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Abstract: In order to clarify the respective role of the UV light, catalyst, external bias as well as their combined effects

on the photodegradation process and to clarify the photocatalytic mechanism under different experimental conditions, a se-

ries of experiments were conducted in a shallow pond photoreactor with an effective volume of 100 mL using Ti0,/ T1i thin

film prepared by anodization as photocatalyst. A 300W UV lamp( E .= 365 nm) was used as side light source. The effect

of light intensity on photocatalysis was also conducted. The results show that photocatalytic oxidation is an effective

method for phenol removal from waters. The degradation rate can be improved by applying an anodic bias to the Ti0,/ T1

film electrode, phenol can not be decomposed under only 365 nm UV light irradiation even in the presence of hydrogen

peroxide. In the range of our research, the phenol removal rate can be described in terms of pseudo first order kinetics.
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1 INTRODUCTION

Heterogeneous photocatalysis has been widely in-
vestigated as an alternative method for degradation of
organic pollutants in recent 20 years. TiOy is the
most investigated photocatalyst up to date because it
is often used in the treatment of pollutant chemicals,
based on its remarkable activity, chemical stability,
and also on its norrtoxic properties.

Phenol or phenolic compounds exist widely in
daily life and in industrial wastewater originating
from coke ovens, petroleum manufacture or paint
stripping operations, and have become common pollu-
tants in water bodies. Eleven phenolic compounds
have been listed by USEPA as priority pollutants due

[ Shanxi is

to their stability and bio-accumulation
one of the coalproducing provinces of China and has
heavily polluted water from coal industry, so choosing
phenol as a model pollutant to study the photodegra-
dation process is of a particular interest.

In this paper a TiO2/ Ti film prepared by an-
odization in sulfuric acid solution was used as photo-
catalyst. Many studies have been reported about the

relations between fixedTiO, crystallographic struc

ture and surface properties and the effect of these
properties on the photocatalytic properties'” "', How-
ever, this study just aims to clarify the respective role
of the UV light, catalyst, external bias as well as
their combined effects on the photodegradation pro-
cess, and to clarify the photocatalytic mechanism un-
der different experimental conditions. T his study may
provide valuble information leading to a better under-
standing of the photocatalytic degradation perfor-
mance.

2 EXPERIMENTAL

2.1 Material

Titanium foil (0. 127 mm thick, 99. 7% in purr
ty) and copper foil( 0. 127 mm thick, 99% in purity)
were purchased from Aldrich. Phenol chemical was
analytic grade and was used without any further pu-
rification. All of the other chemicals used were of the
reagent grade.

2.2 Preparation of titanium dioxide films
Before making titanium dioxide film, the foil
was cleaned by using acetone and a subsequent rinse
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in distilled water. The thin films of titanium dioxide
for the photocatalytic studies were prepared by anodic
oxidation of titanium foil in sulfuric acid solution us-
ing an electrophoresis power supply ( self-made). A
same size copper foil in size of 60 mm X 10 mm was
used as cathode. The film growth was under com-
that is,
the anodization was undertaken at a constant current

bined galvanostatic/ potentiostatic control,

density of 280 mA/ cm” until the cell voltage reached a
specified value 210 V and then the potential was
maintained until the current had dropped down to a
steady-state value. The freshly generated titanium
dioxide film electrode was then washed by distilled
water and dried in an oven at 100 C for 1 h. By X-
ray diffraction detection an anatase crystalline form of
titanium dioxide was obtained under this experimental
condition.

2.3 Photoreactor and light source

A batch photoreactor system was used, as shown
in Fig. 1, which consists of a shallow pond glass reac
tor, a 300W UV high pressure Hg-lamp ( E ,,.,= 365
nm made by Shanghai Yaming Lamp Plant) and a
potentiostat( EG& G pare Model 363). The lamp was
placed at the top of the reactor as the side light source
to provide UV radiation and can be adjusted for dif-
ferent light intensity. A cutoff filter( self-made) was
utilized in the road of light to remove wavelengths be-
low 300 nm and guarantee only > 300 nm irradiation.
The photoreactor has an effective volume of 100 mL,
in which TiO,/Ti film as photocatalyst was just
placed under the surface of solution. During the pho-
tocatalytic reaction the phenol solution was aerated by
bubbling air and irradiated by UV light. At different
irradiation time intervals, the samples of phenol solu-
tion were drawn and analyzed for determining the
concentration of phenol and COD.

High pressure Hg-lamp
Cutoff ] l | I l
filter :
Air | l
\L )

Photoreactor

Fig. 1 Scheme of photoreactor system

2.4 Degradation of phenol

Photooxidation tests of phenol included four sets
for different objectives. The first set of photodegra-
dation tests was carried out under UV irradiation for

3.0 h with an initial content of 100 mg/ L. and differ-

ent treating processes of UV, CA ( catalysis), PC
( photocatalysis) and PEC ( photoelectrocatalysis) to
determine the degree of phenol degradation, in order
to clarify the respective role of UV, catalyst, external
bias, light cutoff filter as well as their combined effect
played in the photocatalytic process. The second set
of photooxidation tests was performed to determine
the mineralization of phenol. The third set of pho-
tooxidation tests was designed to measure the degra-
dation of phenol under different light intensity. The
last set of phtooxidation tests was carried out to inves
tigate the photodegradation of phenol affected by hy-
drogen peroxide under the same experimental condr
tion in three different processes of UV+ H20,, PC+

H>07 and UV+ without filter+ H,02, and to clarify
the photodegradation mechanism.

2.5 Analytical methods

Phenol samples were withdrawn at desired time
interval during reaction for analysis. The concentra-
tion of phenol in the solution was analyzed by a UV-
VIS spectrophotometer( Shanghai Third Analytic In-
strument Plant) at 510 nm by 4-amionantipyrin
method. COD concentration in water samples was
measured by a COD instrument HH-5( Jiangsu Elec
troanalytic Instrument Plant) with results expressed in
mg/ L.

3 RESULTS AND DISCUSSION

3.1 Degradation of phenol

Fig. 2 shows the plots of remaining rate vs time
for phenol degradation under different experimental
conditions. This set of experiments included five tests
with the same initial phenol content of 100 mg/L, [
= 2. 57 mW/cm® and same initial pH of 7. 0, but
with different treating processes of adsorption, pho-
tolysis without cutoff filter, photolysis, photocataly-
sis and photoelectrocatalysis with cutoff filter to clarr
fy the role of catalyst, UV light, light filter, electri-
cal bias as well as their combined effect, respectively,
in the process of phenol degradation. It may be im-
portant to compare these processes for better under-
standing the photoxidation performance.

Test 1( adsorption process) was conducted in a
dark condition without UV irradiation. The experi
mental results demonstrate that a little degradation of
phenol occurs during the first half hour due to the ad-
sorption of phenol on the surface of Ti02/Ti film and
a recovery of phenol in the solution due to the desorp-
tion of the film at the later stage.

Test 2( direct photolysis) was performed with a
light intensity of 2. 57 mW/ cm® without a cutoff filter
in the absence of TiO,/Ti film catalyst representing
the direct UV oxidation. The degradation rate of
21.4% of phenol in solution was achieved after irra-
diation for 3.0 h. It may arise from photodegradation
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Fig. 2 Plots of remaining rate vs time for
phenol degradation

excited by a slight farUV light owing to the light
spectra of the high pressure Hg-lamp with wave
lengths below 300 nm and phenol molecules absorbing
the UV light at E...x= 275 nm. This is in conformity
with Draper s first law of optical chemical reaction.

Test 3( photolysis) was carried out with a light
intensity of 2. 57 mW/ cm” using a cutoff filter in the
absence of Ti0,/T1i film catalyst representing the UV
oxidation. The results show that almost no degrada-
tion of phenol in aqueous solution is achieved after ir-
radiation for 3. 0 h. This means that this kind of light
can not decompose phenol. On the other hand, this
also proves that the cutoff filter is very effective.
That is, the degradation of phenol at this condition is
not affected by light below 300 nm wavelengths, so
the degradation of phenol in the following tests was
performed under irradiation of > 300 nm wave
lengths, mainly at E .= 365 nm.

Test 4( photocatalysis) was then carried out with
UV light (I = 2. 57 mW/cm?) combined with TiO,
photocatalyst representing the PC oxidation. The ex-
perimental results demonstrate that the degradation of
phenol in the PC oxidation achieves a better perfor
mance for phenol oxidation, which means that the
combined efforts achieved a higher reaction rate.
Therefore it can be inferred that the degradation of
phenol resulted from photocatalytic oxidation, UV
light and photocatalyst is two indispensable elements
for PC process under 365 nm irradiation.

Test 5( photoelectrocatalysis) was executed un-
der UV irradiation (7 = 2. 57 mW/cm?) using the
Ti0,/ Ti film as a working electrode and a copper foil
as a counter electrode, in which the two electrodes
were placed in parallel and connected to the potentio-
stat with applying 0. 5 V electrical bias representing
the PEC oxidation process. Several studies'® ' indir
cated that the externally applied anodic bias greatly
improves the efficiency of charge separation by driv-
ing the photogenerated electrons via the external cir-
cuit to the counter electrode, thus enhances the reac
tion rate in the PEC degradation process. In our cas-

es, the experimental results demonstrate that the re-
action rate of phenol degradation in the PEC process
is faster than that in the PC process, but it does not
express very distinct although it
achieves the best performance compared with the oth-
er processes.

improvement,

3.2 Mineralization of phenol

In order to study the mineralization of phenol,
the COD concentration was also monitored against the
reaction time and compared with the variation of phe-
nol concentration as shown in Fig. 3. This photo-
catalytic experiments were conducted under the initial
phenol content of 100 mg/L, pH= 7, I= 2.57 mW/
em®. The phenol concentration and COD concentra-
tion were reduced slowly during the reaction period,
but the former was reduced faster than the latter. Af-
ter 6. 0 h reaction, the phenol removal was 61.2%
and the COD removal was 50. 5%, which indicates
the reaction has only achieved an incomplete mineral-
ization of phenol, and a longer irradiation time is
needed for phenol to complete mineralization.
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Fig. 3 Plots of removal rate vs time for
phenol degradation

The photocatalytic partial oxidation can be also
detected via detecting the products of partial oxida
tion. In our previous study''"! of phenol degradation
in a channel reactor, aromatic intermediate products,
such as catechol, hydroquinone and benzoquinone
were detected quantitatively in the course of the pho-
toelectrochemical degradation of phenol, among them

catechol is the main phenolic intermediate.

3.3 Effect of light intensity

The intensity of incident light is one of the major
factors in the photocatalytic process. This set of tests
was conducted under different light intensities of 0.
78, 1.29, 2.57 and 4.43 mW/cm?® by changing the
vertical distance between light source and photoreac
tor. The experimental results show that the phenol
removal increases with the increasing of light intensi
ty as shown in Fig. 4. The reason is that for certain
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light source, the higher light intensity leads to the
more photon received by catalyst and then the more
photogenerated e and h* as well as the more * OH
radicals. The linear relationship between — In( ¥ ()
and irradiation time means that the degradation of
phenol follows the pseudo first-order kinetics. When
the light intensity is higher than 5. 0 mW/cm?, it
will warm up the reaction solution, leading to the
volatilization of phenol. So in our experiment the
light intensity was controlled below 5.0 mW/cm®.
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Fig. 4 Effect of light intensity on photocatalysis

3.4 Effect of H,O;,

A set of photodegradation tests was designed to
investigate the photodegradation of phenol affected by
peroxide hydrogen at the same experimental condi-
tions (b= 100 mg/L, pH= 7, I= 2.57 mW/cm” in
three different processes of UV + H20,, PC+ H,0»
and UV + without filter+ H20,. The experimental
results are illustrated in Fig. 5, in which the data of
UV and PC process are also expressed for compari-
son.

It is well known that the UV+ H»0, process is
a homogeneous AOP and has been proven to be effec
tive in treating waters containing a number of aliphat-

]

ic and aromatic compounds' '?!. Generally, the effec
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Fig. 5 Effect of H20 on degradation of phenol

dation processes is associated with very reactive
species —hydroxyl free radicals, which are generated
in the reaction mixture by the direct photolysis of

H,0; under UV irradiation: H,O,+ hv _>2'OH, the

hydroxyl radicals attach organic compounds relatively
13- 141 Therefore the key factor to ob-
tain hydroxyl radicals is closely connected with the

norr selectively

light source. As shown in Fig. 5, there is almost no
distinction between UV+ H;0; and UV process, in-
dicating that homogeneous reaction does not take
place in the process of UV+ H20,, and the same sit-
uation is obtained in the process of PC+ H»0,. But
on the other hand it can be deduced that the forma-
tion of hydroxyl free radicals in the PC process is sup~
plied by the reaction of positive holes with water and
OH"™ on the surface of titanium dioxide. In the pro-
cess of PC+ H,0; without a filter the degradation of
phenol is significantly enhanced, which meaus that
the production of hydroxyl radicals from hydrogen
peroxide requires a large dissociation energy in order
to cleave the O— O bond, that is to say, short wave
UV energy is necessary to lead to useful radical
yields.

4 CONCLUSIONS

1) The photocatalytic oxidation is an effective
method for degradation phenol in water using TiO»/
T1i thin film as photocatalyst. The removal rates of
phenol depend on the external bias, light source,
light intensity and other factors. The applied anodic
bias can improve the efficiency of charge separation
and hence enhance the reaction rate of photodegra-
dation process, but the improvement does not exhibit
ideal performance.

2) There is almost no disappearance of phenol in
aqueous solution in the photolytic process under irra-
diation of > 300 nm wavelengths, even in the pres
ence of peroxide hydrogen. But in the process of PC
+ H20, without cutting off the < 300 nm wave
length lights the degradation of phenol is significantly
enhanced, meaning that short wave UV energy is
necessary to lead to useful hydroxyl radical yields. In
our experimental range the phenol removal increases
with the increasing of light intensity.
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