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Trichlorofluoromethane (CFC 11) was photoreduced in aqueous suspensions gbart@les containing
HCO,™ ions and air. Dissolved £nhibited the reaction during an induction period that preceded the rapid
formation of chloride ions. Reaction rates were higher in systems containitag Gompared to analogous
reactions that occurred in anaerobic suspensions. High photonic efficiencies @r@lation &15) were
achieved using suspensions with ptb. As was the case for studies with air-free suspensions, reactions are
best described using a photoinitiated chain mechanism that producegfCi@l Ct during the propagation

steps. The enhanced yields obtained in the presence of air are attributed to the remoyalf®feBtrons
trapped in the oxide, which are converted first intgChl and then into reducing radicals that participate in

the chain process. Enhanced yields of Freon photoreduction were also observed during illumination of air-
free suspensions containing hydrogen peroxide, which were interpreted using a similar mechanism.

Introduction anism with CHCJF as the only halogenated product and
s quantum efficiencies larger than®5This method of selective
dehalogenations of CFCs through chain photoreactions initiated
by TiO; particles was originally demonstrated using G F,-

Cl and CCiCF; (CFC 113 and CFC 1138)CCl, also undergoes

Photolysis of semiconductor particles dispersed in liquids i
a simple way to initiate chemical reactions of inorganic and
organic chemicals dissolved in the fluid phas&Exposure of

particulate semiconductors to light results in formation of chargef ¢ dechlorinati luminati g . t
carriers consisting of conduction band electrong (eand ast dechlorination upon illumination of Tisuspensions a

valence band holes ) able to induce redox transformations. high pH through processes believed to involve chain reactfons.

A popular research area involving semiconductor photochem- ~ The presence of high HGO concentrations enabled these
istry employs aqueous suspensions of T@wder to achieve  10ns to react fast with valence band holes or with*@#tlicals
oxidative dehalogenations of organic compounds that pollute formed during oxidation of D, interfering with the recombi-
the terrestrial and atmospheric environmét&eneration of ~ Nnation of @,~ with hy,"/OH".!* Formate ions were employed
charge carriers in Tigis followed by formation of free radicals ~ &s scavengers of4/OH" because the reaction of HGOwith
on or next to the oxide surfadeThe oxidative decay of the  these oxidizers yieldsCO,™ radicals'® These species are
pollutants is a consequence of their reactions with the photo- strongly reducing radicaf$, able to induce reductive dehalo-
generated radicals. A general limitation of photoprocesses baseddenations of CFC! Reduction of chlorofluorocarbons can form
on semiconductor particles is that the light-produced free radicalstheir hydrogen-substituted analogues (HCFCs), which currently
usually participate in side reactions, which limit the efficiency Serve as replacements for CFCs in many industrial procésses.
of the desirable transformations. Exceptions are cases in whichDevelopment of an efficient and cost-effective method for the
the free radicals have been employed to initiate chain reactions. conversion of CFCs to HCFCs could speed the process of
Another obvious drawback of semiconductor-induced oxida- replacing chlorofluorocarbons that have yet to be destroyed or
tions is that such reactions are ineffectual for fully halogenated that are being recycled and reused. This would decrease the
compounds because the C atoms present in such compoundgverall amount of CFCs being accidentally released into the
are already in their highest oxidation state. However, earlier atmosphere through spills and leaks.
radiation chemical investigations have demonstrated that chain Data are presented here showing that thesECéduction
reductive dehalogenations occur when fully halogenated hy- induced by photolysis of Ti@suspensions is enhanced in an
drocarbons react with strongly reducing radi¢dRecent studies  oxygenated environment. Interference by oxygen molecules is
have shown that a similar strategy can be employed to achievea characteristic of chain reactions involving reducing free
efficient reductive dehalogenations of chlorofluorocarbons radicals!® but in certain systems {has been found to enhance
(CFCs) via illumination of TiQ suspensions. The CFCs are a the rate of these process€317Oxygen is frequently used as a
very important class of pollutants banned by the Montreal scavenger of g~ from the TiQ surface to diminish charge
Protocol, of which CGF has made the largest contribution to  carrier recombination and to promote oxidations involvigg h
the stratospheric ozone depletibiumination of air-free TiQ OH-.23 In addition, oxidation offCO,~ by O, in solution is
suspensions containing formate ions and £Cksulted in the diffusion-controlled!® Given that the reduction of CeH is
reduction of the halocarbon through a free-radical chain mech- initiated by *CO,~ and by g,~ in oxygen-free suspensiofs,
_inhibition of the chain reaction by Ovas expected. However,
kwi*nﬁg}g’friiegou ‘(’VKh\‘,’Vm) ﬁﬂ?gﬁ%@fﬁfﬁ. esgl?‘zgwﬁ’j addressed. E-mail: efficiencies of CGJF reduction greater than those observed in
T Florida Institute of Technology. air-free systems were measured after an induction period in
* Auburn University. irradiated TiQ suspensions containingpQAdditional reaction
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steps are proposed to explain the faster reaction rate caused bgalibrated in the dark prior to each experiment under conditions

dissolved oxygen. duplicating those of the photolysis experiments. Because only
one electrode could be used during a given experiment, chloride
Experimental Methods and fluoride concentrations were determined via separate kinetic

) ) runs. Most experiments were performed at least twice; deviations
Unless otherwise noted, all chemicals were reagent grade ancyt 5 to 30% were noted periodically.

were used as received from Fisher or Aldrich. Aqueous solutions Light from a PTI 1010 S system with a 150 W Xe arc lamp

clslqlt_ained Witelr tga;/lvg\;as deion_ized”by a MIiIIi-Q-PIus s_;;stzm was filtered using a 10-cm water filter and an IR absorbing filter
( 1Ipore, p = 8. ). Occasionally, results were verified 1, yomove infrared radiation. Photons with wavelengths between
using HPLC grade water. Aqueous suspensions contained TiO 320 and 385 nm (maximum transmittance at 360 nm) were

particles (Degussa P-25, 30-nm average diameter) in 110.0 MLgg|ected by a Kopp GS-7-60 filter and were focused on the flat,
of formic acid/sodium formate buffer. Throughout this study, lateral window (38 mmx 51 mm) of the photoreactor.

the buffer concentration is given in terms of [HEQ + Variations in light i . . . )
. . ght intensity I;) were accomplished by inserting
[HCO-H]. Several blank experiments were performed Using g g density filters into the light path. Aberchrome 540

silicon dioxide powder (Degussa Aerosil 380, 7-nm average cinometry was used to measusdor each irradiatior! The

particle diameter) instead of TOSuspensions containing:e, effectiveness of the photoreduction is expressed as the photonic

were prepgred gsing a fresh, stabilizer-free, 30% (V/)-’(,DH efficiency (P.E.), which corresponds to the reaction rate divided
stock solution. Air-free systems were prepared by bubbling the by the flux of incident photon.Procedures that attempt to

buffered TiQ suspension with Ar for 30 min under continuous o006t for the scattering of light by the oxide particles have
stirring within a photochemical reactor vessel sealed with rubber been suggested, but none of these methods were used

septa. Liquid CGF was degassed via three freepaimp—thaw
cycles prior to injection into the sealed photoreactor using a
gastight syringe. Suspensions were purged with Ar prior to
addition of CCAF to avoid excessive vaporization of the CFC
(bp=23.7°C). For experiments with systems that were initially
air-saturated, neither the aqueous T78dspension nor the CFC
liquid was degassed, but the illuminations were performed after
sealing the photoreactor. All suspensions contained two liquid
phases because of the low solubility of GEin water (8.1x
103M or 82uL in a 110.0 mL suspensiony.Stirring created
numerous small droplets of CFC liquid distributed throughout
the aqueous phase.

To determine the effects of £Oduring the photochemical
reaction, known volumes of oxygen gas (99.99% purity) were

systematically since they are unable to correct the light-scattering
effects induced by the Freon droplets. Given that always
equal to or greater than the absorbed intensity, P.E. is a lower
limit to the quantum yield of the photochemical reaction.
Previous investigations demonstrated that the maximum
efficiency for a variety of photoreactions, including the reduction
of Freons, is achieved using 0.50 giiTiO,.%° Hence, unless
otherwise stated, the suspensions contained 2.0 mgFCC10.0
mL of 0.300 M sodium formate/formic acid buffer at pH 5.9
and 0.50 g ! TiO,. Incident light intensities for typical
reactions varied between Q.1 x 10° M photons st
Identification of gaseous products was performed using a Varian
3700 gas chromatograph (DB5 columnriraJ & W Science)
L . . . ! connected to a VG 7070E mass spectrometer. GC-MS analysis
|r_1]ected Into_suspensions (_je_gassed _V_V'th Ar. This procedure ¢ products from the photoreaction was performed on a standard
yielded suspensions containing, @quilibrated between Fhe TiO, suspension containing C{El photolyzed fo 1 h using
suspension and the.60 mL of.phot.oreactor headspace. .S'nc.e thgamples from the reactor headspace as well as from the aqueous
solubility of oxygen in a formic acid/formate buffer solutionis .4 crc liquid phases. Product identification was carried out

not known, the amount of £n the system is express_,ed here y comparing their MS spectra with those of known halogenated
as the moles of gas added to the photoreactor. For air-saturate ompounds

buffer solutions the amount of On the photoreactor was
estimated to be between 5:3.5 x 107* mol. The upper limit
corresponds to the amount of oxygen from air (21% by volume)
present in the headspace plus the number of moles of gas that As in the case of air-free systerfishloride and fluoride ions
would dissolve in 110.0 mL of pure watét.However, as is were generated when air-saturated, aqueous suspensions con-
typical for electrolyte solution® [O,] decreases when the ionic  taining TiQ;, formate ions, and CEF were exposed to light.
strength increases. The lower limit results from assuming that Negligible amounts of products were detected upon photolysis
the headspace contained most of the oxygen molecules, with aof solutions free of TiQ. Irradiation of suspensions containing
negligible amount of @dissolved in the buffer. This calculation  equivalent amounts of Sirowder (on the basis of total particle

Results

treated Q as an ideal gas at Z&. Because of the small C4H surface area or mass) produced less than 2% of the] [CI
volume used in these experiments, the amount odi€solved measured in analogous TiOsuspensions. Visual analysis
in the CFC liquid was not significant for this calculation. showed that no Ti@powder was present in the CFC liquid

Experimental procedures and equipment utilized in this study phase. No photoreaction was induced by ambient light and
have been described elsewh&PeBriefly, a double-walled degassing suspensions with nitrogen or argon gas Yyielded
borosilicate glass vessel with an internal volume of 170 mL identical kinetic results. Artificial photovoltages are induced
was employed as a photoreact@aution should be taken when  during direct illumination of the ISE electrod&ghe high TiQ
performing similar experiments because sealed photoreactors particle concentration present in the suspensions suppressed
shattered on seeral occasions due to a buildup of pressure these artifacts since photolysis of CFC-free systems showed that
within thevessel during irradiationAfter degassing (if needed),  the ISE photovoltage was0.2% of the voltage change observed
the mixtures were stirred for at least 15 min at 320 rpm using during the slowest stage (induction period) of the reaction.
a Thermix 120 MR magnetic stirring plate prior to illumination. ~ Although H' is produced as a byproduct of CFC photoreactions,
The resulting kinetic data were independent of the length of no pH changes were detected because of the high concentration
this equilibration period beyond 15 min. Concentrations of CI  of formate buffer used in the suspensions.
and F were determined in situ using ion selective electrodes  Figure 1 depicts the growth of [C] and [F] as a function
(ISE) under continuous irradiation and stirring. The ISE were of photolysis time and demonstrates that both ions were formed
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Figure 1. Plot of [CI] (W) and [F] (x 10) (®) as a function of time Figure 2. P.E.(CI); vs [HCO,"]. Suspensions were air-saturated, were
for aerated suspensions containing 0.30 M formic acid/formate buffer, irradiated withl, = 1.0 x 10°¢ M photons s?, and were buffered at

2.0 mL CChF, and 0.50 g L* TiO,, irradiated withl, = 1.0 x 10°° pH 5.9 with 2.0 mL CCJF and 0.50 g L2 TiO.. The linear relationship

M photons st and pH= 5.9. Displayed in the inset is an expanded petween P.E.(C); and [HCQ]°5 is shown in the inset.

view of [CI7] vs time during the induction period.

step. Efficiencies of P.E.(C); = 16 and P.E.(F); = 0.29 were
obtained from the data of Figure 1. Throughout this phase of
the reaction, Cl concentrations were approximately 75 times
higher than [F]. The amount of chloride measured after 30
min of irradiation exceeded both the solubility limit of GEI

simultaneously upon irradiation of air-saturated, aqueous TiO
suspensions containing formate ions and 4£CThe transfor-

mation of CFC 11 was characterized by a slow initial reaction
(the induction period); chloride ion concentrations obtained
during this process are included in the inset. Efficient reduction H,O (8.1 mMY® and the “concentration” of Ti@formula

of CFC 11 began only after completion of the initial step. The | its (6.3 mM) in the suspension. GC-MS analysis of an aerated
induction period typically lasted €20 min, although lengths 1o, suspension containing 2 mL Gl and 0.3 M HCG/
as short as 8 min and as long as 25 min were occasionally ”OtEdHCOZH buffer at pH 5.9 illuminated fol h yielded CHGIF
The duration of the induction period was hard to reproduce 4 ihe only gaseous halogenated product. Efforts to detect
among duplicate measurements. The fact that][@hd [F] additional possible products, such as £CH, CCbF—CCLF,
were determined in separate kinetic runs accounts for the CCIF=CCIF, or other halogenated ethylenes, were not success-

different duration of the induction periods noticed in Figure 1. ¢ Trace amounts of CGF, (but not of CHCHF) were noticed
Fac_to_r_s that influenced the length of the induction period were occasionally, which is an impurity found in commercial samples
the initial amount of @present in the photoreactor and incident ¢ ~Fc 11.

light intensity but other experimental parameters, such as buffer
pH or buffer concentration, had no affect. Air-saturated suspen- bu
sions exhibited a ratio of(CI7)/r(F~) close to 3:1 during the

Figure 2 illustrates the dependence of P.E.jGbn formate
ffer concentration. At pi= 5.9, formate accounted for 99.4%
of the buffer, meaning that the [buffer] can be represented as

firstminute of?llumination, where(CI") andr(F") are the rates [HCO,7]. The initial photonic efficiencies increased steadily
at which chloride and fluoride are photogenerated. Such a ratio it Luffer concentration. and over 20 mMOlvas produced

suggests that complete dehalogenation of CFC 11 took placeyfier 1 h of irradiating suspensions that contained more than

according to 0.3 M buffer. Depicted in the inset of Figure 2 is the linear
B . relationship between P.E.(Q| and [HCQ™]%® P.E.(CI);
CCLF +4e +4H" + O,— CO, + 3HCI+ HF (1) approached zero in suspensions containing lower buffer con-
centrations, implying that the best-fit line in the inset was
Similar dehalogenations have been observed when halom-expected to intersect the origin as well. Linear regression
ethanes are reduced in aqueous air-saturated sy&teti3*The analysis determined that the actual small intercept vatie)
amounts of products ([C] = 200uM, [F~] < 50uM) detected was within one standard deviation of the anticipated value of
during the induction period were much smaller than those zero. A straight line was also obtained when P.E;JCt was
measured thereafter. Efforts to fit the kinetic data to any simple plotted as a function of [HC®] %, which in earlier studies of
rate law were unsuccessful. For these reasons, analysis of thehe phototransformations of halogenated compounds was inter-
kinetic data focused on results obtained during the second stagepreted as indicative of processes controlled by reactions on the
of the CChF transformation. TiO, surface?® This interpretation conflicts with a significant
Reaction rates were highest at the beginning of the secondamount of evidence, such as the high P.E:JGlalues shown
process and remained constant for about 1 min before graduallyin Figures 2, 3, and 5, that the CFC photoreduction actually
decreasing. Data obtained during the early stage of the secondccurred through a chain reaction. Furthermore, earlier results
process were used to calculate initial rates of chloride and involving CCkF reduction in degassed Ti@uspensions were
fluoride formation,r(CI™); andr(F~);, and the corresponding  also consistent with a chain mechani&iherefore, the present
photonic efficiencies, P.E.(C)i and P.E.(F);, respectively. data was analyzed within the paradigm of a chain process as
These parameters were employed to characterize the kineticavell.
of the photoreaction. The initial rates of chloride and fluoride ~ As shown in Figure 3, the efficiency of Clgeneration
formation were 700 and 100 times higher, respectively, as increases as the acidity decreases up topH and remains
compared to the values measured at the start of the inductionfairly constant thereafter. Variations in pH were achieved by
period. In all experiments involving suspensions prepared with changing the ratio of [NaHC£to [HCO,H] while maintaining
oxygen,r(CI7); was much higher thar(F~); during the second  the total buffer concentration constant at 0.3 M. Between pH 3
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Figure 3. Effect of pH on P.E.(Cl); of aerated suspensions containing
0.30 M formic acid/formate buffer, 2.0 mL CFC 11, and 0.50 ¢ L
TiO,. Suspensions were illuminated with= 1.0 x 10-¢ M photons
s Presented in the inset is the evolution of Qiver time for
suspensions at pH 3.@j, 4.0 @), 5.9 @), and 8.0 O).
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Figure 4. Length of average induction period vs amount of added O
for suspensions that were initially degassed with Ar. All suspensions
contained 0.30 M formate/formic acid buffer at pH 5.9, 0.50 ¢ L
TiO,, and 2.0 mL CFC 11 and were irradiated wigh= 1.0 x 106 M
photons st. The inset shows the effect ob©On r(Cl~) measured during
the first 3 min of the induction period.
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and 5, the initial photonic efficiency increased from 2.8 to 16.
Reactions in suspensions at pH8 could not be monitored
because of the interference of hydroxide ions with the ISE

Winkelmann et al.

reactions at pH 3.0, 4.0, 5.9, and 8.0 displayed in the inset show
that the Ct yield during the reaction changed with pH in the
same manner as P.E.(Gil Photoreductions of CEF in
suspensions with different pH values exhibited similar induction
periods and were identical in all respects, excludi(@l~).

Several experiments were performed using lower light
intensities. P.E.(Cl); increased from 16 to 52 by decreasigg
from 1.1 x 1076 to 3.0 x 107 M photons s!. The CIF
formations were slower at lower light intensities but the decline
in r(CI7); was not as significant as the decreasésirHence,
P.E.(CI); increased as the light intensity decreased. However,
systematic studies of the dependence(@fi-) on I, were not
possible since low light intensities decreased significantly the
rate of chloride production during the induction period. This,
in turn, resulted in a very long and less reproducible induction
period, which continued for more than 60 min at the lowest
light intensity employed.

Figures 4 and 5 depict kinetic aspects of the photoreaction
as a function of the amount of,@n titania suspensions. Known
volumes of Q gas were injected into deaerated suspensions prior
to irradiation. Figure 4 shows that the average value of the
induction period lengthened with the amount of oxygen gas
added. Short induction periods, up to 3 min, were measured
for air-free systems (average lengthl min) and were attributed
to air leaks that occurred during the injection of liquid gfct
Irradiation of suspensions containing up to<210~4 moles of
O; resulted in induction periods indistinguishable from those
of analogous air-free suspensions. Addition of %.30~* mol
O, to a deaerated reaction vessel caused the induction period
to last 15+ 3 min, which was the typical length for air-saturated
suspensions. Such a result was expected since that amount of
oxygen is within the range of £concentrations estimated for
air-saturated suspensions (525 x 1074 mol).

The inset of Figure 4 illustrates tha(Cl™)p, the rate of
chloride production measured during the first 3 min of the
induction period, decreased as the amount pinGreased. Data
from experiments using less thanx2 10~4 mol O, were not
included in the inset since their induction periods were less than
3 min. Although suspensions that initially contained more O
exhibited lower rates of chloride formation prior to the onset
of the second stage of the reaction, their induction periods were
longer. This resulted in higher chloride concentrations measured
at the end of the induction period. For instance, chloride yields
measured immediately prior to the second step of the reaction
steadily increased from 5.8 107> M to 4.6 x 1074 M (6.5 x
106t0 5.2 x 1075 moles) as the amount ofincreased from
4.1 x 10°5to0 5.3 x 1074 moles.

Varying the oxygen content of the suspension also affected
P.E.(Ch)i and [CI]eo ([CI7] measured after 60 min of illumina-
tion), which was employed to compare Glields obtained after
extended periods of illumination. As portrayed in Figure 5 and
in the inset, both quantities increased rapidly with the injection
of small amounts of @prior to irradiation until maximum values
were achieved at1 x 10~* mol O,. Higher G concentrations
had no effect on either the photonic efficiency or the amount
of chloride produced. As was the case for the length of the
induction period, results of experiments using %3.0~* mol
O, were similar to those of an air-saturated suspension:
P.E.(CI); = 14 and [Cl]so = 16 mM. Suspensions containing
less than 5x 1075 moles of Q yielded photonic efficiencies
and chloride concentrations that approached the corresponding
values measured in air-free suspensions.

Experiments were also performed to determine the effects

measurements. Chloride ion formation versus time data for that resulted when ©Qwas introduced into air-free suspensions
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20 processes initiated by the titania particles and not by direct
18 | excitation of HO..

In the TiO, suspensions containing,8,, r(Cl~); remained
constant for up to 25 min; the duration of a constant rate of
chloride release depended on the amount gdHadded. In
contrast, rapid chloride formation lasted only for-3@0 s for

12

310* degassed systems and for 1 min in air-saturated suspensions.
) 8 Following the extended period of rapid chloride production in
s the HO, systemsr(CI~) suddenly decreased by an order of
6] £ magnitude or more. Such an abrupt change in reaction rate was
4 = also unique to the pD, systems since chloride formation
2] 0.0 10 20 decreased gradually during extended illumination of suspensions
. [HZ0;] (mM) (with or without air) in the absence of added®3. Although
0 10 20 N 0 50 0 higher [HO;] led to a greater chloride yield, the inset of Figure
Time (min) 6 reveals that [Cl] measured at the end of the extended “fast
Figure 6. Plot of CI production as a function of time for Ar-saturated ~ StP” began to approach a maximum value-@ mM at high
suspensions containing zem@)( 0.1 mM @), 0.4 mM @), 0.7 mM [H20,]. Suspensions containing peroxide yielded a P.E)CI
(@), and 2.0 mM Q) H20,. Suspensions were irradiated with= 1.0 value of 12 irrespective of [4D], which lies between P.E.(C);
x 1076 M photons s* and contained 2.0 mL CFC 11, 0.50 giTiO,, = 7.9 for air-free suspensions and P.E{(gl= 16 for

and 0.30 M formic acid/formate buffer at pH 5.9. The inset shows the 3ir_saturated systems. On the other hand, P& ffeasured in
concentration of Cl following the completion of the “fast step” in o . o . :

air_-free _susp_en.sions as a function of the concentration,6% lddded gn air ftreeﬂs]usptinsnifr? Qontqlnlr;g ZBOtrﬁl‘gﬂjAwas ?58t ‘gh'Ch
prior to irradiation. Is greater than the efficiencies for both an Ar-saturated suspen-

sion (0.18) and an air-saturated suspension (0.29).

after the induction period was completed. First, a standard Ar- ]
saturated suspension was prepared and irradiated. After 40 s oPIScussion
iradiation, the maximum reaction rate was measured and then  ag i the case of the CFC 11 photoreduction in air-free

one of the rubber septa used to seal the photoreactor wassystems,irradiation of TiG» suspensions containing trichlorof-
punctured briefly with a syringe needle. Interestingly, the | oromethane, formate buffer, and @elded CHCJF, CI-, and
photoreaction was not quenched by the small amount of air gmal amounts of E in a two-stage process. Furthermore,
introduced into the vessel. Instead, addition of iGcreased photolysis of suspensions with and withous froduced Ct
r(CI”) during the rest of the photoreaction since the chloride concentrations during the second stage that were higher than
yield measured aftel h of irradiation was 7.6 mM. This is  hoth the TiQ concentration and the solubility limit of CgH

50% higher than [CI] measured in an air-free reaction (5.0 i water. These observations mean that in both systems the
mM) but is much less than the concentration produced in an titania particles acted as sensitizers and that CFC molecules
air-saturated suspension (15 mM). These results agree with thepresent in the dispersed GEldroplets participated in the
data displayed in Figures 4 and 5, which show that the presencephotoreactions. Other common features of the s£Qbho-

of a small amount of oxygen in the system increased signifi- totransformation in suspensions with and without @e (a)
cantly bothr(CI™) and the yield of chloride ions measured after small CI- and F concentrations formed during the induction
longer illumination times without lengthening appreciably the period (Figure 1 and inset) with a low [Qlto [F] ratio (~3:

induction period. 1):; (b) much larger Cl and F concentrations were photoge-
Earlier studies have shown that photolysis of 7&Dspen- nerated after the induction period; (c) maximof@l~) andr(F~)

sions containing organic materials and air induces reduction of values were achieved at the beginning of the second step, but

0,, forming intermediate peroxide species such ad4+1.26-28 the rates declined as the reaction proceeded (Figure 1, Figure 3

Thus, a possible explanation for the enhanced CFC 11 pho-inset); (d) significantly more Clthan F was produced during
toreduction when air is introduced in the titania suspensions the second step of the reaction (Figure 1); (e) higher concentra-
involves participation of a peroxide in the reduction mechanism. tions of formate ions increased the rate of Generation (Figure
Attempts were made to detect peroxides after the induction 2); (f) low P.E.(CI"); values were obtained in acidic suspensions
period of photolyzed suspensions initially containing air using (Figure 3); and (g) photonic efficiencies increased as the light
the iodide method® However, the results were erratic probably intensity decreased.

because of problems associated with the length of the induction  The fact that [C] > 3[F~] during the second step confirmed
periods and due to the post-irradiation reaction that occurs in the notion that the photoreaction involved a reduction of{E£CI
the CFC 11 systerfi.Another approach consisted of adding to CHCLF, and not a transformation similar to reaction 1. In
hydrogen peroxide prior to irradiation of air-free suspensions. analogy to the data obtained with degassed susperisities,
Figure 6 shows the evolution of [dlduring irradiation of TiQ P.E.(CI); values shown in Figures 2, 3, and 5 indicate that the
suspensions containing up to 2.0 mM®4. In all cases, a short  rate of product formation was many times greater than the
induction period was observed, typical of reactions in Ar- incident light intensity. Efficiencies of product formation much
saturated systems. After the induction period, @as generated  higher than the intensity of incident radiation and inhibition by
at its highest rate for a much longer period of time as compared oxygen are typical features exhibited by free-radical chain
to air-free and air-saturated suspensions. Each of the kineticreductions of halogenated hydrocarbons, including thesfECl
runs with peroxide was followed by a blank experiment in which photoreduction in Ti@systems free of €810 Obviously, CFC

the TiO, material was substituted with light-insensitive $iO 11 was photoreduced via a similar free-radical chain process in
particles as described in the Experimental Methods section. suspensions initially containing oxygen.

Insignificant [CI"] were detected after extensive illumination, The numerous similarities of the Gl photoreduction in
confirming that the data included in Figure 6 resulted from suspensions with and without@entioned above suggest that
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both transformations take place in a somewhat similar manner. of such reactions (F@GC—CCLF and FCIG=CCIF) were not
The following mechanism was proposed for the photoinitiated observed. The high [HC£] present in standard suspensions

chain reduction of CGF in deaerated Ti@suspensions: ensured that hydrogen atom abstraction"®ZIL,F was faster
than chain termination reactions. As illustrated in Figure 2,
TiO, + hv — h\,b+ +ey 2 lowering [HCQ, ] decreases the photoreaction efficiency since
step 9 becomes slower under such conditions, increasing the
hvb+ +e, — heat 3) importance of terminations. Efficient chain propagation via steps
8 and 9 explains the fact that P.E.{> 1 and also that [C])/
hvb+ +H,0—OH + Ht ) [F~] = 75 throughout the illumination instead of the 3/1 value

anticipated if termination was predominant.

As shown in Figures 1 and 4,,0nolecules present in the
suspensions delayed the onset of thedg£Chain photoreaction
and decreased(CIl™) during the induction period. A simple

h,, /OH + HCO,” —'CO,” + H'/H,0 (5)

‘CO, +TiO,—~ey +CO, (6) interpretation is that oxygen retarded the CFC reduction via
consumption of the photogenerat€D,™ and g, . Therefore,
ey, + CClLF— " CCLF-+ Cl" @) the induction period corresponded to the time required to
transform Q into H,O,, after which the CFC 11 reduction was
‘CO, + CCLF—"CCLF+ CI” +CO, (8) to proceed as in air-free systems. However, continuous pho-
tolysis beyond the induction period of suspensions that initially
"CCLF + HCO,” —'CO,” + HCCLF 9) contained air always produced more Gind at a higher rate

than reactions in degassed suspensions of identical composition.
P.E.(CI); doubled from 7.9 to 16 and the average chloride
concentration after 60 min increased from 5 mM to 16 mM in
. _ _ air-free and air-saturated suspensions, respectively. In fact, the
CCLF + e, —:CCIF+CI (11) P.E.(CI); values displayed in Figures 2, 3, and 5 are, at least,
a factor of 2 higher than the corresponding efficiencies obtained
:CCIF+ 2H,0—~HCO,” +3H"+CI" + F (12) in the absence of £ The surprising enhancement of the
photoreduction rate by addition of oxygen is best illustrated in
Subsequent electron paramagnetic resonance (EPR) measurgsigure 5, which shows a continuous increase in P.E)@lith
ments have confirmed thaCO,™ radicals are photogenerated rising amounts of @ Larger yields of chloride ions and higher
in degassed Ti@suspensions containing formate iGAgrovid- r(Cl-) were observed also when a small amount of air was
ing support for the sequence of steps® The standard reduc-  allowed to enter degassed suspensions in which the chain
tion potential of conduction band electrons—+€.45 V in the process was already underway.
pH 5.9 suspensioff, and formyl radical anions are stronger Obviously, rationalization of the rate enhancements induced
reducing agents|® = —1.8 V for CQ,/*CO;").3° Both *CO;,~ by O; requires modification of the mechanism described by steps
and e are capable of reducing CéH sinceE® = —0.44 V 2—12. Reduction of oxygen via photolysis of Ti@lectrodes
for the CChF/CCILF, CI~ redox couplél! The kinetics of the and films in HCQH/HCO,™ solutions is known to form
CFC photoreduction in air-free suspensions was well rationalized peroxides, and some of these remain bound to the oxide
with the mechanism presented above using the following as- surface!!-2%> This process can be represented by the overall
sumptions: (a) steps 7 and 8 contributed equally to start the reaction
reduction of CGJF, but the latter reaction predominated at longer
times; (b) although chain initiation occurred on the oxide surface, e, +'CO, +0,+ 2H" — H,O,+CO, (13)
propagation steps 8 and 9, as well as the termination sequence
of steps 10 and 12, took place mainly in the solution bulk or where HO, is here used to represent both peroxide molecules
on the double layer around the oxide particles; (c) step 11 wasthat remain surface-bound and those that desorb into solution.
a minor contributor to chain termination; and (d) adsorption of Reduction of Q by ey, and*CO," is anticipated to be mainly
*CCLF and :CCIF onto the semiconductor surface was insig- a surface reaction which is the origin of the induction period.
nificant. At high [O], this process predominates over steps 7 and 8 as
Several results of the present study are consistent with thesewell as over the reduction of the peroxide to water. Formation
assumptions. For instance, the data of Figure 3 indicate thatof peroxides on or next to the oxide surface facilitates their
the CFC reduction remained equally efficient in suspensions reduction via
with pH values above and below the point of zero charge of

"CCLF +°CO, —:CCIF+ClI"+CO,  (10)

6.2 for P-25 TiQ.3233Thus, chain propagation was unaffected e, T HO0,—OH +OH (14)
by the differences in Ti@surface chemistry that arise upon
changing the pH from 5 to 8. Given the charged natur€ab, An analogous reduction of the peroxide 480, occurs!8the

such observation suggests that chain propagation occurs awayonsequences of such a step will be discussed below. At the
from the oxide surface and supports assumption (b). Also, the high [HCO, ] present in the suspensions, reaction 14 is followed
solubility of CCkLF in water is unaffected by the Tiparticles, by a fast step 5, which converts the weakly reducigg eto
which supports assumption (d) because adsorption of the CFCthe strong reductantCO,~. In addition to accelerating the
on the oxide surface is negligible. The mechanism above is ablereduction of CCGJF, such conversion hinders charge-carrier
to rationalize numerous observations made during the secondrecombination (step 2) involving eithes,e or electrons trapped
phase of the reaction in this study. In agreement with step 9, in lattice defect$2 An additional advantage of transforminge
GC-MS measurements detected only CHCafter photolysis into *CO,~ is that formyl radical anions can diffuse away from
of standard suspensions. Dimerizations"@€ClL,F and :CCIF the oxide surface, allowing them to react with @molecules
must not be important termination events because the productspresent in solution and decreasing electron injection via step 6.



Chain Photoreduction of CeH in TiO, Suspensions J. Phys. Chem. A, Vol. 110, No. 51, 20063833

Step 14 is predicted to be an important process immediately atstandard steady-state approximations for long-chain processes.
the end of the induction period, where the peroxide concentration In this expressionks, ke, andk;o are the rate constants of the

is highest. The net effect of this process is to increase the numbercorresponding elementary steps in the mechanism. Data from
of CCl3F molecules that are reduced by the photogeneratedthe inset of Figure 2 is consistent with the relationship between
reductants, leading to higher P.E.(§Ivalues for suspensions  r(Cl7); and [HCQ]°% predicted by eq 15. Confirmation of the
that initially contained @ Conversion of &g into *CO,~ dependence af(Cl™); on 1,25 was not feasible because of the
explains why the P.E.(C); values obtained at pH 5 (see experimental difficulties mentioned before but a few runs carried
Figure 3) are at least 5 times higher than those determined withinout at low light intensity yielded lower reaction rates, providing
the same acidity range for air-free suspensions (Figure 4 of ref qualitative support for the rate law. As in the air-free system,
8). In this range of proton concentrations, the reducing power verification of the dependence ofCl~); on [CCkF]°® was

of ey~ drops increasingly as pH decrea8eghereas the redox  impossible because of the limited solubility of the CFC #OH
potential of the C@*CO,~ couple remains unchanged (thi€p Tests of the validity of eq 15 in systems containingdonsisted

of the*CO;H radical is 1.4 Although some hydroxyl radicals  of finding the ; value required to obtain P.E.(Q| = 16, the

will react with formic acid at low pH, the resultir@€O,H will typical value for air-saturated systems, uskag= 7.2 x 10*
dissociate to formCO,~ which can then participate inthe chain  M™1s1 kg =19 x 1M 1ts ! kp=1x 1®M1s |,
propagation. = 1.1 x 1078 M photons s, [HCO,] = 0.30 M, and [CCJF]

Efforts were made to assess numerically the impact of steps= 8.1 x 10~ M. The calculation yielded; = 0.85 instead of
13 and 14 by means of kinetic expressions derived for the the experimental value of 0.29.
oxygen-free system from the standard steady-state approxima- This discrepancy implies that the mechanistic sequence of
tion for long-chain processésThis derivation was based on  steps 2-14 is unable to describe well the effect exerted by O
the following assumptions: (1) initiation is rate-determining and and that additional processes must be taken into consideration.
occurs with a rate equal to that of termination and (2) all Oxygen reacts fast with halogenated carbon-centered ragfie#s,
propagation steps occur with the same rates, which are muchfor example,”CCl; forms *O,CClz with k = 2—3 x 10° M1
higher than that of the termination procé&3he effectiveness s 1. Generation ofO,CCLF is known to occur vi#®
of chain initiation is represented ldy (the initiation rate i)
divided byl,) which measures the fraction of initially photo- 0O, + *CClLF—"O,CClF (16)
generated reductantscfe plus*CO,") that react with CGF.

Step 12 is the only source for Fand under steady-state condi- kis has not been determined but should be similar to that for
tions, the rate of this reaction is equal to the rate of termination the analogous reaction involvir@Cls. Halogenated peroxy
(r) and also taini. Hence,r(F); = ry = rint, meaning that; radicals are oxidizers an®,CCl; abstract a H atom from

= P.E.(F); because P.E.(B; = r(F)i/lo. Occurrence of steps  2-propanol withk = 7 x 10° M~1 s71.35 Hence, the following

13 and 14 in suspensions initially saturated with air implies that reaction seems reasonable because FHCeénd 2-propanol

gi for such systems must be higher than the value measured inexhibit similar abilities as H-donors

the absence of air. Such a prediction is consistent with the data

since P.E.(F); = 0.29 for air-saturated suspensions whereas a ‘O,CCLF+HCO, —*CO, +HO,CCLF (17)
value of 0.18 was typical of air-free systems.

The P.E.(F); value also enables estimation of the kinetic Halogenated hydroperoxides decay in water with complete loss
chain length (kcl) that is available from the ratig/r; = of all halogen atoms via a mechanism that remains unéfear;
P.E.(CI)i/P.E.(F)i, wherery, is the propagation rate. For air- an analogous reaction seems feasible forLEGC,F
saturated suspensions, kel55, as compared with a value of
44 determined for air-free systems. Such large kcl values justify HO,CCLF + H,0—2ClI" + F + products  (18)
the use of the steady-state approximation. Another consequence
of this approximation is that the cross-termination step 10 The sequence of steps-168 is one of the possible mechanisms
involving both chain carriersCO,~ and*CCLF, is only feasible ~ that can contribute to the complete decay of §£Qluring the
if their steady-state concentrations are very simile@(b]ss induction period according to the overall reaction 1. However,
~ [*CClF]ss Evaluation of these concentrations was possible occurrence of step 16 is questionable after the induction period
from egs 13 and 17 of ref 8, together with the kinetic parameters in view of the low [Q] that remains in the aqueous phase. On
obtained for air-free systems and thevalue of air-saturated  the other hand, numerous small GEdroplets are present in
suspensions. The results wet€(, ]ss= 1.8 x 1078 M and the stirred suspensions, and surrounding each of them is a thin
[*CCLF]ss= 1.0 x 1078 M as compared with 1.4 1078 M layer called the diffusion filn37 In this region, [CCJF] decreases
and 1.2x 1078 M, respectively, for analogous air-free systeims. ~ continuously from 10.9 M (the molarity of pure G€lat the
Evaluation ofkg and kg (by means of egs 15 and 16, ref 8) droplet surface) to the limiting solubility in water. Both [HGQ
yielded 1.1x 10P and 3.1x 10® M1 s71, respectively, which ~ and fCO,7] are lower in this region than in the aqueous phase.
compare well with the earlier values of 7:2 10* and 1.9x These facts together with the higher oxygen solubility in the
1M 1sL CFC than in HO imply that [Q] is larger in the diffusion film

Despite the reasonable agreement between the concentrationthan in the aqueous electrolyte. This means that the phase-
of chain carriers and of the rate constants from the present andsegregated CFC dispersed in the aqueous electrolyte is the most
previous studies, other results were not entirely consistent with probable place for reaction 16 to take place. Although the
the mechanism. An example is the test carried out by means ofhydrolytic step 18 produces™F the combination of such a
the rate law derived for the photoreduction of @Elin reaction with steps 16 and 17 is not a chain termination process
suspensions free of ® becauseCO, is regenerated. In other words, incorporation of

steps 16-18 into the sequence of reactions 24 results in a
r(CI7), = (kg ko & 1 /Ky " X[HCO, J[CCIF)*®  (15) more complex mechanism, which will exhibit a rate law
different from eq 15 becausé€~") no longer measures the rate
which was obtained from the rate equation of step 8 and the of termination.
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The data presented in Figure 6 provides some support to thetion steps occurred mainly in the solution bulk, implying that

idea that in suspensions initially containing, Qoeroxides

consumption of peroxide molecules present in the liquid phase

produced during the induction period aided the subsequentvia step 19 limits their adsorption on the oxide surface.

photoreduction of CGF. Introduction of HO, into degassed
suspensions prior to irradiation circumvented the losscef e
and *CO,~ via step 13 and increased P.E{(%I| without
lengthening the induction period. Although the disproportion-
ation of HO, generates @ this reaction is very slow at room
temperature even in the presence of suspended titania pafticles.
Hence, addition of peroxide to the suspensions resulted,in O
amounts too low to affect the length of the induction periods.
H.0, adsorbs on Ti@surfaces when peroxide solutions are in
contact with titanid!3® Rough estimates of the peroxide
adsorption onto the particles were obtained using reported
value$® and yielded quantities amounting to about 2% of the

Hydrogen peroxide has been found to increase the rate of
photooxidation induced by Tifsuspensions of several envi-
ronmental pollutants, including phern@lpesticides?? chlori-
nated organic compound%andEscherichia col** A declining
influence of HO, at high concentrations has been noted in
several of these studies, and the optimal concentratiorn,©f H
was also determined to be in the millimolar range. Although
the effects induced by 4D, on the photoreduction of CgH
have been rationalized exclusively in terms of steps 14 and 19,
recent results suggest that adsorption of the peroxide on the
TiO, surface yields a complex that is photosensifi¥&he
photodegradation of such complex may contribute to the limiting

H»O, added to the suspensions. These estimates are useful t@ffect of the peroxide action in suspensions containing high

interpret the data displayed in Figure 6, which yielded a
P.E.(CI); value (12) that is 50% higher than in the absence of
peroxide and is independent of J&,]. Such results imply that
enough HO, was adsorbed in all cases to efficiently convert
ep Into *CO,~ through steps 14 and 5. According to this
interpretation, the photoreduction of GElin the presence of
H.O, proceeds via steps-2.2 together with step 14, where the
main change is &; value higher than the initiation efficiency
found without peroxide.

Several observations support this simple mechanism, inclu
ing the fact thaf; = P.E.(F") = 0.58 for suspensions containing
2.0 mM H0, whereas an efficiency of 0.18 was determined
without peroxide. Also, &; value of 0.48 was needed to obtain
P.E.(CI); = 12 via eq 15; such an efficiency agrees well with
the experimental result. Another feature typical of suspensions
containing HO, shown in Figure 6 is that [C] increased
linearly with time for periods much longer than in degassed
systems without peroxideAddition of larger amounts of yD,
extended the length of time during which the system yielded a
P.E.(CI); of 12, up to 25 min when [bD;] = 2.0 mM.
Consequently, longer initial periods of maximum chloride
formation were due to the continuous transformation e®4
into *CO,™ radicals. Such a transformation occurred efficiently

d-

because any surface-bound peroxide consumed during the

photoreaction was promptly replaced through adsorption from
solution.

Interestingly, kcl was 20.7 for the suspensions with 2.0 mM
H,0,, indicating that the photoreaction proceeded with an

[H202].

Conclusion

Irradiation of air-saturated titanium dioxide suspensions
containing HCQ~ and CCHF with UV light yields CI and
CHCI,F through a free-radical chain reaction. Consumption of
O, during the induction period generates an increased number
of *CO,~ radicals that can initiate the chain process. Reaction
steps that occur in addition to those proposed for analogous
reactions in deaerated suspensions are consistent with the
experimental kinetic data showing higher P.E-((following
a longer induction period.
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