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Abstract

The effects of chlorine radical generation during the photocatalytic oxidation of aromatic contaminants in air can be significant. Previous
studies have shown that cofeeding chlorinated olefins (TCE, PCE) may increase the removal of branched aromatics (toluene, xylenes
presumably by initiating chlorine radical chain reactions. Hydrochloric acid catalyst pretreatments produce a similar enhancement of aromatic
conversions. However, both approaches were ineffective for rate enhancement toward benzene, while hydrobromic and hydriodic acic
pretreatments diminished the photocatalytic oxidation of both benzene and toluene. The present study broadens this halide acid inquir
to include hydrofluoric acid catalyst pretreatments and to examine halide acid influences on the remoxglesfe as well. Only HCI
pretreatments enhanced activity, and only for the branched aromatics (toluene-sardne). These results appear consistent with a
thermodynamic analysis proposed here, which indicates that (1) fluorine radical generation is not energetically feasible under the condition:
considered, (2) bromine and iodine radical generation is energetically feasible, but the radicals are insufficiently reactive to initiate the
degradation of aromatics, and (3) chlorine radicals are predicted to be sufficiently energetic to abstract hydrogen from the methyl groups o
branched aromatics, but not from the more strongly bound hydrogen atoms on the aromatic ring. These calculations are all in accord with ou
experimental results for the photocatalytic oxidation aromatics. The consistency of these thermodynamic arguments is also further suppor
for the presumed halide radical pathway for rate enhancement.

0 2003 Published by Elsevier Science (USA).
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1. Introduction chlorinated compound like TCE in a gas stream can sig-
nificantly increase the decomposition rate of certain organic
Photocatalytic oxidation in air of trace levels of ben- contaminants, including isooctane, methylene chloride, and
zene [1-3], toluene [4-6], and xylene [7,8] over titanium chloroform. Several additional studies further examined the
dioxide photocatalysts has been examined by several re-effects of cofed TCE on the photocatalytic oxidation of a va-
searchers. Although photocatalytic oxidation has proven riety of organic contaminants [10—-13].
effective, continuous-flow photocatalytic reactors for gas-  Luo and Ollis [11] demonstrated that this technique could
phase aromatics generally yield only moderate conversions,be used to increase the conversion of an aromatic, toluene,
and apparent catalyst deactivation is common. As a result,in the gas phase: near-complete photocatalytic oxidation of
techniques are needed to increase the conversion of aromatigoluene at 88.5 mgn? in the presence of TCE (753 mg?)
contaminants. was demonstrated. Based upon homogeneous gas-phase
One technique involves the introduction of a second, TCE degradation pathways described by Sanhueza et al.
more reactive contaminant into the gas stream. Berman anq14] and the chlorine radical pathway adopted by Nimlos
Dong [9] first demonstrated that cofeeding of a reactive, gt a). [15] for photocatalyzed TCE oxidation, Luo and Ollis
proposed a chain-transfer reaction mechanism, in which
~* Corresponding author. surface chlorine radicals generated by TCE degradation
E-mail address: ollis@eos.ncsu.edu (D.F. Ollis). could react with a second adsorbed reactant (toluene) via
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hydrogen abstraction, thereby initiating toluene oxidation instead attributed to a shift in the form of reactive species
and increasing both removal rate and overall conversion.  generated by the photocatalyst under illumination. Minero
A further report by Sauer et al. [16] demonstrated et al. suggest that on untreated titania, reaction takes place
that two other chlorinated olefins, perchloroethylene (PCE) through a combination of surface-bound radicals and di-
and trichloropropene (TCP), could be cofed and used to rect electron transfer. Reactions involving solution-mobile
enhance the photocatalytic degradation of toluene in areactive species are negligible under these conditions. On
manner similar to that seen with TCE addition. d’'Hennezel the fluoride-treated catalysts, however, the reaction mech-
and Ollis [12] explored the effects of TCE addition on a anism shifts substantially toward reactive species mobile in
range of aromatic compounds, including benzene, toluene,the aqueous solution. The mobility of the radicals in solution
ethylbenzene, and:-xylene. The addition of TCE to the allowed for enhanced oxidation of phenol, which binds only
gas phase significantly increased the conversion of all threeweakly to the catalyst surface. However, in our gas-phase
branched aromatic compounds, but had virtually no impact photocatalytic oxidation, only surface reactions are expected
on benzene destruction. to occur at ambient temperatures, so the potential impact of
Since introduction of an additional hazardous pollutant surface fluoride as a possible rate promoter under our condi-
such as TCE into an airstream already contaminated with antions was unclear.
aromatic compound is generally unappealing as a process In the present gas—solid study, the effects of halide acid
concept, an alternate approach was required to utilize thepretreatments on titanium dioxide catalysts have been recon-
chlorine promotion effect. d’Hennezel and Ollis [17] exam- sidered. Catalyst samples pretreated with hydrofluoric (HF),
ined the pretreatment of titania catalysts with hydrochlo- hydrochloric (HCI), hydrobromic, or hydriodic acid have
ric acid solutions. Based upon previous studies by Primet been prepared and evaluated for use in the photocatalytic
et al. [18], Boonstra and Mutsaers [19], and Shastri et oxidation of gas-phase benzene, toluene,;and/lene. The
al. [20], d’Hennezel and Ollis proposed that these pretreat- results of these experiments have been compared to thermo-
ments introduced chloride anion groups into the titania sur- dynamic calculations examining the ability of the photocat-
face structure. Under photocatalytic conditions, these chlo- alyst to generate halide radicals and the energetics of such
ride groups could be converted, via photogenerated holeradicals in reactions with branched and unbranched aromatic
(h™) attack, into chlorine radicals, which could then react compounds.
with adsorbed hydrocarbon species (e.g., via hydrogen ab-
straction), potentially producing rate enhancements. Photo-
catalytic oxidation experiments using these HCl-pretreated
patalysts produced enhanced toluene conyersion levels Sim'2,1. Photocatalyst preparation
ilar to results seen when TCE was cofed in the gas stream.
Whgn H.CI-pretreated catalysts were used in the photocat-  Tpe catalyst pretreatment method employed was de-
alytic oxidation of benzene, howe\(er, conversion levels were gqriped previously [22] and is based upon the technique used
reduced compared to those achieved with untreated catay,y g'Hennezel and Ollis [17]. One gram of titanium dioxide
lyst sample.s [21]. Thls lack of enhancement was attnbgted powder (Degussa P25) is treated with 3 mL of an aqueous
to the relative stability of benzene toward chlorme ra(j|cal pretreatment solution, producing a thick slurry. Five differ-
attacks compared to other branched aromatic contaminantsnt solutions are employed for the current series of experi-
like toluene. _ ments. The first, used as a control, consists of pure deionized
Lewandowski and Ollis [22] explored photocatalyst pre- \yater. The remaining four are 0.3 M solutions of either hy-
treatment with different acids, including hydrobromic acid  grofluoric acid, hydrochloric acid, hydrobromic acid, or hy-
(HBr) and hydriodic acid (HI), on the photocatalytic 0x-  griodic acid. The resulting slurries are permitted to stand for
idation of toluene. Both HBr- and Hi-pretreated catalysts 5 min before being transferred to individual vacuum desic-
displayed significantly lower activity than untreated titania cators, The catalyst samples are allowed to dry under vac-
catalysts, particularly during the initial period of reaction. yum for up to 5 days. The extent of drying is monitored by
We suggested that bromine and iodine radicals, if generatedyyeighing the samples once per day to estimate the quantity
might not be sufficiently energetic to react with toluene, but of water and acid removed. Once the drying is completed,
no specific supporting evidence was offered. the catalyst samples are ground using a mortar and pestle to

Minero et al. [23,24] examined the influence of fluoride- preak up agglomerates and to prepare the titania for use in
treated catalysts on the photocatalytic oxidation of phenol photocatalytic experiments.

in agueous media. Although the fluoride-treated titania was

observed to increase the removal of phenol from solution, 2.2. Gas-phase photocatalysis

the enhancement was not derived from the generation of flu-

orine radicals. The high redox potential for the conversion  Photocatalytic experiments are conducted using a single
of fluoride anions to fluorine radicals (3.6 V) makes sur- pass, continuous flow, powder layer photoreactor, described
face fluoride anions stable against oxidation by photogen- previously [7]. The system is prepared for use by first load-
erated holes [23]. The enhancement in phenol oxidation wasing the pollutant reservoir with the compound of interest.

2. Experimental
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The required quantity of liquid benzene (Fisher, ACS grade), 3. Experimental results

toluene (Fisher, HPLC grade), ar-xylene (Aldrich) is in-

jected into the vapor feed reservoir, along with deionized 3.1. Control experiments (untreated and water-pretreated
water to provide the desired level of humidification. The titania)

reservoir is then sealed, gently heated until the pollutant and
water have vaporized, and finally pressurized with scientific
grade air to 15 psig. The gas stream from the pollutant tank
is mixed with an additional stream of scientific-grade air to
provide a steady feed for the duration of the photocatalytic
run. In the current series of experiments, pollutant concentra-
tions are set at 50 mign®, with water vapor concentrations
of 1000 mgm3.

Photocatalytic oxidation reactions for each of the three
pollutants considered were carried out on untreated titanium
dioxide powders as a base case for comparison with treated
catalyst samples. In each case, the pollutant concentration in
the reactor off gas is observed to drop from the maximum
level (50 mgm?) just before the start of illumination to
a minimum after just a few minutes of UV exposure.
The initial level of removal varied depending upon the

The reactor vessel contains a 2-cm-diameter glass frit : : .
to support the photocatalyst of interest. One hundred mil- contaminant, with benzene showing the least removal (40—
' 45%) (Fig. 1). Toluene andh-xylene both show initial

ligrams of catalyst powder, either untreated Degussa P25 or
. . . removal levels of 85% or more.
one of the pretreated samples described above, is loaded into ) . .
As the photocatalytic reaction continues, pollutant con-

the reactor vessel. The powder is spread in a thin layer (ap- ; ; lativel dual d .
proximately 1 mm thick) over the glass frit, versions begin to decrease;. A relatively gradual decrease is
. observed for benzene, while a more rapid decrease is seen
Before exposure to the pollutant Pf interest, the photocat- with toluene andn-xylene. The pollutant concentration in
alyst sample is briefly cleaned by simultaneous exposure tothe exit stream appears to approach a pseudo steady-state

UV and flowing air for 45 min. lllumination is provided by a | : : :
. evel with all three compounds, although the time required
100 W blacklight (Blak Ray B-100 A) placed above the reac- to reach this state varies from approximately 1 h for benzene

tor vessel. Once this cleaning step is completed, the catalysttO 2.5 h for toluene and more than 6 h farxylene

Is exposed to 6.0 Cﬁ?fm"’? of the contaminated airstream in Photocatalysis experiments were also conducted using
the absence of illumination to allow for preadsorption of the catalyst samples that had been pretreated with deionized
contaminant of interest. Once dark-adsorption equilibrium water and dried using vacuum desiccation. Catalyst sam-

has been reached, photocatalysis is started by unmasking thﬁles treated in this way have been used previously as con-
UV light source and restoring UV illumination.

e ” ) trols to examine the effects of the aqueous treatment process
A flame ionization detector (Perkin-Elmer Sigma 1) con-

. . ~and vacuum desiccation on the titania catalyst material
tinuously monitors the reactor off-gas throughout the experi- [17,21,22]. As in these previous studies, the water pretreat-

ment. Previous experiments conducted with aromatic conta-jents are observed to have relatively little effect on the be-
minants under these conditions did not reveal detectable 'eV'havior of the catalyst (Fig. 1).

els of partial oxidation intermediates with GEID analysis;
only unreacted aromatics were detected [11,12,16,21]. Un-32, HCl-pretreated titania
der these conditions, the FID signhal may be considered to
provide a direct measure of the quantity of unreacted conta-
minant remaining in the reactor off gas.

The use of an HCl-pretreated catalyst has a different
influence for each of the three contaminants tested. Benzene
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Fig. 1. Photocatalytic oxidation of benzene, tolueneneaxylene (50 mgm?3) on untreated titania and water-pretreated titania.
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removal is observed to be significantly lower on HCI- modestly, and at longer times (beyond 1 h) it is slightly
pretreated catalysts compared to either untreated and waterhindered on the HCl-pretreated catalyst material. In both
pretreated samples (Fig. 2). The initial removal maximum cases, the effect is relatively minor compared to what is seen
seen with untreated catalysts is absent on the HCI-pretreatedvith benzene and toluene.
sample, and the apparent steady-state removal is reduced by o
nearly a third. 3.3. HF-pretreated titania

Toluene removal is initially increased when HCl-pre-
treated titania is used (Fig. 3), as previously reported [17].
Peak toluene removal is increased slightly, and the level
of removal exceeds that seen using untreated or water-
pretreated catalysts.for several hours. The use of HCI- andm-xylene both show decreased levels of removal (Figs. 2
pretreated catalysts is found here to not affect the level of and 4).
removal observed at steady-state, however, suggesting only
a transient promotion from the HCI pretreatment. 3.4. HBr- and Hl-pretreated titania

Xylene removal does not appear to be substantially
affected by the use of the HCl-pretreated catalyst (Fig. 4). Both HBr- and Hi-pretreated catalysts exhibit signifi-
Initially, the removal ofm-xylene is observed to increase cantly reduced catalyst activity for all three contaminants

Titania samples pretreated with HF solution produce no
increase in activity for any of the contaminants considered.
Photocatalytic oxidation of toluene appears to be nearly
unaffected by the HF pretreatment (Fig. 3), while benzene
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Fig. 2. Photocatalytic oxidation of benzene (50/|1rlﬁ) on halide acid-pretreated titania.
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Fig. 3. Photocatalytic oxidation of toluene (50 ymg?) on halide acid-pretreated titania.
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Fig. 4. Photocatalytic oxidation @t-xylene (50 mgm3) on halide acid-pretreated titania.

(Figs. 2—4), and the period of maximum removal is either  d’Hennezel and Ollis proposed a mechanism for chlorine
significantly reduced in duration or completely eliminated. radical generation in which HCI pretreatment leads to a
The effect is most pronounced with toluene, where the peak substitution of chloride groups for hydroxyl groups on the
removal of the contaminant is reduced from roughly 80% catalyst surface during the pretreatment process [17]. Under
on untreated catalysts to approximately 20% with HBr- or UV illumination, these chloride groups could be converted
Hl-pretreated catalysts. The reduction in the removal level to chlorine radicals by photogenerated holes. XPS analysis
is nearly as severe for benzene, although the lower initial of fresh catalyst samples indicated that chlorine was present
removal levels seen with benzene make the effect less pro-on the catalyst surface prior to use and was most likely in
nounced. The inhibitory effects of the HBr and HI pretreat- the form of chloride. XPS experiments carried out as part
ments are not as severe farxylene, but the reductions are  of this study also detected chlorine on titania pretreated
still significant. with HCI solutions, as well as detecting bromine on samples
Steady-state removal levels appear to be unaffected bypretreated with HBr and iodine on samples pretreated with
the HBr and HI pretreatments in both the toluene and HI. The XPS experiments revealed an initial atomic ratio
xylene systems. With benzene, however, the HBr and HI of approximately 27.8 chlorine atoms per 100 titanium,
pretreatments appear to produce a reduction in the steadywhich is consistent with the previous results reported by
state removal level, from approximately 16-18% to only d’Hennezel and Ollis [17]. The estimated atomic ratio of

4-5%. bromine to titanium was somewhat lower (8.1 bromine
atoms per 100 titanium atoms), and the iodine to titanium
ratio was lower still (3.2 per 100 titanium atoms). This trend

4. Discussion may be due to steric influences or the increasingly diffuse

charge of the larger halide anions, which may lead to reduced
ion exchange during the pretreatment process.

We note here an alternate pathway which may also con-
tribute to chlorine radical generation via direct photolysis of

As described previously, several studies involving chlo- adsorbed HCI molecules. Direct photolysis would only oc-
rinated organics have proposed that chlorine radicals maycur during UV illumination of the catalyst, but would not re-
be generated during photocatalysis [15], and these radi-quire prior dissociation of the HCl molecule or electrtbole
cals may then participate in radical chain reactions with generation by the photocatalyst in order to operate. A pho-
other adsorbed compounds, including branched aromaticstolysis reaction could occur in parallel with conventional
[11,12,16]. Recent studies proposed that pretreatment of thephotocatalytic reaction pathways, adding a supply of chlo-
titania catalyst with HCI may also facilitate the formation of rine radicals to the reactive species normally formed dur-
chlorine radicals during photocatalysis, leading to enhanceding TiO, photocatalysis. Although the H-CI bond energy
conversion of certain contaminants which are susceptible to (431.62 kJmol [30]) would normally be greater than the en-
chlorine radical attack [17]. We have also suggested that ti- ergy provided by UV radiation of the wavelengths typically
tania catalysts pretreated with the halide acids HBr and HI employed in photocatalytic studies (300—-400 nm, which pro-
may lead to radical generation as well [22]. vides 398.8 to 299.1 Kanol), binding with the catalyst sur-

4.1. Radical generation
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face may weaken the H-CI bond sufficiently to allow for Table 1

photolysis at the wavelengths of interest. Some of the HCI| Heats of formation for pertinent radicals [27]

bound in this manner may not, however, be bound strongly OH- F- Cl- Br- I
enough to remain on the catalyst surface under the ultra- g, (k3/mol) 38.95 78.99 121.68 111.88 106.84
high vacuum conditions required for XPS analysis. As a re- standard states 302(g) + 2Ha@ 2F2(q 3Cl2@ 3Br2ay 3l2cs
sult, XPS data on halide populations resulting from acid pre-
treatment may underestimate the quantity of nondissociated
acid available, particularly if direct photolysis is a significant Table 2

pathway for radical formation. Heats of formation of acids [27]
HOH HF HCI HBr HI
4.2. Radical reaction thermodynamics AHiom (k/mol)  —24181 —271 —92306 —364 26.5

A number of different active species have been suggested
to operate in photocatalytic systems, including hydroxyl e 3
radicals, holes (h) [25], and anion vacancies [26]. MOSt  Heats of formation of benzene, toluene, benzene radical, and toluene radical
often, photocatalytically generated hydroxyl radicals are [28,29]
assumed to attack adsorbed contaminant molecules through CeHe CgHsCH3  CgHg:  CgHsCHy-

a hydrogen abstraction reaction AHiorm (k3/mol) 82.925 49998 329 200
OH. + R-H— HOH + R..

As an initial assumption here, halide radicals, regardless of taple 4
their specific route of generation, may be considered to reactCalculated heats of reaction for hydrogen abstraction from benzene

in parallel with photogenerated hydroxyl radicals via similar AHixn (kJ/mol)
pathways OH- + CgHg — HOH + CgHs- ~3484
F-+ CgHg — HF + CgHs- —10418
X+ +R-H— HX +R.. Cl- + CgHg — HCI + CgHs- 3195
However, the reactivity of fluorine, chlorine, bromine, and B+ CeHe — HBr + CeHs: 97.65
.+ CgHg — HI + CgHs- 16558

iodine radicals toward hydrocarbons will vary, and the
reactivity will differ from that for hydroxyl radicals. Further,
for the case of branched aromatic contaminants, the bond
energies of the methyl group hydrogens will be lower than Table 5

9 . yi'g p Ny _g . . Calculated heats of reaction for hydrogen abstraction from toluene (methyl
those of ring hydrogens. To determine which reactions may sjge group)
be expected to occur spontaneously in the photocatalytic
system, the thermodynamics of each radical (OF,

A Hyxn (kJ/mOI)

: ; . . OH-+ CgH5CH3 — HOH + CgH5CHy- -13077
Cl., Br-, and }) reacting with representative aromatics '/ C6|_?505H3 C s CeHngz- 2 0012
(benzene-ring hydrogen, toluene-branch hydrogen) must beg;. . cqHsCH; — HCI + CgHsCH,- _6399
considered. Br. + CgH5CH3 — HBr + CgH5CHo- 171

Ideally, the variable to calculate is the free energy change ! + CeHsCHz — HI + CgH5CHp- 69.64

of the reaction AGxn. However, neitheAG nor AS data

for radical species are readily available in the literature.

Enthalpy data £ Hiorm) are available, however, allowing may be computed for each radical of interest reacting with
for relatively straightforward calculation of enthalpies of e€ither a benzene ring hydrogen (Table 4) or a toluene methyl
reaction. Considering the relatively low temperatures at hydrogen (Table 5).

which the photocatalytic surface reaction operate&n As seen in Tables 4 and 5, hydrogen abstraction reactions
should provide a reasonable prediction of which reactions involving photocatalytically generated hydroxyl radicals are
can be expected to proceed spontaneously. thermodynamically feasible AHxn is negative), for the

Table 1 provides heat of formation data for gas-phase hy-removal of both methyl group hydrogen on toluene and
droxyl radicals and for the various halide radicals consid- aromatic ring hydrogen on benzene. Abstraction of methyl
ered here, along with the standard states from which thesegroup hydrogen is also thermodynamically more favorable
radicals are generated [27]. Table 2 lists heat of formation than abstraction of ring hydrogens. These thermodynamic
data for products (acids) resulting from hydrogen abstrac- predictions are consistent with our experimental results, in
tions [27]. Table 3 provides heat of formation data for ben- which both benzene and toluene are subject to photocatalytic
zene (GHg) and toluene (gHsCHz) [28], along with cor- degradation, but where benzene displays lower removal rates
responding organic radicals {Bs- and GHs5CHy., respec- than toluene. The thermodynamic predictions for the action
tively) [29]. Using these heats of formation, corresponding of halide radicals vary depending upon the halide type and
heats of reactionA Hxp, for hydrogen abstraction reactions are described below.
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4.3. Fluorineradicals 4.4, Chlorineradicals

Thermodynamic calculations indicate that fluorine radi- Chlorine radicals are less energetic than fluorine radicals,

) . . and even hydroxyl radicals. This indicates that it should

cals should be capable of attacking aromatic contaminants . . .
. -be possible for chlorine radicals to be formed under the
and that such reactions should be even more thermodynami-

callv favorable than the reaction of photocatalvtically aener- conditions present in a photocatalytic system. Calculation
ylav : P yucally 9 of the heats of reaction of chlorine radicals with toluene

ated hydroxyl radicals with aromatic contgminants (Tables 4 branch hydrogens suggests that such a reaction should
and 5)..However, these cglculathns consider on!y the Eﬁe?tsoccur (Table 5). Reaction with benzene ring hydrogens,
of previously formed fluorine radicals on aromatic contami- 1, yever, is not predicted to be thermodynamically favorable
nants; they neglect the energy input required to generate theap|e 4). This suggests that the presence of chlorine radicals

rgdicals. The gen'eration-of fluorine radicals rgquireg & CON-ghould not assist in the photocatalytic oxidation of benzene
siderable energy input, either through absorption of light by 4 other compounds of comparable stability, but should be

the TiO, catalyst or by absorption by adsorbed HF mole- ¢4naple of attacking the weaker bound branch hydrogens

cules. of toluene orm-xylene, potentially boosting initial reaction
The conversion of fluorine anion to fluorine radical may ates.
be expressed as a half-cell reaction of the form Experimentally, HCI pretreatments are found to have
no positive influence on the photocatalytic oxidation of
Fag— Fo +€ - benzene. Benzene removal is slightly suppressed on HCI-

pretreated catalysts, which may result from a loss of active

The half-cell potential, or the energy input required to drive Sites or from an increase in hydroxyl radical termination
this reaction, may be calculated from the Gibb's free energy reaptions due to interactions with photogenerated chlorine
of formation of the product minus the Gibb's free energy of radicals. _ o
formation of the reactant. For the conversion of fluorine ion  1he removal of the branched aromatic toluene is initially
to fluorine radical, the half-cell potential is calculated to be ncreased over HCl-pretreated titania, suggesting that chlo-
—3.53 eV, while the band gap energy of titanium dioxide Ne radical reactions are taking place. Th|s effgct appears
is only 3.2 eV. Surface fluoride groups should therefore to last fqr up to 2 h, until the photocatalytic reaction begins
resist oxidation by holes () generated by the illumination to stabilize at a pseudo-steady-state Ieyel. The use of HCl-
of the titania photocatalyst, so fluorine radical generation pretreated material does UOt appear to mfluence.the steady-
is not expected via this pathway [23]. Similarly, the bond ;tate extent of re”.‘ova'- Th|s may be due to depletlon Of.Chlo'
energy of molecular HF has been measured as 5703 kJ ride groups over time, since the prgtrgatment is essenual'lya
mol [30]. lllumination of a wavelength of approximately batch process and provides only a limited numberofchlorlde
210 nm or less would be required to provide sufficient groups. quever, the effect may a!sq result n part f“’m the
energy to photolyze this bond, a wavelength far below the accumulation of more stable organic intermediate species on

: S . : ) the catalyst surface.
300-400 nm U.V. |IIurT.1|na.t|on proy|ded in the expenmgntal The decline in catalyst activity commonly seen with aro-
system. Even if illumination of this energy were provided,

direct photolvsi dd dati f th i " matic contaminants is generally attributed to the accumu-
rect phololysis and degradation ot the aromalic Would |45 of strongly bound, recalcitrant, partially oxidized in-
be expected to occur under such illumination, even in the

o termediates on the catalyst [31]. Temperature-programmed

absence of HF or the titania photocatalyst. hydrogenation (TPH) experiments conducted by Blount and

Thus, although fluorine radicals would appear, from jconer indicate that recalcitrant intermediates generated
a thermodynamic perspective, to be sufficient to initiate y,ring the photocatalytic oxidation of aromatic contami-
the photocatalytic oxidation of aromatic contaminants, the nants” retain a ring structure [32]. In addition, measure-
energy required to generate such radicals is not availablements of oxygen uptake made by Larson and Falconer sug-
in the photocatalytic experimental system. No increase gest the incorporation of several oxygen atoms into each
in catalyst activity is observed on our fitania catalysts contaminant molecule during the initial stages of photoox-
pretreated with HF during the gas-phase photocatalysisigation [31]. The higher photocatalytic reaction rates of
of aromatics. Residual HF on the catalyst, or fluorine pranched aromatics as compared to benzene, as well as the
anion groups incorporated into the catalyst surface, may reaction enthalpy calculations used here, suggest that side
affect binding of the aromatic contaminants to the titania groups enhance reactivity, and that some oxidation of side
or hydroxyl radical generation, producing the decreased groups likely occurs.
activity seen in the photocatalytic oxidation of benzene  Oxidation of toluene’s methyl group to an aldehyde or
andm-xylene on HF-pretreated catalyst samples. However, carboxylic acid functionality would reduce or eliminate the
it is not clear why benzene and-xylene photooxidation  hydrogen abstraction reaction pathway attributed to chlorine
is reduced, while toluene photooxidation appears to be radicals, since only the abstraction of side-group hydrogen
virtually unaffected by HF pretreatment of the catalyst. atoms is thermodynamically favorable. As the population



M. Lewandowski, D.F. Ollis/ Journal of Catalysis 217 (2003) 38-46 45

of recalcitrant material on the catalyst surface increases, it TCE oxidation. Similar results were reported by Sauer et al.
becomes increasingly likely that the photogenerated chlorine[16] for cofed toluene and TCP.

radicals will be unable to engage in oxidation reactions,  This quenching effect may impose a significant limitation
and the initial enhancement effect seen with fresh toluene on the range of conditions under which HCI-pretreated cata-
would be expected to gradually disappear, regardless oflysts may be useful. As demonstrated by Luo and Ollis [11]
the catalyst’s ability to supply additional chlorine radicals. and by Sauer et al. [16], the TCE or TCP cofed into a mixed
Further oxidation of the recalcitrant intermediates is still air contaminant system may be adjusted to compensate for
possible through the action of hydroxyl radicals, however, higher aromatic concentrations by simultaneously increas-
since hydroxyl radicals are expected to be capable ofing the concentration of the chlorinated contaminant. With
abstracting hydrogen atoms from aromatic ring structures. HCl-pretreated catalysts, however, the quantity of chlorine

The photocatalytic oxidation ofi-xylene is predicted to  presentin the system cannot be similarly increased. Previous
benefit from the presence of chlorine radicals in a man- studies examining the effect of different HCI pretreatment
ner similar to that seen with toluene. Such enhancementconcentrations (0.3 N, 3 N, and 12 N) showed essentially
was reported previously for mixed contaminant streams con-no difference in the magnitude of the enhancement gener-
taining m-xylene (50 mgm?) and TCE (290 mgmd) [12]. ated during toluene photocatalytic oxidation [22]. This sug-
However, our experimental data for the photocatalytic ox- gests that there is a limit, achieved under all three of these
idation of m-xylene on HCl-pretreated titania show little concentrations, to the quantity of chlorine that may be incor-
or no increase im-xylene removal. This effect may result porated into pretreated titania catalysts. This limited surface
from the high loading ofr-xylene on the catalyst. Dark ad-  chlorine concentration may restrict the range of contaminant
sorption measurements conductedrfoxylene and toluene  concentrations over which enhanced conversion levels may
show that nearly four times more-xylene is initially ad-  be achieved via chlorine radical chain reactions.
sorbed onto titania than toluene under comparable condi-
tions (31 x 10~® mol m-xylene per gram of titania, versus 4.5. Bromine and iodine radicals
8.2 x 10~ mol toluene per gram of titania at 50 yy° feed
gas concentration, 1000 mg? water vapor concentration).

This higher organic loading may hinder the chain reac-
tions which make chlorine radicals so useful in boosting
photocatalytic oxidation reactions, possibly by hindering the
readsorption of HCI formed following hydrogen abstractions
occurring during photocatalysis. If the higher coverage of
m-xylene hinders the readsorption of HCI onto the cata-
lyst surface, or disrupts the conversion of adsorbed HCI into
species suitable for chlorine radical generation (such as the
surface-bound chloride anion described by d’'Hennezel and
Ollis [17]), the chlorine radical chain reaction may be effec-
tively terminated. Transport of HCI out of the illuminated
zone of the catalyst could ultimately lead to depletion the
chlorine inventory on the catalyst.

Such a disruption of the chlorine radical chain reaction
has been suggested previously by Luo and Ollis in the pho->F S - ) . N
tocatalytic oxidation of mixed contaminants [11]. During t|C|p§te N s@e reactions, such as rad|c;al—rad|cal termmapon
the simultaneous photocatalytic oxidation of toluene (80— reactions with hydroxyls, organic radicals, or other active

550 mg'm3) and TCE (226 or 753 mgn3), an enhancement species, hindering the desired oxidation reactions. This in-
in the toluene oxidation rate was observed when toluene {€7ference would be expected to continue until the supply of
concentrations were kept low<(200 mgmd). This en- bromide or iodide decreased on the catalyst surface, allow-

hancement was attributed to chlorine radical chain reactions"d hydroxyl radical reactions to take place unhindered.
produced by the photocatalytic dechlorination of the TCE.

However, when toluene concentrations were increased (to

more than 100 mgm?3 for the lower TCE concentration and 5. Conclusions

to about 160 mgm? for the higher TCE concentration, ap-

proximately a 1:3 ratio), toluene removal rates dropped off  Thermodynamic calculations for the reaction of fluo-
to levels typical of toluene photocatalytic oxidation with- rine, chlorine, bromine, and iodine radicals with benzene or
out chlorine radical reaction assistance. This effect was at-toluene have been used to provide insight into the effective-
tributed to a “quenching” of TCE chain oxidation due to ness of halide-acid pretreatments on titania for use in photo-
higher levels of organic material on the catalyst, thereby catalytic systems. The results of these calculations are com-
eliminating the continuous supply of chlorine radicals from pared to experimental data, and a strong agreement between

Thermodynamic calculations predict that neither bromine
radicals nor iodine radicals should spontaneously react with
either adsorbed benzene or toluene (Tables 4 and 5). These
predictions are consistent with our experimental data, which
show decreased activity on both HBr- and HI-pretreated cat-
alyst materials for benzene, toluene qoixylene photocat-
alytic oxidation. All three aromatic contaminants show sig-
nificantly reduced removal rates in the presence of HBr- or
Hl-pretreated catalysts. Although bromine and iodine radi-
cals are predicted to be ineffective in initiating the desired
oxidation of aromatic contaminants, they may still be gen-
erated on the catalyst surface. The generation of these rad-
icals may thus result in nonproductive absorption of UV
photons that might otherwise have produced useful reactive
species. Once formed, bromine and iodine radicals may par-
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