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TiO5 films on a capillary column were prepared using tetrabutoxytitanium as a source of TiO; via the sol—gel
method. The film thickness showed a linear increase with tetrabutoxytitanium concentration. The specific
surface area of the film was improved by adding polyethylene glycol with different molecular weights.
Under optimal conditions, the prepared film had a good mesoporous structure with specific surface area
of 47.72 m? g%, and showed nearly spherical nanoparticles with a 10 nm diameter and anatase phase.
Influences of the thickness, specific surface area, and initial solution concentration on photodegradation
of rhodamine B using TiO, films as a catalyst were investigated. The results showed that the
photodegradation efficiency increased with an increasing thickness and specific surface area of TiO,
films. For a rhodamine B solution of 15 mg L™, the photodegradation efficiency was 98.33% in 30 min
under the optimal conditions. The catalysts could be reused up to eight times with almost the same
efficiency, indicating a firm immobilization of films on the inner wall of the capillary. Therefore, TiO,
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1 Introduction

Global industrialization is ever developing but at the same time,
the environmental pollution is ever worsening. Especially,
organic pollutants in water cannot be completely removed by
traditional water treatment technologies. Photocatalysis may
overcome this problem as it directly uses solar energy to drive
the reaction, and is an ideal environmental pollution purifica-
tion technology.! The semiconductor TiO, is an important
photocatalyst and has been widely employed in photo-
degradation of organic pollutants,>® solar cells,* gas sensors,®
and hydrogen production by water splitting.°

In recent years, many researchers have studied photo-
catalysis using powder”® or thin film*™** titania. Powder titania
has a wider application because of its high specific surface area,
quantum yield, and photocatalytic efficiency. However, powder
titania cannot be recycled and the resulting high treatment cost
limits its application in industry. Thus, there has been an
increasing interest in the preparation of films of titania to solve
this problem. Considering the fragility of films, large mechan-
ical strength substrates with strong physical or chemical bond
between the film and the body are needed. The substrates can
be classified as metal,">** glass,'*'* ceramic'® and so on. Tradi-
tionally, titania was supported on these substrates by a physical
technique, which has some drawbacks like film shedding and

Beijing Key Laboratory of Environmentally Harmful Chemical Analysis, Beijing
University of Chemical Technology, Beijing 100029, China. E-mail: yangjj@mail.
buct.edu.cn; Tel: +86 13691589336

This journal is © The Royal Society of Chemistry 2018

films are promising for the treatment of wastewater.

difficulty in recycling of the film. Thus, further study is needed
on high efficiency photocatalytic reactors.

In this paper, we described the utility of the quartz capillary
with hydroxyl silicon on the inner wall as the substrate for TiO,
films and their application for photodegradation of rhodamine
B. Through a sol-gel method,""*® TiO, films were deposited on
the inner wall of the capillary based on the condensation
reaction between hydroxyl silicon and hydroxy titanium. Such
films can be firmly immobilized on the capillary inner wall by
chemical bond that can effectively prevent the films from the
substrate falling off.**** Additionally, the sol-gel method has
the advantages of low cost and simple operation compared with
spin coating,” LbL technique®*** and magnetron sputtering.>*
In our research, a sustainable and cost-effective approach of
adequately removing the contaminants from wastewater was
found. Furthermore, catalyst reusability study has also been
conducted to prove that the method is very earthshaking for
both economy and environment.

2 Experimental section
2.1 Materials

Fused-silica capillaries with 500 um I.D. were purchased from
Yongnian Fiber Plant (Hebei, China). Tetrabutoxytitanium
(TBOT), acetic acid (HAc), ethanol (EtOH), poly ethylene glycol
(PEG), sodium hydroxide (NaOH), and rhodamine B (RhB).

2.2 Preparation of TiO, films on capillary column

2.2.1 Capillary pretreatment. The fused silica capillaries of
a certain length were injected with 1 mol L' NaOH by a syringe,
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Fig.1 Cross-sectional SEM images of TiO; films when the percentage volume of TBOT is (a) 3.45%, (b) 6.67%, (c) 9.68%, (d) 12.5%, and (e) 15.15%.

(f) Linear relationship of thickness with the concentration of TBOT.

followed by sealing at both ends with silicone rubber and
putting them in a 60 °C water bath to activate the silanol groups
on the capillaries wall for 2 h. Then capillaries were rinsed with
water (25 °C) and absolute ethanol (25 °C), followed by drying in
the oven (120 °C) for 2 h to remove the ethanol.

2.2.2 Catalyst preparation. The titania sols were prepared
from a solution containing tetrabutoxytitanium, ethanol, acetic
acid, deionized water and poly ethylene glycol. In a typical
synthesis procedure, 10 ml of ethanol, a certain amount of
TBOT (in this experience, the volume content of TBOT is 3.45%,
6.67%, 9.68%, 12.5% and 15.15%) and 4 ml of acetic acid were
mixed in a 50 ml small beaker labeled as “A”. Subsequently,

10 ml of ethanol, 2 ml of deionized water and 2 ml of PEG were
added into another beaker labeled as “B”, and then put them
into 0-5 °C ice-water bath. The solution A was added dropwise
into the solution B with magnetic stirring for 20 min to form
a homogeneous and transparent precursor solution which was
then injected into the pretreated capillaries. After being sealed
at both end, the capillaries continued to further be kept at 50 °C
(water bath) for 6 h and then dried at 120 °C for 3 h in oven.
Then, the capillaries were washed with ethanol and water to
remove residual compounds, and later dried under room
temperature. Finally, the prepared capillary column was placed
into a muffle furnace heating up to 500 °C at a rate of 5 °C min ™"
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Fig. 2 Photodegradation of RB under UV irradiation by films with different thickness.
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Fig. 3 SEM images of TiO, films with PEG of different molecular
weight: (a) PEG 400, (b) PEG 800, (c) PEG 1000, (d) PEG 1500, and (e)
PEG 2000.

to calcine for 5 h. Consequently, anatase TiO, was formed, and
at the same time the organic compounds were completely
removed. This approach is facile, and we could accomplish the
whole procedure within one day.

2.3 Photodegradation experiments

The photodegradation experiments were conducted with
rhodamine B injected into the capillaries deposited by TiO,
films. The capillaries were placed in a distance of 10 cm away
from the UV lamp of 5 W. All photodegradation experiments
were conducted with 15 mg L' rhodamine B at room temper-
ature in air unless or otherwise mentioned.

2.4 Characterization

Scanning electron microscopy (SEM) images were obtained on
a JEOL JSM-7800F scanning electron microscope. The film
thickness was determined from its cross-sectional SEM image.
Powder X-ray diffraction (XRD) data were collected on a Shi-
madzu Model XRD-6000 powder diffractometer, using Cu Ka
radiation (30 mA and 40 kV) in the 26 range of 20-70°, with
a scanning rate of 10° min~". Nitrogen adsorption-desorption
isotherms (SSA-6000E, Micromeritics Instruments) were
collected at 77 K. High resolution transmission electron
microscopy (HRTEM) observations were carried out on JEOL
JEM-ARM200F atomic resolution analytical microscope oper-
ated at 200.0 kv. The photodegradation of RB was analyzed
using  Shimadzu LC-6A high performance liquid
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chromatography and Waters Quattro Premier XE ultra high
performance liquid chromatography-mass spectrometry
(UPLC-MS).

3 Results and discussion

3.1 Titanium source content of TiO, films

3.1.1 Thickness of TiO, films. To develop a moderate and
controllable system, we introduced acetic acid and ethanol to
slow down the hydrolysis rate of tetrabutoxytitanium. The
CH;COO™ from HAc as a coordination group can replace
n-butoxy of Ti(OBu"), to form Ti(OBu"),_,(CH;COO), complex,
whose reaction rate toward water is slower than that of
Ti(OBu"),. As a result, acetic acid can effectively prevent the
surface Ti species from further hydrolysis and condensation via
the coordination. On the other hand, H' from acetic acid
adsorbed on the particles surface could form the electric double
layer and inhibit the interaction between titanium hydroxyl
groups. This mechanism has been comprehensively discussed
in the previous studies.*®*” Thus, acetic acid in the system does
well in controlling the hydrolysis and condensation of tetra-
butoxytitanium. To obtain a smooth and compact film, a certain
amount of PEG was added into the mixture to prevent cracks by
reducing the surface tension between the titania particles and
increase specific surface area.

The growth of TiO, films on the capillary was controlled by
changing the amount of TBOT. Fig. 1 shows the corresponding
cross-sectional SEM images of TiO, films with thickness of
40.3 nm, 106 nm, 173 nm, 250 nm and 361 nm when the
percentage volume of TBOT is 3.45%, 6.67%, 9.68%, 12.5% and
15.15%, respectively. As shown in Fig. 1, the thickness increases
linearly with the concentration of TBOT increased, probably
because the more TBOT is available, the more load films have.
As revealed by SEM images, the films possess a smooth and
compact surface layer with nanoparticles, and the framework
adheres tightly to the inner wall of capillary, suggesting a good
anchorage. However, if the percentage volume of TBOT exceeds
15.15%, the reaction would be difficult to control, leading to
a rapid formation of white precipitates instead of precursor
solution. As a consequence, we acquired a maximum thickness
of 361 nm for TiO, films in the presence of 15.15% TBOT in our
research.

3.1.2 Photodegradation reaction of rhodamine B. To
compare the degradation efficiency of the immobilized films
with different thickness, photodegradation experiments were
conducted with rhodamine B injected into the capillaries that
deposited by multiple thicknesses of films. As shown in Fig. 2,
the degradation efficiency increases from 77% to 92.07% with
thickness from 40.3 nm to 361 nm in 30 min. The photo-
degradation rate constants calculated from the corresponding
kinetic curves are 0.0455, 0.0527, 0.0628, 0.0711 and
0.0835 min~ %, for the thickness of 40.3, 106, 173, 250, and
361 nm, respectively, indicating that the degradation rate
increases as the thickness of films increases. The reason might
be that the availability of more catalysts results in a better
degradation efficiency. For comparison, a control experiment
was carried out using the naked capillary filled with rhodamine

RSC Adv., 2018, 8, 11921-11929 | 11923
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Fig. 4 Nitrogen adsorption—desorption isotherms and the pore size distribution curves (inset) for TiO, films with (a) PEG 400, (b) PEG 800, (c)

PEG 1000, (d) PEG 1500, and (e) PEG 2000.

B. The result shows that almost no RB was degraded in this
case, confirming that the high efficiency of RB degradation
comes from the catalysts instead of UV irradiation.

3.2 PEG molecular weight of TiO, films

3.2.1 Morphological and structural characterization of
films. The polyethylene glycol with large molecular weight can
occupy a certain space on TiO, film, resulting in a pore on the
surface after calcination at high temperature. Therefore, PEGs

11924 | RSC Aadv., 2018, 8, 11921-11929

with different molecular weight were added to increase the
specific surface area of film, and films were deposited using
TBOT with percentage volume of 15.15%. Fig. 3 presents the
SEM images of TiO, film with PEG of molecular weight of 400,
800, 1000, 1500, and 2000. It can be seen that when the
molecular weight of PEG is more than 1000, cracks appear on
the film surface because of its phase separation in ethanol
solution. Fig. 4 shows the corresponding nitrogen adsorption-
desorption isotherms and pore size distribution curves of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 HRTEM images (a and b) and XRD (c) pattern of catalysts (d) is the standard anatase XRD.

film. All of the isotherms are in agreement with a typical type V.
The pore distribution ranges from 2 nm to 15 nm, and the film
mainly contains mesopores with diameters of 7.61, 7.27, 7.27,
7.61 and 8.78 nm for PEG 400, 800, 1000, 1500, and 2000,
respectively. The pores are much larger than the organic
molecules, which can provide access to the diffusion of dyes
during the photodegradation reaction. The measurements
manifest that the BET surface area of TiO, film is 31.36, 42.98,
47.72, 36.50 and 26.49 m? g~ * for PEG 400, 800, 1000, 1500, and
2000, respectively. It is clear that the film with PEG 1000 has the
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largest BET surface area of 47.72 m> g~ ', which is quite bene-
ficial for its application in a photodegradation reaction.
HRTEM and XRD measurements were performed on the
powders under the same conditions as the films with
percentage volume of TBOT of 15.15% and PEG 1000. Fig. 5a
shows the presence of very small and nearly spherical nano-
particles of TiO, films. On average, these nanoparticles are
about 10 nm in diameter. Fig. 5b clearly exhibits an interplanar
spacing of 0.35 nm, a characteristic of the (101) plane in the
anatase crystal of titania. The crystal phase of the catalysts was
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Fig. 6 Photodegradation of RhB under UV irradiation by TiO, films with PEG of different molecular weight.
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Fig. 7 Effect of initial RhB concentration on its photodegradation
under UV irradiation. Initial concentrations: 5, 15, 30, and 40 mg L%,

100

Degradation %

Number of cycles

Fig. 8 (a) Degradation percentage degradation of RhB versus number
of cycles. SEM images of films before (b) and after eight cycles (c) of
photodegradation.

also characterized by XRD. As showed in Fig. 5¢, sharp peaks at
20 = 25.4, 37.6, 48.0, 53.9, and 55.1° are attributed to the (101),
(004), (200), (105), and (211) planes, confirming the existence of
anatase phase which is consistent with the spectral graph re-
ported in the literature.*

3.2.2 Photodegradation of rhodamine B. To investigate the
effect of specific surface area of TiO, films on dye photo-
degradation, experiments were carried out at the same condi-
tions above. As calculated from Fig. 6, the optimal degradation
efficiency is 98.33% in the absence of PEG 1000 and the pho-
todegradation reaction rate constants are 0.0835, 0.1052,
0.1291, 0.0971 and 0.0738 min~* for PEG 400, 800, 1000, 1500,
and 2000, respectively. The results demonstrate that degrada-
tion efficiency increases with the molecular weight of PEG
below 1000. However, when the PEG molecular weight is more

11926 | RSC Adv., 2018, 8, 11921-11929
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than 1000, degradation efficiency decreases because of the
reduction of the specific surface area.

3.3 Effect of initial rhodamine B concentration on its
photodegradation

Fig. 7 shows the effect of initial RB concentration on its pho-
todegradation for TiO, film with maximum thickness and
specific surface area. It can be seen that as the RB concentration
increases from 5 to 40 mg L' in 30 min, the degradation
percentage decreases from 100% to 61.3%, suggesting that the
concentration of dye should be controlled below 15 mg L™" to
remove the dye completely in a short time.

3.4 Catalyst reusability

Considering the catalyst cost, its reusability was investigated on
TiO, film with maximum thickness and specific surface area.
The catalyst was totally used eight times to see the efficiency in
RB degradation. To compare the degradation efficiency, the
degraded RB solution was removed and a fresh solution was
injected into the same capillary after the last cycle of reaction.
Degradation products were gathered at the end of each cycle. As
revealed in Fig. 8, the degradation percentage in 30 minutes is
98.46% for the first time and 96.59% for the last time,
demonstrating its stability after an eight time use.

3.5 Photodegradation mechanism of rhodamine B

TiO, films on capillary column was prepared by adding 15.15%
of TBOT and calcining temperature of 500 °C and adding 1 g of
PEG 1000 into the sol system. Degradation of 10 mg L™*
rhodamine B solution. The initial solution, the solution after
degradation for 5 min and 30 min were analyzed by HPLC-MS,
and the components of photodegradation products were
analyzed. The photocatalytic degradation mechanism of
rhodamine B by titania thin film catalyst was also studied.

Degradation intermediates of RB were recognized by positive
ion mode mass spectra for products after 5 min and 30 min
(Fig. 9). Mass peak at m/z 443 was observed for the initial
solution, and is attributed to the RB molecule of a chloride ion.
Peaks at m/z 415 and 387 is assigned to the deethylated inter-
mediates of RB. The peak at m/z 318 originates from the inter-
mediates of m/z 387 after losing a fragment of 74 mass units
{(C2H5)2NH}. The product of m/z 274 due to the decarboxyl-
ation was also observed. Moreover, hydroxyl radical (-OH)
attacks the double bond to cause a ring opening reaction. Peaks
at m/z 143 and 152 are attributed to C9 compounds with an
oxygen atom and C10 compounds with a nitrogen atom,
respectively. For the mass spectra of products after 30 minutes,
the signals of macromolecular intermediates were very weak. By
contrast, signals at m/z 74 and 84 of unsaturated C6 compounds
were relatively strong. These results suggest that RB was broken
down into small molecules in 30 minutes, which were eventu-
ally decomposed into CO, and H,O. A large number of experi-
ments and mass spectrometry data proved that RB
photodegradation was a process including gradual deethylation
and breakage of the double bond in the benzene ring. The
degradation mechanism is shown in Fig. 10.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Mass spectra of initial RhB solution and degradation products after 5 min and 30 min.

As shown in Fig. 11, the reaction was subjected to TOC
analysis at the time of catalytic degradation. It can be seen that
the concentration of TOC in the blank group was 2.049 mg L™,
the concentration of TOC was 5.398 mg L' at the 0th minute

when the reaction was not started, and the concentration of RB  results.

This journal is © The Royal Society of Chemistry 2018

was decreased as the reaction progressed. After 30 minutes the
TOC concentration of the solution was 3.353 mg L. It means
the RB was degradation efficiently by TiO, thin films. The TOC
test results look same with the mass spectrometry analysis

RSC Adv., 2018, 8, 11921-11929 | 11927
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Fig. 11 TOC concentration of photocatalytic degradation of RB at 0—30 minutes with titanium dioxide.

4 Conclusions

In this paper, a certain thickness of TiO, film on capillary was
fabricated using the sol-gel method for the first time. The
prepared films possess a thickness of 361 nm and a good
mesoporous structure with specific surface area of 47.72 m* g~ *
under the optimal synthesis conditions. The basic structure of
the film is nearly spherical particles with a 10 nm diameters.
With these merits, TiO, film exhibited superior photocatalytic
performance when they were used as catalyst. Photodegradation
experiments indicated that TiO, film catalyst could almost
completely degrade RB of 15 mg L™ in 30 minutes under UV
irradiation. In addition, TiO, films are mechanically stable for
repeated use to remove RB from wastewater, which is very

11928 | RSC Adv., 2018, 8, 11921-11929

significant in terms of cost savings and avoidance of secondary
pollution. We believe that TiO, film catalysts may find appli-
cation in the degradation of pollutants in the air.
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