)
degradation (%)

Doping 6:1 84.2 90.2
source:TiO,
ratio

Temperature 450
O

Time (min) 5

Doping source  Urea

|
4 Rutile
»  Anatase
— Ti02-P25
N-TiO2
|
2 | "
& \ J \ | '
g e he "N W . WP . WY | SR
—_ ] i s
B
[l 1 | A
|l A ‘
1 [Tt )
I L a \ A R
o 0,/ Mt ANAa ~‘~__.)’~N_J“‘~w"'..
5 15 25 35 45 55 65 75

2 Theta (degree)

Fig.5 XRD patterns of TiO,—P25 and N-TiO, samples

catalyst. Comparison of the doping sources performance on
the photocatalytic activation of TiO, nanoparticles under
visible light indicates that except sulfanilic acid, all other
doping sources show similar and considerable effect on the
performance of TiO, doping.

Optimum values for the all investigated variables and
predicted RO29 degradation value (%) at these optimum
conditions are shown in Table 4. Furthermore, experimen-
tally obtained RO29 degradation efficiency from visible
photocatalytic degradation process at the optimum condi-
tion is shown in Table 4. Comparison of the predicted and
experimentally obtained RO29 degradation efficiency shows
that the model is applicable to estimate the best optimum
conditions.

Characterization of the synthesized N-doped TiO,

Figure 5 shows the XRD patterns of TiO,-P25 and the
activated TiO,—P25 under the optimum conditions. The

* @ Springer
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Fig.6 a SEM images of N-TiO, and b TEM image of TiO,—P25

crystalline phase of TiO,—P25 consists of two main phases
of rutile and anatase, which were characterized in Fig. 5
(Bickley et al. 1991). As can be seen, after the activation of
TiO,—P25 by nitrogen source, no significant shift of char-
acteristic peaks was observed. This can be concluded that
nitrogen source modified the surface of TiO, without any
change in crystalline lattice of TiO,. The crystalline size of
TiO,—P25 before and after calcination was calculated using
the Debye—Scherrer equation (Patterson 1939):

D = KA/ cosd 2
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Fig.7 UV-Vis diffuse reflec- 0.9
tance spectra of TiO,—P25 and
N-TiO, 08

0.7

0.6

05

04

Absorbance

03

0.2

01

—Ti02-P25

—N-TiO2

300 350 400

where D is the average crystallite size in angstroms, K is
a constant which is taken as 0.89 here, 1 is the wavelength
of the X-ray radiation (Cu Ka = 0.15406 nm), f is the line
width at half-maximum height, and € is the diffraction angle.
It was found that the crystallite size of TiO,—P25 slightly
increased from 31.4 to 32.0 nm after calcination. This
change in crystallite size has been pointed out in the studies
(Porter et al. 1999; Bowering et al. 2007).

Morphological characteristics of the TiO,-P25 and
N-TiO, samples were characterized using SEM and TEM

450 500 550 600 650 700 750 800
Wavelength (nm)

images. The obtained images, which are shown in Fig. 6,
indicate that large quantities of N-TiO, particles are in
nanoscale size.

Figure 7 shows the DRS of TiO,—P25 and N-TiO, sam-
ples prepared at optimum conditions. Kubelka—Munk (K-M)
function was used to calculate the band gap of TiO,—P25
and N-TiO, according to the following equation (Eq. 3):

hv(l — R)?
2R

05
> = C(hv — Eg) 3)

100 |

80

60 |

40

Transmittance (%)

20

——N-TiO2
—Ti02-P25

O 1 1 1
400 900 1400 1900

2400 2900 3400 3900

Wavenumber (cm™)

Fig.8 FTIR spectra of TiO,—P25 and N-TiO, prepared under optimum conditions
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Fig. 9 Comparison of TiO,—P25 and N-TiO, nanoparticles under vis-
ible light
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Fig. 10 Comparison of TiO,—P25 and N-TiO, nanoparticles under
UV light

where R is reflectance with respect to standard reflectance,
Eg is band gap energy, & is Planck constant, v is frequency of
light, and C is constant (Singh and Madras 2013). According
to the obtained results, band gap energies of the TiO,—P25
and N-TiO, were 2.99 and 2.88 eV, respectively. This shows
that the activation of TiO, led to 15 nm red shift in UV-Vis
absorption band of TiO,-P25. The transition of UV-Vis
spectrum to the lower energy regions is due to the narrow-
ing in the band gap of TiO,—P25 (Xing et al. 2009). This
enables the electron transmission from the valance band to
the conductive band of the activated TiO, sample by visible
light irradiation.

Figure 8 shows the IR spectra of N-TiO, and TiO,—P25
samples. The wide and strong peaks at 757 cm™! can
be attributed to the Ti—O (Zhou et al. 2009). A peak at
1627 cm™! represents the O—H stretching tensile of molecu-
lar water adsorbed on TiO, (Bao et al. 2013; Cheng et al.
2013). Another peak shown at 3420 cm™! corresponds to
Ti—OH, which indicates the presence of hydroxyl groups
in TiO, and O-H stretching vibration of water (Dedual

o’
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Table 5 Identified by-products during degradation of RO29

No. Compound Structure Retention  Basic frag-
name time (min) ments

1 Acetic acid ~~° 1.496 117,75, 60,
’/ 43,45
OH

2 o-Xylene EI 2.72 106,91, 51

3 Cyclohexanol 3.129 155, 129, 100,

OH 82,75, 58

4 Cyclohexenol 5.477 155, 127, 99,

OH 75, 45,27

5 Phenylmetha- 7.23 180, 165, 135,

OH .
nol 108,91, 79,
77

6 5-methyl- OH
2-(1-ethyle-
thyl)phenol

10.704 207, 96, 82,

73,45

OH 16.973 201, 144, 115,
"

7 p-Naphthol

et al. 2014). A sharp peak at 486 cm™! of IR spectra of the
N-TiO, can be attributed to the developing of N-Ti—-N and/
or N-Ti—O bonds of the activated photocatalyst (Hoseinian-
Maleki et al. 2015). Development of this peak and increase
of the peak intensity attributed to the hydroxyl group in
N-TiO, compared to TiO,—P25, which can prove that modi-
fied catalyst has higher activity than the TiO,—P25.

Comparative studies

Visible photocatalytic degradation of 5 mg/L RO29 solu-
tion was performed using the N-TiO, prepared at optimum
conditions to compare its ability with that of TiO,—P25
nanoparticles in continuous process (Fig. 9). During the
experiments, five 36W visible lamps were used. As can be
seen in this figure, applying visible photocatalytic degrada-
tion process using TiO,—P25 nanoparticles led to less than
20% decolorization efficiency. However, in the presence of
N-TiO, at similar conditions, the decolorization efficiency
of 84.2% was obtained, which approved the enhancement in
visible photocatalytic performance of TiO,—P25 nanoparti-
cles through the activation process. Furthermore, the ability
of N-TiO, nanoparticles on adsorption of RO29 in a con-
tinuous process was investigated. According to the obtained
results shown in Fig. 9, the decolorization efficiency was
increased and then decreased with time, due to the accu-
mulation of the adsorption sites of N-TiO, nanoparticles by
the adsorbed RO29 dye molecules (Sheydaei et al. 2014a,
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Fig. 11 Proposed RO29 degradation pathway in SMPR

b). Comparison of the results obtained from adsorption and
visible photocatalytic degradation of RO29 using N-TiO,
nanoparticles approved the considerable visible photocata-
lytic ability of the activated TiO, nanoparticles.

Effect of TiO, activation on photocatalytic ability of this
semiconductor under UV irradiation was evaluated by com-
paring its ability in photocatalytic decolorization of RO29
solution with the TiO,—P25. Figure 10 shows 88.4% decol-
orization in the presence of TiO,—P25; however, this amount
for N-TiO, was enhanced up to 92.7%. This shows that TiO,
activation enhanced photocatalytic ability of this semicon-
ductor under UV as well as visible irradiations.

In order to identify the degradation pathway of RO29 in the
SMPR, the intermediates generated during the degradation
process were analyzed by GC-MS. The analyzed constituents
were identified by matching their spectra with those recorded

in the MS library (Wiley 7n). Seven compounds that are listed
in Table 5 were successfully detected. Furthermore, several
other chromatographic peaks were also found but could not be
positively identified. The product distribution results suggest
that the degradation process is done by degradation of RO29 to
form the #-Naphthol, Cyclohexenol, o-Xylene, Cyclohexanol,
Cyclohexenol, phenylmethanol and 5-methyl-2-(1-ethylethyl)
phenol. Oxidation of these products gives acetic acid that is
converted directly into CO, and H,O as can be seen in Fig. 11.

Conclusion

In this study, the photocatalytic activity of TiO, under the
visible light was improved by nitrogen doping process. The
prepared N-TiO, photocatalyst was optimized using the
Taguchi method. Finally, the optimized sample was used in
a continuous photocatalytic membrane reactor for dye deg-
radation. According to the obtained results, urea as the nitro-
gen doping precursor with 6:1 ratio to TiO,, 5 h doping time
and 450 °C doping temperature were optimum conditions
for enhancement of the visible photocatalytic ability of TiO,
nanoparticles. The PVDF membrane shows good ability to
separation of the nanoparticles. Using N-TiO, prepared at
the optimum conditions, photocatalytic decolorization effi-
ciency of 84.2% was experimentally obtained. The degrada-
tion of RO29 in the SMPR was identified using GC-MS.
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