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Abstract

The interaction of anatase and rutile titanias was studied with various combinations 0€&talysts having different
particle sizes and impurity contents by photodecomposition of phenol and formic acid. The reactivity of commercial Ishihara
ST-series anatase titanias (95% T)@creased with the increase of primary particle size (ST-01, 7 nm; ST-21, 20 nm; ST-41,
200nm) and the decrease of surface area. Light extinction coefficients of the ST-series anatasat Ti@ wavelength
of 365 nm were about 1 order of magnitude lower than that of Kemira (KE) rutile Mi&¥ing a surface area of 52rg.
Different interactions between anatase and rutile titanias were observed with the mixtures of the ST-series anatase TiO
KE rutile TiO,. When the irradiation field was dominated by the KE in the mixtures, these interactions inverted completely
the order of activities of the ST-series catalysts in phenol photooxidation. The impurity distribution in particles of the Ishihara
ST-series TiQ catalysts was proposed to explain the above phenomena. The different interactions between anatase and
rutile TiO, particles were related to their relative Fermi levels prior to their contacting each other. Different interactions
between Hombikat UV-100 anatase Bi(HK, 99% TiO,) and rutile-phase Ti®omade from HK (HKR) by heating were
observed in phenol and formic acid photodegradations. The change of interaction between HK &nddsiexplained by
the stronger hydrolyzation and weaker agglomeration of, i@rticles at lower pH values. The experiments done showed
that the synergistic effect between anatase and rutile in Degussa P25 was not universal and it was related to the relative Fermi
levels of anatase and rutile particles and the particle shape.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction anatase and rutile forms with the ratio of anatase to
rutile equal to 3-4:1, is one of the best Bi@ho-
TiO» is known to be the most suitable photocatalyst tocatalysts and used frequently as a benchmark in
in the photodegradation of toxic organic molecules photocatalysis. Bickley et gi5] developed an anatase
for its high activity, nontoxicity and chemical inert- and rutile model for the Degussa P25 based on TEM
ness[1-3]. Anatase and rutil¢4] are two of TiQ's studies. Recent morphology studies showed that the
forms being frequently studied. TyOof rutile form anatase and rutile Tiparticles exist separately in
is claimed as a catalytically inactive or much less the Degussa P2[5]. Ohno et al[7] proved the ex-
active form. However, Degussa P25, which has both istence of the synergistic effect between contacting
anatase and rutile particles. The primary particles in
"+ Corresponding author. Tek+1-513-556-1474; the D_egussa P25 are_ti_ghtly agglomerated in aqueous
fax: +1-513-556-3473. solutions and the efficient electron transfer through
E-mail addresspanagiotis.smirniotis@uc.edu (P.G. Smimiotis). ~ the agglomerates was indicated by the way that
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copper particles grow on the Degussa H2p Sun TITAN L581 (KE, rutile). Other variations of rutile
et al. [9] came up with a band structure of anatase were made by heating HK and ST-01 in oxygen for
and rutile in Degussa P25 based on their study of 12h at 1000C [16], they were denoted as HR and
platinized TiG. It has been shown in numerous stud- ST-01R in this study. The BET surface area of the
ies that there is a positive interaction of anatase and catalysts was measured on Gemini instrument (Mi-
rutile TiO2 particles of Degussa P25, which enhances cromeritics) at 77 K using liquid nitrogen. Crystalline
the electron—hole separation and increases the totalstructures of catalysts were characterized using Nico-
photoefficiency. let powder X-ray diffractometer equipped with a Cu
Positive interactions were also observed between Ka source. The @ was varied in the range from 20
the anatase and rutile forms of Ti@n other systems  to 50° to assess Ti@forms. The absorption and ex-
[7,10,11] and charge separations and synergistic ef- tinction coefficients of the commercial catalysts at the
fects between Ti@and other substances were reported wavelength of 365 nm were determined on a Shimazu
[12—-15] However, it is still not clear about the exact 2501PC spectrophotometer with an ISR 2200 inte-
conditions for the synergistic phenomena occurring in grating sphere attachmefit7]. Phenol (Fisher) and
anatase and rutile Tigxsystems. This study is intended formic acid (Fisher, 88%) were used to test catalysts’
to learn the conditions for the synergistic effect us- photoactivities.
ing photooxidation of phenol and formic acid. The ex-
periments showed that the synergistic effect between 2.2. Photocatalytic experiments
anatase and rutile Tilxthat was observed in Degussa
P25 was not universal and the effect was related to  The suspension for reaction was prepared by dis-
the relative Fermi levels of anatase and rutile particles persing ultrasonically the mixture of a certain amount
and the shape of the particle. of catalyst (dried 6h at 10@C before use) with
a certain compositionTable 3, 0.065g phenol or
0.0065 mol formic acid, and 650 ml distilled water

2. Experimental for half an hour in an ultrasonic bath (Elma, Ultra-
sonic LC20H) and stirring the suspension for half an
2.1. Materials and characterizations hour afterwards. Careful measurements we performed

showed that phenol was not removed from suspension
The catalysts utilized for studying the anatase and during this procedure.
rutile TiO, system in the present studVable ) were The photocatalytic oxidation of phenol and formic
made from commercial titania powders, Hombikat acid in catalyst suspensions was carried out in a
UV-100 (HK, anatase), ST-01, ST-21 and ST-41 445mm long 64 mm in outer diameter annular borosil-
(anatase) from Ishihara Sangyo Co. and Kemira UV- icate vessel (Ace Glass) with a quartz immersion well

Table 1
Photocatalysts used in the present study
Catalyst BET surface TiO, Fornf Primary particle Extinction coefficierft Scattering
ared (m2/g) (%)P size (nm) (I/(cmg)) albedow®
HK 334 99 Anatase <10° 3.91 0.441
ST-01 217 95 Anatase b7 2.83 0.554
ST-21 69 95 Anatase %0 1.37 0.334
ST-41 11 95 Anatase 260 3.08 0.249
KE 52 99 Rutile 24 24.56 0.472
HK_R 3.6 - Rutile - - -
ST-01R 0.35 - Rutile - - -

@Measured on Gemini instrument (Micromeritics) at 77 K.

b From manufacture’s specifications.

¢ Characterized by XRDHig. 1).

d Equivalent diameter calculated with the BET surface area.

€Measured spectrophotometrically on Shimazu 2501PC UV-Vis with ISR 2200 integrating sphere at the wavelength of 365 nm.
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Table 2

Compositions of the catalysts in each experiment and the reaction rates

No. Anatase Rutile Reactdnt Reaction rate Maximum light intensit§

(mg carbon/(min ly) (x10~2W/cm?P)

1 0.0650g HK 0 Phenol 0.06% 0.001 3.64

2 0.0650g HK 0.0072g KE Phenol 0.071 0.002 3.54

3 0.0650g HK 0.0163g HIR Phenol 0.076+ 0.002 3.50

4 0.06509g ST-01 0 Phenol 0.057 0.002 4.16

5 0.0650g ST-01 0.0072g KE Phenol 0.0620.002 3.85

6 0.06509g ST-01 0.0163g ST-R Phenol 0.04# 0.003 412

7 0.0650g ST-21 0 Phenol 0.06t 0.003 4.35

8 0.06509g ST-21 0.00729g KE Phenol 0.0%90.003 3.86

9 0.0650g ST-41 0 Phenol 0.086 0.007 3.30

10 0.06509g ST-41 0.0072g KE Phenol 0.0#10.002 3.24

11 0.0650g HK 0 Formic acid 0.35% 0.003 3.70

12 0.0650g HK 0.0163g HR Formic acid 0.322t 0.004 3.52

2|nitial reactant concentration: 100 mg/l phenol, 10 mM formic acid.
bThe total organic carbon curves in decompositions of both phenol and formic acid follow zero-order decay kinetics.
€The light intensity on the outer wall of the reactor.

(Ace Glass, 49 mm o.d., 7854-27). The UV radiation carbon Analyzer (TOC-VCSH, Shimadzu). Several
source was a 450 W medium-pressure mercury vapor samples were also analyzed with GC-MS (Shimadzu
quartz lamp (Jelight, JOSPM1HGC?2). A Pyrex filter QP5050A) to identify stable intermediate products.
(Ace glass, no. 7740) filtered out the far- and mid-UV Mixture of the commercial anatase and rutile 3iO
bands £ < 320nm) of the lamp emission spectrum. prepared at a concentration of 0.25 g/l were tested with
The cooling water flowing through the double-walled a bulk reactor used for earlier studif. The cata-
immersion well eliminated the infrared spectrum of lysts included the mixtures of the commercial %igf

the light. The local light intensities at different loca- KE with HK, ST-01, ST-21, or ST-41. The reaction
tions along the outer wall of the reactor and the outer temperature was maintained at32 1°C. Samples
wall of the cooling jacket were measured for each cat- were taken and measured in the same way as above.
alyst with a detector (International Light Inc., Model

SEDO033 #3435) connected to a radiometer (Interna-

tional Light Inc., Model IL 1700). The suspension 3. Resultsand discussions

temperature was maintained at.38: 0.5°C. The

length of reaction zone was adjusted to 115 mm using 3.1. Characteristics of catalysts

aluminum foil on the Pyrex filter and black electric

tape on the outer wall of the cooling jacKéB]. The The crystalline forms of all titanias used in the
lamp was preheated for 5 min before each experiment present study were determined using X-ray diffraction
for obviating the poor irradiation of the lamp in the analysis Fig. 1). HK, ST-01, ST-21 and ST-41 were
first several minutes. The suspension was stirred mag-anatase form and KE was confirmed to be rutile form,
netically and 500 ml/min of oxygen was sparged into which were consistent with the manufacturers’ spec-
the solution from a gas distributor near the bottom of ifications. The BET surface areas of the commercial
the reactor. The samples (5 ml) of reaction suspension catalysts were shown ifiable 1 KE was chosen as
were collected with a syringe at different intervals and rutile source because its BET surface area was close
filtered with Cameo 25P polypropylene syringe fil- to that of Degussa P25 (P25). The surface areas of
ters (OSMONICS, Cat. #DDP02T2550). At the same HK_R and ST-01R were 3.6 and 0.35#, respec-
time, 5ml original suspension was added to keep the tively. The much lower surface area of ST-Rlwas
volume of suspension in the reactor constant. The speculated to be related to the 5% impurity content in
sample solutions were analyzed with a total organic this catalyst, which could decrease the energy barrier
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Fig. 1. XRD of the catalysts used in this study A: Anatase, B: Rutile.

between particles for particle agglomeration during
heating. The primary particle sizes of ST-01, ST-21,

(Table 2 showed that the light intensity decreases as
the extinction coefficientTable J) increases. The de-

ST-41 were 7, 20 and 200 nm, respectively. The scat- crease of the light intensity on the outer wall after the
tering albedo of the ST catalysts changed inversely addition of the same concentration of KE Ti@as

proportional with their increasing size, which was con-
sistent with the theory of Rayleigh and Mie scattering.

3.2. Irradiation field

For a homogeneous irradiation field and to obtain
the intrinsic activities of the catalysts, a reaction zone
with a small annular gap and a short length was used

smaller for the anatase catalyst with a larger extinction
coefficient. This is consistent with KE’s extinction co-
efficient being higher than all the anatase catalysts.

3.3. Performances of the anatase titanias

The total organic carbon concentration curves in
phenol decomposition with the different commercial

The annular gap in this study was 6 mm and the length anatase Ti@ catalysts (0.1 g/l) in the first reactor are

was 115 mm. The uniformity of the light in the reac-
tion zone is also highly dependent on the catalyst's op-
tical characteristics and concentratioralple 1. The
extinction coefficients of anatase Ti® were about

1 order of magnitude lower than that of KE rutile.
Beer—Lambert law was used to simulate the light inten-
sity in the reaction zone with the measured inner and
outer wall light intensities. The light intensity mea-
surements were done on the outer wall with the differ-
ent commercial catalyst3dble 3. The measurements
indicated the influence of nonuniform irradiation field
resulted from the light absorption and scattering by
the particles in the reaction suspension. The light in-
tensities measured with pure anatase;I$0spension

shown inFig. 2 The TOC concentration decreased
linearly with time, which complied with earlier stud-
ies[9]. Results of reaction with these and other cat-
alysts using the differential reactor are summarized
in Table 2 It was interesting to see that the reaction
rates did not decrease with increase of the primary
particle size of the ST-series catalyst as the rates in-
creased from 0.057, 0.061, to 0.086 mg carbon/(min )
for ST-01, ST-21, and ST-41 separately. The reactivity
of ST-41 was higher than that of HK TJ0.069 mg
carbon/(min|)), which indicated an effective charge
separation inside ST-41 particles. The BET surface
areas of ST-01, ST-21, and ST-41 were 217, 69, and
11 /g, respectively Table 1. Therefore, the lower
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Fig. 2. The degradation of total organic carbon (TOC) as a function of time for HK, ST-01, ST-21, and ST-41 during phenol photooxidation.
Catalyst concentration: 0.1 g/l; initial pH: 6.97; reaction temperatures £8.5°C.

surface area and larger particle size of the particle in the opposite directions under the force of electrical
did not necessarily result in a higher electron—hole potential field21] and the charge separation inside the
recombination rate and lower charge transfer. Earlier particle is improved. ST-01 and ST-21 may not have
studies[19] indicated that this phenomenon may not the nonuniform impurity distribution as ST-41 has be-
be observed with pure anatase. The results imply that cause particles of smaller sizes need a shorter crystal-
number of active sites on the surface brought about lization time and the impurities are more probable to
by the impurities increases as the surface area of thecondense at the same time of pi€rystallization.
ST-series catalysts decreases. The TiDST-41 is

95% based on the manufacturer’s specification. It can 3.4. Effects of impurities on interaction between

be seen from the study of Cr-implanted BiR0] anatase and rutile Ti@

uniform distribution of the impurity in a TiQ par-

ticle cannot bring a good charge separation. There- Different effects of changes in reaction rates were
fore, there should be an impurity gradient across the observed before and after the addition of KE with
particle radius in the ST-41 particle, which may be ST-01 and ST-41Table 3. The TOC removal rate
formed during crystallization. The pure TiOwhich for ST-01 increased by 9% with the addition of 10%
had the highest melting point, first crystallized, form- KE, while that for ST-41 decreased by 17%. The KE
ing a core. The more impure TiCcrystallized later addition did not have a significant effect on the rate
and enclosed the purer TiGnside. In the end, ST-41  for ST-21. Therefore, the data suggests that the in-
particle formed with a TiQ purity changing from the  teraction of anatase and rutile particles was related to
highest at the center of the particle to the lowest at the the particle size and the surface area of the catalyst.
edge of the particle. The possible n- and p-type band ST-21's surface area was 6$fy and its particle size
structures brought about by the nonuniform impurity was 20 nm, both of which were very close to those
distribution[21] were schematically shown iRig. 3. of P25. Therefore, the surface area and patrticle size
In either type, electrons and holes created tend to moveof P25 cannot prove it to be an efficient catalyst. The
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Fig. 3. Schematic drawing of n-type (a) and p-type (b) band structure of ST-41. The linear relation drawn between the band energy and
radius is just for simplicity and it need not be linear, it depends on the impurity concentration at different radii.

proposed P25’s band structygj can also be usedto  smaller than those of ST-01 and ST-21, the activity
illustrate the interaction between HK and KE, ST-01 of ST-41 decreases the most after the addition of KE.
and KE in the agglomeraté8]. The suggested model The addition of ST-0IR to ST-01 decreased the
for the interaction between the ST-41 anatase and TOC decomposition rate by 18%égble 2, which dif-

KE rutile was illustrated with the band structure after fered from the 9% increase brought about by the ad-
Fermi level lineup inFig. 4 [21] In Fig. 43 a part dition of KE. Since the light intensity change brought
of holes created in ST-41 anatase Tifarticles can about by the addition of ST-0R was negligible, the
flow into KE rutile TiO, particles under the force of decrease was attributed to the negative interaction
potential gradient, but the electrons cannot. Thus, the between ST-01 and ST-(R. Anatase TiQ is 9%
charge recombination in anatase can be decreasedless dense than rutile TiJ23]. Hence, ST-01 Ti@
However, the impurity concentration at the edge of became denser during the process of conversion from
ST-41 patrticles can be much higher than 5% becauseanatase to rutile. At the same time, the impurity con-
of the nonuniform impurity distribution, which may centration inside the particle became larger, which
bring about energy degradati§®?]. And this can be could bring about a small change in Fermi lefd].

the reason for the negative interaction between ST-41 The results indicated the effect of relative Fermi levels
and KE. In comparison, ST-01 and ST-21 do not suf- between anatase and rutile on their interaction.

fer as much energy degradation as ST-41 does due All the anatases used in this study had a much
to their much more uniform impurity distributions. smaller extinction coefficient than KE rutile and P25
In Fig. 4h the Fermi level of p-type anatase Ti® [17], and the extinction coefficient of KE was similar
lower than that of rutile TiQ@. Electrons in ST-41tend  to that of P25, so it was reasonable to assume that the
to flow into KE and holes in KE tend to go in the op- light extinction by P25 at 365 nm was mainly caused
posite direction. But since rutile Tgdis nearly inac- by the rutile phase. The anatase and rutile particles in
tive, electrons and holes in KE rutile Ti®ecombine P25 were formed at the same time by high tempera-
with each other. Finally, the transfer of electrons and ture hydrolysis of TiCJ and it was more than 99.5%
holes across the interface between particles will stop pure[24]. The types and concentrations of impurities
in order to keep the neutrality of the particles. The KE and Fermi level in anatase of P25 are expected to be
rutile particles being in contact with ST particles may similar to those in rutile. These facts and the above
reduce the active sites on the surface of ST-series par-discussions imply that one of the reasons for P25’s
ticles. And because the surface area of ST-41 is muchhigh activity can be the appropriate relative Fermi
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Fig. 4. Schematic drawing of proposed band structure of ST-41 anatase and KE rutile particles in contact after Fermi level lineup: (a) and
(b) are drawn according to the n- and p-type structureBign 3.

levels between anatase and rutile Tprior to their HK and HK.R are shown irFig. 5. The addition of
contacting each other, which can help charge separa-20% HK R increased the TOC removal rate in phenol
tion [9,25]. The other interesting aspect of P25 is that degradation by 10%, while it decreased that in formic
its particles are cubic with round edggs24]. These acid degradation by 9%. The pH of 0.1g/l phenol
anatase and rutile Tiparticles being in contact have suspension was 6.97 and the pH of 10mM formic
a much larger interface area than spherical particles, acid suspension was 2.95. The observation imply that
enhancing the synergy. the decrease in pH can decrease the interaction of HK
and HKR, which is consistent with earlier studies
3.5. Effects of pH and agglomeration on interaction with P25[26]. The pH cannot change the difference
between anatase and rutile TiO in band potentia]27] between anatase and rutile O
because they are in the same solution. The particles
The TOC concentration curves during phenol and exist in agglomerates in solutiof7,8]. Particle ag-
formic acid photodecomposition with the mixture of glomeration in solution is caused by the Van der Waals
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Fig. 5. Normalized total organic carbon (TOC) concentration as a function of time for HK andR HiK phenol and formic acid
photooxidation. HK concentration: 0.1 g/l; HR concentration: 0.025 g/l; initial reactant concentration: 100 mg/l (phenol), 10 mM (formic
acid); initial pH: 6.97 (phenol suspension), 2.95 (formic acid suspension); reaction temperatgre:018°C.

forces (attractive) and electrostatic forces (repulsive) removal rate increased almost linearly with increasing
[28], which can be affected by hydrolyzation of GO  HK content. Pure KE, which is rutile form T was
surface[1]. Since more hydrolyzation of Tifsurface nearly inactive compared with the tested anatase cat-
occurs at lower pH, that brings larger repulsive forces alysts. The reaction rate with pure HK was the lowest
between the particles. The agglomeration and inter- among those with pure anatase catalysts. However, the
action between the anatase and rutile JIi@articles reaction rate with the mixture of HK and KE was the
weaken at lower pH. Therefore, the pH can affect the highest when the anatase content was less than 70%.
interaction of anatase and rutile Ti® and their pho- The activity of ST-41 was the lowesd¥ig. 69 and was
toactivity. Agglomeration cannot happen if the parti- reduced the mostg. 6 when the anatase content
cle size was very bi§29]. It can occur in the catalysts  was less than 70%.
used in the present study since the sizes of the catalyst The photocatalytic decomposition of phenol was re-
particles were small. The agglomeration is shown to lated to the irradiation field and the intrinsic activity
be an important factor for the catalyst's photoactivity. of the catalysts. When the KE rutile content was low,
the rank of the reaction rates with different catalysts
3.6. Study with the bulk reactor was as follows: ST-4% ST-21 > ST-01 > HK. The
highest reaction rate with ST-41 can be explained by
Fig. 6ashows the relation of the anatase content its highest intrinsic activity among the anatase titanias.
to the activities of anatase and rutile Bi@ixture in The lowest reaction rate of HK implied the influence
phenol photodegradation with the second reaf@pr of the irradiation field. The extinction coefficient with
The corresponding curves of normalized TOC removal HK was the highest among the anatase titanias used
rate are shown irFig. 6k Different trends were ob-  (Table 1. The light intensity was the most nonuni-
served with HK and the ST-series catalysts. The TOC form in the HK suspension, and decreased the most
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Fig. 6. (a) The total organic carbon (TOC) removal rates with mixtures of HK and KE, ST-01 and KE, ST-21 and KE, ST-41 and KE
during phenol photooxidation. Initial pH: 6.97; reaction temperature5+2 °C. (b) Normalized total organic carbon (TOC) removal rates
with mixtures of HK and KE, ST-01 and KE, ST-21 and KE, ST-41 and KE during phenol photooxidation. Initial pH: 6.97; reaction
temperature: 13+ 1°C.
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from the inner wall to the outer wall of the reactor
zone. The positive interaction found above between
HK and KE can just counteract the unfavorable irra-

B. Sun, P.G. Smirniotis/ Catalysis Today 88 (2003) 49-59

4. Conclusions

The intrinsic photoactivities of pure anatase 7iO

diation field brought by adding KE rutile. When the catalysts in the study followed ST-41 > HK > ST-21
KE content was high, the irradiation field was dom- > ST-01. The increase in activity of the ST-series
inated by the existence of KE because of its much anatase Ti@with particle size increasing was related
higher extinction coefficient, and corresponding reac- to the impurity distribution in particles of the cata-
tion rates was ranked in order from the highest to the lysts. The interaction between ST-01 anatase,TiO

lowest: HK > ST-01~ ST-21 > ST-41. The rank

and KE rutile TiQ was positive and that between

of the ST-series catalysts is consistent with the order ST-41 and KE was negative, the interaction between

of interaction of ST-series catalysts and KE learned
above with the first reactor. The positive interaction
between HK and KE and HK'’s higher reactivity com-

pared with ST-01's ensured that the mixture of HK and
KE had the highest reactivity when KE content was

ST-21 and KE was in the middle. These interactions
changed completely the order of activities of pure
ST-series catalysts in phenol photooxidation to the
converse when the percentage of KE was high in the
mixture of ST-series catalyst and KE. The interactions

high. between anatase and rutile titanias depended on pH
and their relative Fermi levels. Agglomeration was
one of the conditions for the anatase and rutile titanias
to interact and it happened among small particles.
The photoactivity of a catalyst was affected by the

nonuniform irradiation field. The synergistic effect

3.7. Reaction intermediates

We observed color change in the solution during
phenol photocatalytic degradation. After irradiation,
the originally transparent solution turned into rose between anatase and rutile observed in Degussa P25
gradually first and then it turned back to transparent was not universal and it was related to the relative
again. Such intensive discoloration precluded the use Fermi levels of anatase and rutile Bi@articles prior
of UV-Vis spectroscopy for quantification of phenol to their contacting each other and the particle shape.
in solution. We detected volatile and semivolatile
compounds in the solution using GC-MS technique.

Direct injection of the solution into the GC-MS Acknowledgements

did not provide any significant peaks of volatile

compounds suggesting that their concentration was The authors wish to acknowledge the NSF and the
very low. To detect semivolatiles derivatization with US Department of Army for partial support for this

a trimethylsilyl reagent was used that transformed Work through the grants CTS-0097347 and DAAD
polar compounds into their volatile trimethylsilyl 19-00-1-0399, respectively. We also acknowledge
derivatives. The main two peaks corresponded to funding from the Ohio Board of Regents (OBR) that
hydroquinone and catechol. Resorcinol and various Provided matching funds for equipment to the NSF
acids were formed as a result of phenyl ring opening. CTS-9619392 grant through the OBR Action Fund
These compounds are mostly bi-functional alkanoic #333.

and alkenoic acids and hydroxylated acids such as
hydroxyacetic acid. Hydroquinone and catechol were
detected as products of phenol photocatalytic oxida-
tion over Ti® Hombikat and P25 previousl{30].
Benzoquinone was also detected in phenol photocat-
alytic oxidation as it is easily formed because of hy-
droquinone oxidation by oxygen. Hydroquinone and
benzoquinone can form a rose semiquinone complex
Therefore, rose discoloration during phenol photo-
catalytic oxidation is most probably related to light
absorption by hydroquinone—benzoquinone complex.
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