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Abstract

In this paper, the results of a detailed study of the kinetics of photocatalytic oxidation of 3,4-dichlorophenol at various concentrations in
oxygenated solutions on Tiare presented. Electron—hole recombination is often suggested to be decreased by increasing the molecular
oxygen concentration; but our study indicates that this is not the primary rate enhancing property of the dissolved oxygen. It is argued
here that a hydroxyl radical is ejected from the catalyst surface by photo-excitation onto a repulsive excited electronic state leading to
a translationally hot OHfr) radical. In the presence of molecular oxygen, a simple hydroxyl addition to the dichlorophenol occurs. In
the absence of an adsorbed oxygen molecule, the electron transfer to the aromatic ring ffonsige Téauses partial dechlorination
of the dichlorophenol. Subsequently, hydroxyl radical addition to the aromatic ring may occur. Hence, we find that dissolved molecular
oxygen has two important roles in the photo-catalytic oxidation of 3,4-dichlorophenol on the semiconductisgifées. One of these
is as a H-atom acceptor required in direct hydroxyl radical addition to the phenyl ring while the other is as an electron transfer inhibitor
when adsorbed at defective®Tisites. A theoretical model of the kinetics is proposed which is able to account semi-quantitatively for
the overall features of the reaction state space. Significantly, monitoring of the intermediate species produced by these two routes shows
that the relative yields can be inverted by changing the dissolved oxygen concentration which significantly is accord with the theoretical
predictions. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction the primary rate enhancing property of the dissolved oxy-
gen. In our elucidation of the mechanism of photo-catalytic

Toxic chloroaromatic compounds may be removed from oxidation of 3,4-dichlorophenol on the catalyst surfaces, we

the effluents by catalytic photo-oxidation [1,2] but the mech- have been guided by product formation in flash photolysis

anism of such light induced degradation is still unresolved [3] of chlorophenols in water, where OF) radicals and

[7-13,15]. In this paper, the results of a detailed study of solvated electrons may also be present. With chlorophenol,

the kinetics of photo-oxidation of 3,4-dichlorophenol at the dominant reaction with OF) radicals is addition to

various concentrations in the oxygenated solution on,TiO the aromatic ring without dechlorination is shown below

and TiG/SnO, are presented and a kinetic model of the (where R= phenyl-OH and OM= OH(*m))

system proposed. Illlumination of photo-catalytic semicon- o .

ducting TiQ based surfaces at energies above the bandRCI+OH — [ROHCI]

gap produces charge carriers (electron and holes) [8,9]Removal of a hydrogen atom from [ROHCHequires some

which are the primary cause of the photochemical events. other radical or an oxidising agent [4]. In oxygenated so-

Electron—hole recombination competes with photochemical lutions, the most likely species to achieve this hydrogen

oxidation processes and retardation of this may increaseaccepting role is molecular oxygen as shown as follows:

the desired yield. Such electron—hole recombination is of- . .

ten suggested to be decreased by increasing the molecula[ROHCl] + 0z > ROHCI+ HO

oxygen concentration, but our study indicates that this is not where the above step is rate determining.

The free electrons generated in flash photolysis reduce the
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Addition of an OH radical then leads to hydroxyl addition to the dichlorophenol occurs. In the ab-
. . sence of an adsorbed oxygen molecule, the electron transfer
R® + OH" —~ ROH to the aromatic ring from a ¥t site causes partial dechlo-
These reaction schemes shown above seem to occur in theination of the dichlorophenol. Subsequently, hydroxyl rad-
photo-catalytic oxidation of 3,4-dichlorophenol on O ical addition to the aromatic ring may occur. Hence, we find
Thus, a major role for molecular oxygen in photo-catalytic that dissolved molecular oxygen has two important roles in
oxidation of chlorophenols appears to be as a hydrogen atomthe photo-catalytic oxidation of 3,4-dichlorophenol on the
acceptor following hydroxyl radical addition to an aromatic semiconducting Ti@ surfaces. One of these is as a H-atom
ring [4]. acceptor required in the direct hydroxyl radical addition to
Adsorbed water on the surface of Ti@ppears to pho- the phenyl ring, while the other is as an electron transfer in-
todissociate generating an OH radical. A process with sim- hibitor when adsorbed at defective*Tisites. A theoretical
ilar features is the photo-dissociation of water in the gas model of the kinetics suggests that the former process may
phase [5,6]. In the latter photo-dissociation, an &tj(rad- increase in rate while the latter process should be inhibited
ical is ejected in a hot ro-vibrational and translational state by molecular oxygen and such an effect is observed ex-
from the parent water molecule, by surface crossing onto perimentally. Significantly, monitoring of the intermediate
a repulsivem-surface associated with a conical intersec- species produced by these two routes shows that the relative
tion in linear configurations of the molecule [5]. Several vyields can be inverted by changing the dissolved oxygen
authors [7—11] have suggested that the OH radical gener-concentration and as such is a striking feature which is in ac-
ated by illumination of the catalyst surface plays a dom- cordance with the theoretical predictions. Such an inversion
inant role in the photo-catalytic oxidation process. Turchi is easily observed in this system because of the fortuitous
and Ollis [7] proposed that the generated OH radical might balance of the kinetic parameters for 3,4-dichlorophenol
diffuse into the solid—liquid interfacial region. A further im-  enabling the cross-over of rates with increasing dissolved
portant study by Mills and Wang [12] on photo-catalytic oxygen concentration to be straightforwardly monitored.
oxidation of 4-chlorophenol showed that the formation of  Tiand O have a rich mixed valence chemistry and a defec-
the OH radical and the dissolved oxygen level have an im- tive TiO, surface will contain T, Ti3t, O~ and G~ ions
portant influence on the rate of reaction. Related work by [16]. These are associated with the surface random potential
Serpone et al. [13] have demonstrated the dechlorinationand deep electron and hole traps. Molecular oxyges) (O
of dichlorophenols at oxygen free TiOwater interfaces in  preferentially adsorbs at ¥ ions [12]. Organic species ad-
the presence of hole scavengers. Tang and Huang estabsorb preferentially at Tit sites. At an aqueous interface,
lished that hydroxyl radical attack the unoccupied sites of these sites will be hydrated giving bound Okbns anatase
the chloroaromatic ring and that chlorine atom will be re- as shown by infrared evidence [17].
leased from the chlorinated aliphatic intermediates instead
of the aromatic ring when Fenton’s reagent was used as
a source of OH radicals [14]. Other recent kinetic studies 2. Experimental
by Zoulalian and co-workers [15] of the photo-oxidation of
2-chlorophenol and 4-chlorophenol by Ti®ave suggested 2.1. Catalyst preparation and characterisation
the importance of the adsorption of,®n the defective
Tidt sites. Here, we present the outcome of an experimental Immobilised catalyst plates were prepared using equimo-
study and theoretical analysis of the photochemical oxida- lar amount of TiQ (Degussa P25) and Sa@Alfa 99%)
tion of 3,4-dichlorophenol on Tigand TiQ/SnG, at arange in a slurry which was ultra-sonicated for 20 min and coated
of concentrations and dissolved oxygen levels. Coupling of onto alumina sheets.
two semiconductors, possessing different redox energy lev- Scanning electron micrographs (Hitachi S800) were taken
els for their corresponding conduction band and reduction and a typical example in Fig. 1 appears smooth and dense
band, provides another approach to achieve a more efficiento the naked eye, shows a clear evidence of high poros-
charge separation and increase the lifetime of the chargeity. The smaller particles (size of approximately 50—-60 nm
carriers. are Ti®) and slightly bigger clusters (size 120-150 nm)
A model is proposed which accounts successfully for the are Sn@. In the following discussion, the results presented
essential features of the photochemical oxidation processare virtually identical for both types of catalyst plates with
and which is a hybrid of the suggestions for the mechanism the SnQ coupled plates being marginally more active.
put forward by the above workers [1,3,7-13] and reviewed Adsorption spectra of the plates were obtained by using
there. It is argued here that the hydroxyl radical is ejected a dual beam spectrophotometer (Perkin-Elmer Lambda 20)
from the catalyst surface by photo-excitation onto a re- with a background adjusted against a white zero sample (Lab
pulsive excited electronic state leading to a translationally Sphere ID: USRS-99-010).
hot OHE) radical, which relates to the Turchi and Ollis The absorption spectra shown in Fig. 2, shows a band
proposal [7] for diffusion of the radical into the interfa- edge at395nm (3.05 eV) for TiFP25) and Sn@at 365 nm
cial region. In the presence of molecular oxygen, simple (3.29 eV). Hence, a “blacklight” fluorescence lamp and with
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Fig. 1. SEM image of a packed Spl@iO, powder surface.

an irradiation output between 360 and 370 nm will primarily
excite the TiQ.

2.2. Photocatalytic reactor

207

chamber was thermostated to°@8by a cooling jacket. A
typical flow rate was up to 260 ml/min and the recycled batch
was 270 ml. An important feature of catalytic heterogeneous
processes is the possible control of the reaction rate by either
diffusion or of the intrinsic rate on the surface. Experiments
were performed at several flowrates but no significant effect
on photochemical kinetics could be observed. This is con-
sistent with the small mass-transfer effect expected at low
irradiation levels.

As alight source a “blacklight” fluorescence lamp (Philips
15W) maximum output at 365 nm was used. The light tube
was placed 50 mm from the catalyst surface, inside the re-
actor. The photon output from the lamp has been estimated
using data given by the manufacturer (Philips Eindhoven) to
be approximately 10 Einstein/cmd which is low enough
for the rate to be less than the mass-transfer diffusion con-
trolled limit [18].

To examine the effect of dissolved©n the 3,4-dichloro-
phenol degradation, eithenr O, gas was bubbled through
the reactor solution throughout a run, thereby, varying the
dissolved oxygen level between 2.0 and 30.0 ppm.

2.3. Analysis

All reactor runs were carried out for several hours and
samples were taken regularly and analysed chromatograph-
ically (HPLC and GC-MS) and spectrophotometrically
(Perkin-Elmer Lamba 20). A simultaneous pH reading was
carried out to monitor the HCI production.

HPLC instrumentation (Waters), with Millenium 2010

The reactor, connected to a replacement pump via an in-Chromatography Manager software together with a non-
let and outlet, consists of a highly polished stainless steel polar column (Wakosil iM 5C18AR 250 mmx 4.5 mm)
box that houses the immobilised catalyst plate. The reactorand detector (Waters 996 photodiode array detector) was set
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Fig. 2. Absorption spectra of annealed %iQP25)/SnQ@, TiO2(P25) and Sne
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Fig. 3. Suggested primary intermediate formation from photo-catalytic oxidation of 3,4-dichlorophenol.

to 273 nm. GC-MS instrumentation set-up was GC-MS (Fi- 3. Experimental results
son 8065) with Autolab software and NIST library, column
(100 m DBI@ 2.3 mm, film thickness 0.am) and detector

By comparing GC-MS and HPLC data together with

(Fison MD800). Oxygen concentration was measured by an UV-VIS spectra the following dominant primary interme-

oxygen membrane electrode. diates are shown below were observed.
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Fig. 4. Yield of OH addition[J) and chlorine removal routes) formed in photo-catalytic oxidation of 1 mmol 3,4-dichlorophenol at low, ambient and

high oxygen level.
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Fig. 5. 3D view showing the yield of 3,4-dichlorophenol disappearance as a function of initial concentration and oxygen level at 2100, 4600 and 7600 s
reaction times, respectively, to the left and yield of OH addition in the middle and Cl removal to the right.

The section to the left, involves chlorine removal from the and oxygen concentrations §Pat a selection of reaction
3,4-dichlorophenol, while the section to the right involves times (2100, 4600 and 7500 s, respectively).
an OH radical addition to the ring. It can be seen that the yield ([RCI)/[R@]]is higher for
The main products detected were classified as to whetherlow initial parent compound [RCd]concentrations and high
simple OH addition had occurred or chlorine removal fol- oxygen concentrations {p Most interestingly, the yield of
lowed by hydroxylation had occurred. Typically, each reac- the intermediates for the OH addition and dechlorination
tor run was repeated four times with a fresh catalyst. Runs routes cross over with dissolved oxygen concentration (see
were undertaken at various oxygen levels and initial con- Fig. 4) with the highest yield for the dechlorination route at
centrations of 3,4-dichlorophenol. Fig. 3 shows the two in- the lowest oxygen level and at the highest oxygen level for
termediate formations from the photo-catalytic oxidation of the simple OH addition route.
3,4-dichlorophenol. It can be seen in Fig. 4 how the yield of
the two types of intermediate (shown in Fig. 3) inverts with
the chlorine removal least effective in high oxygen and OH 4. Surface crossing and photo-gjection of OH(Zw)

addition least effective in low oxygen. radicals from TiO,
The experimental yields, expressed as [RCI|/RGHr
the 3,4-chlorophenol, [RCIOH)/[R{]for the OH addition It is widely assumed that the TiOsurface is hydroxy-

route and [ROH]/[RCH for the dechlorination route, are lated when in contact with water [7,9,19]. Although, BiO
shown in Fig. 5 for various initial parent compound [REIl]  can be largely regarded as having the formutd TD,2—.
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Degussa P25 (which is predominately anatase) is a mixed 5 T T T T
valence compound some of the surface sites must be for- j
mally regarded as ¥ and O ions particularly at surface 4k : _

defect sites, giving rise to impurity bands in the material.
If the defect concentration is, high it is likely that these de-
fects will pin the Fermi level to a position mid-way between
the valence and conduction bands as in amorphous materi-
als [20,21]. It is widely believed that such®Ti sites can be
partially oxidised by binding molecular£and that organic
substrates bind to surface*TIOH~ groups [15].

The simplest model of the photochemisty of water on the .
surface of anatase can be derived from the studies [17] which ot e ~
show dissociated water molecules at low coverage. We may _ — 5
write the removal of an OH fragment from a dissociated s (TO 1D ... OH ()
water molecule adsorbed on a Ti®ragment in anatase
(generally represented as (HPH)T OH™) as following

2r ((Ti0), H)" ....OH’ i

N

Energy in eV
T

-2+

the scheme:

((TiO2),H) + OH™ — ((TiO2),H))* --- OH™ (@) =5 L - L : 0

((Ti02),H) + OH™ — ((TiO2),H) - -- OH(Z'IT) (b) Distance in Angstroms

At the dissociation limit, channel (a) is endothermiclb, Fig. 6. Suggested adiabatic potential energy curves for removal of an OH

wherel is the ionisation potential of the ((Ti},H) cluster fragment from a hydrated anatase surface. The higher energy curve on
(estimated to be about 5 eV from the density functional cal- the left corresponds to OHwhole the lower curve to OH.

culations on hydrated Ti©[19]) andA the electron affinity
of OH(?w) which is known to be about 1.8eV [22]. The

\ occupied by an oxygen molecule, while the latter may be
numerical value off—A = 3.2 eV should be roughly equal

' ] hydrated and bind the organochlorine molecules. The rate
to the charge transfer gap in hydrated anatase which we esy¢ o jjjibration of the surface and bulk concentrations is as-

timate spectroscopically to be 3.07 eV from the absorption g, meq to be faster than any of the surface reactions, which

edge in a surface reflectance spectrum. A_t short range, thisig justified for the low photon flux used in our experiment
energy cost will be offset by the electrostatic energy change 5.4 referred to earlier.

at the charged centre from which the Okbn has been re- Light is assumed to generate OH radicals 4t Bites and
moved. Added to this energy is a short range repulsive inter- . jision with aromatic organochlorine (RCI) compounds is

action of the formlep(R) = a - expb(Re — R)), WhereRe gy pected to yield the intermediate [ROHCI]
is taken as 1.9 A which is the equilibrium TiO bond length

[16] anda = 2.9 eV andb = 4.0/A. The two adiabatic po-  RCl+ OH* — [ROHCI]*

tential energy curves [23] are shown in Fig. 6.

The point of interest is that an OHf) fragment excited
onto the upper state will be ejected from the surface follow-
ing the well-known harpoon mechanism [24]. lllumination [ROHCI]® + O, — ROHCI+ HO,*
will cause the ejection of translationally hot GH() radicals
from the hydrated Ti@surface. The excess kinetic energy is The HG:* radical generated may react with the H atom re-
of the order 0—1eV. The hot OH radical may undergo reac- maining from the photo-dissociation of surface bound water
tive collision with an organic species in the interfacial region. to give
The electron released from the OHon can be injected in HO,® + H* — H,O
the TPt impurity band of the TiQ and by tunnelling across 2 22
the interfacial region at an oxygen fre€ Tisite, can directly In the absence of the alternative reaction
reduce the organochlorine compounds. Based on these as-
sumptions, we have formulated a kinetic model presented in [ROHCI]® + H* — ROHCI+ H;
the following section.

Molecular oxygen bound at the neighbouringTisite may
then remove a hydrogen atom from [ROHCHs follows:

generates molecular hydrogen and this is observed experi-
mentally in the photo-oxidation on TgJ10]

Reaction of organochlorine compounds with photo-
generated electrons available at thé*Tsite leads to chlo-

: . __ rine removal.
We consider a surface containing two types of active

sites, i.e. T and T, The former site may be vacant or RCl+e~ — R* 4 CI™

5. Kinetic model
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Addition of an OH radical then leads to The rate of loss of the parent compound (neglecting the
R® + OH* — ROH adsorption on the catalyst, etc.) is given by the sum of
T - the rates for hydroxyl radical addition and the dichlorina-
The released Cl anion picks up the surface bound proton tion channels. The rate for direct hydroxyl radical addition
remaining after the release of the free electron from the TiO  (Which requires the presence of an oxygen molecule on a
surface to give Ct + Ht — HCI. The generation of HCI Tidt site neighbouring the organic species on the hydrated
was observed experimentally by monitoring the pH changes. Ti** site) is proportional to
L o e T ot e shove resctonadl (0Kl (0
Ti*t sites occupied by organic species 1, 2, 3 is given by 14 Kaada] + Kaddb] + KaudC]
The rate of dichlorination by electron transfer from an oxy-
KadJC]l + . .
= gen free T¢* site is proportional to
1+ Kadszi[c]i

where, for simplicity, each compound has the same Lang- [OH] Kagdal(1 — K'[O])
muir adsorption constarkags Oxygen adsorption on the 1+ Kadda] + Kadadb] + KaddC]

Ti%* sites also obeys Langmuir adsorption isotherm, so that |n the steady state, the rate constants of proportionality and
the fraction of these sites occupied by an oxygen molecule the OH concentration can be expressed as single effective

i

is given by pseudo rate constantg.f andkac, respectively).
Kox[O] Based on these assumptions, the kinetic equations for the

e = . . L

oXY9eN = Tk 1O entire reaction scheme is given by

/ /

Therefore, the fraction of ¥ sites available for direct ~ 4[8] _ —KaadalkacK'[O] + Kaadap[a](1 — K'[O])

reduction of the chloroaromatic species is given by dr 1+ Kadda] + Kaddb] + KaddC]
Kox[O] , Kaddeana](1 — K'[O]) — Kaaskba[P] K'[O]

_ ol k(O] ,
The classification of the above findings is shown in the 1+ Kagda] + Kaddb] + KaadC]
kinetic model scheme presented in Fig. 7; while the out- Kagdada]K'[0] + Kagder[c](1 — K'[O])
come of these findings is shown in Fig. 8. The compounds [c] —Kaddeg[C] K'[O])

in box (b) are chlororesorcinol and chlorohydroxyquinone, =
where 3,4-dichlorophenol has lost a chlorine atom, which dr 1+ Kagda] + Kaadb] + KaddC]

subsequently has been replaced by a hydroxyl radical. These equations were solved numerically for plausible val-
The compounds in box (c) are dichlorobenzodiols where ues of the rate constants and other parameters given in Fig. 5
3,4-dichlorophenol has undergone direct hydrogen substitu-caption. The model predicts a striking cross over in the rates
tion by a hydroxyl radical. These groups are subsequently of the routes with increasing oxygen concentration.

forming further aliphatic species and finally the end prod- The model parameters, which gave a fit to the overall
ucts, CQ, H,O and HCI. The compounds in the boxes trends wereka, = 0.9 x 108 mmol/s,kpg = 1 x 10710
(d)—(g) are a combination of formed aliphates and highly mmol/s,kpe = 1 x 10712 mmol/s,kac = 0.9x 10~7 mmol/s,
hydroxylated compounds where accurate concentrationke = 1.5x 1076 mmol/s,kcg=1.5x 10~ mmol/s. Plausible
measurements proved difficult. values forKgy is 9600/mol [15] andK 545 = 3600/mol [15].

kbd
@ dechlorination / @dcchlorination

kbe @ hydroxylation

3,4-
dichlorophenol

further
products

kef

kac //V
@ hydroxylation

keg @ hydroxylation

dechlorination

N\~

Fig. 7. Reaction scheme used in kinetic modelling of 3,4-dichlorophenol.
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[RCl],

[ROH]

[RCI]

[RCIOH]
[RCI]

[RCI]

[RCI],

40

7500 sec

[RCI]

Fig. 8. Result of the kinetic model showing a 3D view of 3,4-dichlorophenol disappearance as a function of initial concentration and oxygen level at
2100, 4600 and 7600 s reaction times, respectively, to the left and yield of OH addition in the middle and CI removal to the right.

The discrepancy between the theoretical prediction and6. Summary and conclusion
the experiment can be attributed in part to a single value for
Kagsfor all the compounds and significant variations of cat-  Itis argued here that a hydroxyl radical is ejected from the
alyst plate activity in the various runs. However, consider- catalyst surface by photo-excitation onto a repulsive excited
able effort was put in to using well characterised plates that electronic state leading to a translationally hot &#)(rad-
have minimised this spread in activity as far as possible. ical. A detailed study of the kinetics of photo-oxidation of

The model predicts the rate of parent compound degra- 3,4-dichlorophenol at various concentrations in oxygenated
dation should decrease with the parent compound con-solutions on TiQ and TiG/SnG, catalyst plates, suggests
centration, yet, the dechlorination rate should behave that slowing down of electron—hole recombination is not the
oppositely. primary rate enhancing property of dissolved oxygen. In all

Remarkably, all of these novel trends are seen experimen-cases, the active oxide is TiOn the presence of molecular
tally. The model gives a reasonable overall prediction of the oxygen, simple hydroxyl addition to the dichlorophenol oc-
reaction state space spanned by the parent and intermedieurs. In the absence of an adsorbed oxygen molecule, elec-
ate compound concentration, dissolved oxygen concentra-tron transfer to the aromatic ring from a3Ti site causes
tion and time. partial dechlorination of the dichlorophenol. Subsequently,
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hydroxyl radical addition to the aromatic ring may occur. [7] C. Turchi, D.F. Ollis, Photocatalytic degradation of organic water
Hence, we find that dissolved molecular oxygen has two im- contaminants: mechanisms involving hydroxyl radical attack, J. Catal.
portant roles in the photo-oxidation of 3,4-dichlorophenol 122 (1990) 178-191.

. h . . [8] A. Mills, S. Le Hunte, An overview of semiconductor photocatalysis,
on the semiconducting TiDsurfaces. One of these is as 3. Photochem. A: Chem. 108 (1997) 1-35.

a H-atom acceptor required in direct hydroxyl radical ad- [g] M.R. Hoffman, T.M. Scot, C. Wonyong, D.W. Bahneman,
dition to the phenyl ring; while the other is as an elec- Environmental application of semiconductor photocatlysis, Chem.
tron transfer inhibitor when adsorbed at defectivé TSites. Rev. 95 (1995) 69-96. _

A theoretical model of the kinetics is proposed. Signif- [10] M.A. Fox, M.T. Dulay, Heterogeneous photocatalysis, Chem. Rev.

icantl itori f the int diat . duced 93 (1) (1993) 341-354.
Icantly, monitoring o € Intermediateé Species produce [11] P.V. Kamat, Photochemistry on nonreactive and reactive

by these two routes shows that the relative yields can be  (semiconductor) surfaces, Chem. Rev. 93 (1993) 267—300.
inverted by changing the dissolved oxygen concentration [12] A. Mills, J. Wang, Photomineralisation of 4-chlorophenol sensitised
which is significantly in accordance with the theoretical by TiO; thin films, J. Photochem. Photobiol. A: Chem. 118 (1998)

i At 53-63.
redictions.
P [13] N. Serpone, I. Texier, A.V. Emiline, P. Pichat, H. Hidaka, J. Zhao,

Post-irradiation effect and reductive dechlorination of chlorophenols
at oxygen-free TiQ/water interfaces in the presence of prominent
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