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Abstract: A new method of determining the cumulate concentration of hydroxyl radicals in the TiQ, /Ti photoelectrocatalytic (PEC)
oxidation system was established by o-phenanthroline-Fe(Il)(Fe(phen).*"} spectrophotometry and using anion exchange membrane. Fe

{phen) can be oxidized to n-phenanthroline-Fe({III}(Fe(phen),*) by strong oxidization of hydrexy] radicals(- OH) . Then the cumulate
concentration of hydroxyl radicals can be caleulated through determining the change of the Fe(phen),™ absorbency at 509 nm. In addi-
tion, the research results showed the production rate of hydroxyl radicals was affected obviously by pH of solution, the cumulate
concentration of hydroxyl radicals was the largest al nearby the initial pH 6.3 (isoelectric point), and the change direction of pH after

illumination tended to nearby isoclectric point.
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Introduction

Semiconductor photocatalytic oxidation applied
in the cnvironmental engineering field was paid
attention in the past few years{Garraway et ol., 1994),
especially semiconductor TiO, photocatalytic oxida-
tion technigue has become research heatpoint in both
water and wastewater depth treatment field{Skmern ef
al., 2001; James and John, 2004; Maria et af., 2004).
The photo-produced hole in the valence band of the
irradiated Ti0. semiconductor has very strong
oxidative capability, and can capture the electrons of
the water molecule to create hydroxyl radical (- OH)
that is one of the strongest oxidants in the water,
almost has no selectivity to objects and can mineralize
difficult degraded organic contaminants (Matthews,
1988; Linsebigler er af., 1995). Therefore, it is very
significant to research the regularity of created
hydroxyl radical in TiOyTi photoelectrocatalytic
oxidation system for increasing treatment efficiency of
contaminants in wastewater and accelerating the
practical application of TiO, photocatalytic oxidation
technology in water treatment.

Hydroxyl radical has the characters of strong
reactive activity, short living time (<107 s) and low
existing concentration etc. The main methods of
hydroxyl radical determination include electron spin
resonance (EPR)(Satoshi et al., 2003; Wolfrum et al.,
1964), fluorometric method(Yang and Guo, 2001; Tai
et al., 2002) and high performance liquid chromato-

graphy (HPLC)(Jen et «ol., 1998) etc., however these
methods are difficult to be applied in ordinary
laboratory due to expensive reagents, special appa-
ratus and the complex operation, The determination of
hydroxyl radical by Fe(phen);> spectrophotometry can
overcome the shortcomings of above methods, its
determination principle is as follows.

TiO, + v - AT+ e "
R +HO - -OH+H )
Fe (phen), +-OH -Fe (phen), (3)
Orange-red Colorless

Fe(phcn)™ is common oxidation-reduction indic-
ator, its color can reflect acutely the change of the
oxidation-reduction state. The strongest absorption
peak of Fe(phen): [e-phenanthroline-Fe(Il)] is at 509
nm, while the absorption of Fe(phen),' [¢-phenan-thro-
line-Fe(TI)] at 509 nm is weak enough to be omitted.
The amount of Fe(phen),* decrease is the amount of
hydroxyl radical in the system because Fe( phen)y™ is
oxidized into Fe(phen)" by hydroxyl radical. So the
cumuiate concentration of hydroxyi radicai can be
obtained indircetly using the Fe (phen)i_ spectrophoto-
meter(Jin et al., 1996).

Much investigation showed that the photoelet-
trocatalytic oxidation can increase the efficiency of
photocatalytic oxidation obviously through inhibiting
the ineffective recombination between photo pro-
duced electrons and photo-produced holes, and has
good prospect of research (Kesselman ez of., 1997;
Dong and Anderson, 1994). Nevertheless the inves-
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tigation on both the determination method and the
regularity of created hydroxyl radical in TiOyTi
photoelectrocatalytic oxidation system has not been
reported so far.

The Fe(phen); oxidized from Fe(phen)* in pho-
ioelectrocatalytic oxidation system can be reduced
again through obtaining electrons in cathede, and
which cause interference for determination. The
determination method of hydroxyl radical established
i the paper can overcome above interference by using
anion exchange membrane to inhibit the Fe (phen),*
capturing electrons from the cathode. The deter-
mination principie is showed in Fig. 1.
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Fig.]  Diagram of bolh generation and determination principle of
hydroxyl radical

1 Materials and experiments

1.1 Materials

TiO,/Ti catalyst was home-made (Liu et al.,
2003). Anion exchange membranc was purchased
from Zhejiang Xinke Materials Co. 0.2% (m/v) Fe
{phen); solution, 1 mol/L. ferrous sulfate. All chemi-
cals were of the analytical reagent grade and used
without further purification. Doubly distilled water
was used throughout this study.
1.2 Experiments and equipment

The photeelectrocatalytic reactor system s
showed in Fig.2. The main components were the
cylinder quartz cell with the size of 25 mm in diameter
and 50 mm in height, a 20 W-ultraviolet light source
(Jinzhou Optics Equipment Co.), and a potentiostat
(Shanghai Sanke Electric Appliance Co.). A Pt wire
(40 mm in length with a 0.4-mm diameter). PHS-3C
type acidity instrument {Xiaoshan Analysis Equip-
ments Co.) and 65-1 compnse electrode ( Shanghai
Electro Optic Device Factory).
1.3 Methods

Firstly 4 m] solution of the 0.2%(m/v) Fe(phen),
was added into 200 ml doubly distilled water as

use-solution, then the absorbance value of the use-
solution at 509 nm was measured as A4,

Potentiostal

TioL/Ti

Anion
exchange

Reactor

Fig.2 Diagram of reactor for photoelectrocatalytic reaction

Ten milliliter use-solution was taken inte the
reactor, the bias voltage was applied and the
ultraviolet light was turned on, then a certain volume
solution was taken out and its absorbance value with
the irradiating time were determined as A, so AA (the
change of absorbance value after UV-light irradiation)
= Ay —A,, the cumulated concentration of hydroxyl
radical could be calculated through the below
equation:

[+OH] = AA/(el) (4)

In above equation, g=1.1 X 10* L/(mol-cm), L.=

lcm

2 Results and discussion

2.1 Determination of hydroxyl radical in TiQ,/Ti
photocatalytic oxidation system

Both 10 ml use-solution and the TiOyTi film
catalyst were put into the reactor, tuming on the
ultraviolet light, then the samples were taken out and
its absorbance value were determined after interval 10
min. The experimental results showed (Fig.3) that the
change of [-OH] with irradiating time in TiOy/Ti pho-
tocatalytic oxidation system could be divided into
three stages: (1) when the irradiating time was less
than 20 mun, the cumulate concentration of hydroxyl
radical incrcased with the irradiating time. The reason
might be that hydroxyl radicals were produced
continuously with irradiating time and oxidized Fe
(phen)* into Fe(phen);' rapidly, so the cumulate con-
centration of hydroxyl radical increased rapidly.
Meanwhile, both Fe (phen)® concentration and elec-
tron concentration produced on TiOyTi film surface
by UV-light irradiation also increased rapidly, the
reaction that -OH oxidize Fe(phen),” into Fe(phen),*
was in dominance; (2) when the irradiating time was
between 20 to 30 min, the cumulated concentration of
hydroxyl radical decreased slowly. It may related to
the reactive enhance of Fe(phen)y* reduced into Fe
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{phemn).” by photo-generated electrons, when the cone-
entrations of both Fe(phen),” and the photo-generated
electrons increased with irradiating time, while the
increase of Fe (phen)? concentration in the solution
reflected the decrease of concentration of hydroxyl
radical indirectly; (3) when the irradiating time was
more than 30 min, the cumulate concentration of
hydroxyl radical tended to be stable gradually. Tt
might be related that the reactions between Fe(phen),*
oxidized into Fe(phen)™ by - OH and Fe(phen)," redu-
ced into Fe (phen)® by the photogenerated electrons
tended to be balanced gradually.

Above experimental results showed that the
reduction of photo-generated electrons interfereed the
determination of hydroxyl radical in simple photo-
catalytic oxidation system using e-phenanthroline- Fe
(1I) spectrophotometry.
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Fig.3 Changes of cumulate concentration of hydroxyl radical with
irradiation time

2.2 Determination of hydroxyl radical in TiO,/Ti
photoelectrocatalytic oxidation system

In the paper experimental equipment shown in
Fig.2 was used in order to avoid the interference of
Fe¢ (phen), reduced into Fe (phen).* by the photopro-
duced eclectrons, the photo-generated electrons were
transferred to cathode by the bias, while the cathode
and the anode was separatcd by anion exchange
membrane in photoelectrocatalytic oxidation process.
So Fe{phen)," could not contact with cathode and
could not be reduced.

The effects of bias on creation regularity of
hydroxyl radical in photoelectrocatalytic oxidation
system are shown in Fig.4.

The experimental results in Fig.4 indicated that:
(1) the interference from Fe(phen),* reduced into Fe
(phen)” by photo-generated electrons on determina-
tion of hydroxyl radical was overcame positively; (2)
the cumulate concentration of hydroxyl radical created
by UV-light irradiation couid be enhanced effectively
with a little bias, it showed that the bias was favorable
ta photocatalytic oxidation reaction; (3) the increase
of the cumulate concentration of hydroxyl radical
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Fig.d Changes cumulate concentration of hydroxyl radical in TiOy¥Ti
PEC oxidaticn system as irradiation time

created by UV-light irradiation was not obviously with
enhancement of the bias, when the bias was larger
than 0.6 V. It showed that the ineffective recom-
bination between photo-generated electrons and
photo-generated holes was inhibited effectively when
the bias reached 0.6 V, (4) there was not hydroxyl
radical in the system without light irradiation.

2.3 Effects of pH value on the creation of hy-
droxyl radical

Both flat band potential and charges on the
surface of TiO, are affected by solution pH, so the
efficiency of hydroxyl radical produced by UV-light
irradiation may be affected indirectly by solution pH
in photocatalytic oxidation system. The effects of pH
on generation rcgularity of hydroxyl radical were
investigated systematically in pH 3—9 because Fe
{pheny existed stably in pH 3—9. The pH values of
solution before and after irradiation were determined
under 0.6 V bias and 20 W UV-light for 60 min, and
pH values of solution was adjusted with salfuric acid
and sodium hydroxide solutions. The experimental
results are shown in Fig.5.

The experimental results indicated that the
efficiency of hydroxyl radicals produced by light
irradiation increased with the continuous enhance of
pH value when the initial solution pH was less than
pH value at TiO, equipotential point {pH 6.3; Li and
Li, 2001), the efficiency of hydroxyl radicals was
maximum at nearby TiO, equipotential point, and the
efficiency decreased gradually with the continuous
enhance of pH value when the initial pH of solution
was larger than pH at TiO, equipotential point.
Compared with the change of pH value beforc and
after UV-light irradiation, it could be found that the
pH value of the systemn always changed towards
equipotential point by the assistance of electric field.

Above results might be rclated to TiO, being
amphoteric oxidants, there were a lot of hydroxyls on
Ti0, surface because the coordination of water led
titanium-hydroxyl bond. There could exist following
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Fig.5 Effects pH value on generation regularity of ‘OH in PEC
oxidation system

equilibration between acid and alkali due to
titanium-hydroxyl bond at different pH aqueous
solution{Fan et al., 2003).

pH<(6.3: =TiOH + H* ~— =TiOH,' (5

pH>6.3: =TiOr+ H" — =TiOH (0)

The change of solution pH value affected the
existence of TIOH, TiOH," and TiO groups on TiQ,
surface, and further affected the efficiency of
produced - OH by UV-light irradiation.

3 Conclusions

1t was feasible to determine the cumulate
concentration of hydroxyl radicals in TiO, PEC
oxidation system using Fe(phen)? spectrophotometry
by the assistance of anion exchange membrane. The
efficiency of hydroxyl radicals in PEC oxidation
system could be enhanced cffectively by the assistance
of little bias. The efficiency of hydroxyl radicals in
TiOy/Ti could be affected obviously by pH value of
solution, the cumulate concentration of hydroxyl
radical produced was maximum at nearby TiO;
equipotential point, the pH valuc of solution after
UV-light irradiating always changed towards cqui-
petential point.

References:

Henitez F I, Acere J L et of, 2001 The role of hydraxyl radicals for the
decomposition of p-hydroxyl phenyl acetic acid in aqueous
solutions[)]. Water Res . 35(5): 1338 1343,

Dong H K, Anderson M A, 1994. Photoelectrocatalytic degradation of
tormic acid using a porous TiQ); thin-film electrode [J]. Environ

Sci Technol, 28: 479—483.

Fan S H, Sun Z F, Wu Q Z ez ., 2003. Adsorpiion and photocataiyiic
kinetics of azo dyes[J]. Acta Phys-Chim Sin, 19(1): 25—26.
Garraway E R, Hoffinan A J, Hoffman M R e1 ol., 1994. Environmental
applications of semiconducter photocatalysis [I]. Environ Sci

Technol, 28(5). 786-793.

James L G, John [} §, 2004. Highly efficiernt formation of vistble {ight
tunable TiO; N, photocatalysts and their transformation at the
nanoscale[J]. Phys Chem R, 108: 1230—1240.

Jen J F, Leu M F, Thomas C Y, 1998, Determination of hydroxy!
radicals in an advanced oxidation process with salicylic acid
trapping and liquid chromatography [J]. I Chromatography A,
T96: 283---288.

Jin M, Cai Y X, Li ] R et al., 1996. Determination of hydroxyl radicals
produced by the H,O»/Fe™ using the 1,10-phenanthroline-ferrous
oxidation method [J]. The Development of the Biochemistry and
Biophysics, 23(6): 543— 553.

Kesselman J M, Lewis N 8, Hoffinann M R, 1997. Photoelec-
trochemical degradation of 4-chlorocatechol at TiQ; eclectrodes:
comparison between sorption and photoreactivity[l]. Environ Sci
Techaol, 31: 2298—2302.

Li X Z, Li F B, 2001, Study of Auw/Au*-TiO, photocatalysts toward
visible photo-oxidation for water and wastewater freatiment [J].
Environ Sci Technol, 35(11): 2381— 2387,

Linsebigler A L, Lu G, Yates 1 T et «al., 1995. Photocatalysison TiO:
surfaces: principles, machanisms, and selected results [J]. Chem
Rev, 95: 735—758.

Liu HL, Li X D, Zhou D et «f., 2003, Preparation of TiOy#Ti mesh
photoelectrode and properties [J]. J Environmental Science, 15
(3): 311 =314

Maria B 7, Jeosadaque I S. Huseyin § et o, 2004. Photoelectrocalalytic
production of active chlorine on nanocrystalling titanium dioxide
thin-film electrodes|)|. Environ Sei Technol, 38: 3203—3208.

Matihews R W, 1988, Kincties of pholocatalytic oxidation of organic
solutes over Litanium dioxide|J]. Catal, 111: 264 272,

Skmern M, Allen D W, Akkas F er af., 2001. Photo-degradation of
some dyes using Ag-loaded titanium dioxide [J]. Water Air and
Soil Pollunion, 132: 153—163,

Satoshi H, [hsae H, Nick S, 2003, Hydroxyl radicals in microwave
photocatalysis cnhanced formation of OH radicals prubed by
ESR technigques in microwave-assisted photocatalysis In aqueous
Ti0, dispersions[J]. Chemical Physics Letters, 376: 475—480.

Tai €, Gu X X, Zou 1 ¢ ., 2002. A new sample and scnsitive
fluorometric method for the determination of hydroxyl eadical
and its application|J]. Talanta, 58: 661 -—067,

Wolfrum E ). Olis D F, Lin P K, 1994, The UV-H.0: process:
quantitative LPR determination of radical concentrations (1.
Phatochem *hotobiol A: Chem, 78: 259-—263.

Yang X F, Guo X Q, 2001. Study of nitroxide-linked naphthaiene as a
fluorescence probe for hydroxyl radicals [J]. Analviica Chimica,
434:169 177,

{Received for review April 26, 2005, Accepted July 7, 2005}



