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Chain Photoreduction of CClkF Induced by TiO» Particles
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Fluorotrichloromethane (CFC 11) is dehalogenated through a reductive chain reaction upon illumination of
aqueous, air-free suspensions of Ti@articles in the presence of formate ions. The reduction takes place
with large photonic efficiencies at pi: 5 even at high photon fluxes, producing mainly~Cand
dichlorofluoromethane (HCFC 21), while ks only a minor byproduct. In the proposed mechani€®,~
and*CCILF radicals are the chain carriers, Gs well as HCFC 21 result from propagation steps, and cross-
termination of the chain carriers forms FSimple steady-state assumptions, that regard propagations as the
dominant steps, yield kinetic equations consistent with the data of the initial fadbf@hation step. The
subsequent evolution of rates and postirradiation effects are consequences of the slow removal of electrons
from the semiconductor.

Introduction higher efficiencies were obtained upon low-intensity illumination
of TiO, films.2*

The present study examined the photoreduction of3;ECI
CFC 11), the largest contributor to the disruption of the
tratospheric ozone cyctg; efforts were made to achieve

lllumination of semiconductor particles in solution is a simple
way to drive reactions of organic compounds with light. These
processes have been investigated for photosynthetic purpose

aﬁ V\t’e" as I_or th? ellmlnf;thn oflun?eswab(l;_e cclnmpouhﬁf[kée h efficient chain transformations of the Freon. Degassed suspen-
pnotoreactions frequently INVOIVe Iree racicals generated When giq o of Tiq saturated with CGF and containing high

charge carriers or surfz_ace-trapped Tad'ca's attz_ick SUbStra‘teconcentrations of HC@ ions as electron donors were employed
molecules located in the interfacial regidNonselective attack

by the liaht ted i . ield Ltin| duct to initiate the photoreductions because oxidation of formate
ythe light-generated reactive species yields multiple produc s'generates strongly reducingO;~ radicals?® These conditions
as usually found during oxidations of organic halides.

Seledii duction of th 4s has b hieved undevere selected since, as was shown betbtbgy favor chain
elective reduction ot tnese compounds has been achieved un e[5ropau‘:1ation steps and suppress unwanted reactions such as the

appropriate conditior)s_,gresulting in stepwise deha_lo_gengtionscomplete dehalogenation of the chlorocarbon chain caftfefs.
or complete hydrolysi$.® In genera}l low quantum eff|C|enC|e§ The photoreduction of CeF was found to be significantly faster
are typ|ca! of the phototransfqrmanons b.e cause of fagt Combma'than that of CGIFCF,CI, taking place through efficient chain
tion reactions of _charge carriers or rad|cals. Exceptions OCCUF o2 otions even at high light intensities.
when radical chain reactions are initiaf€d!? or under condi-
tions where efficient scavenging of charge carriers takes place
as noticed during the photoreduction of Agns induced by
TiO, colloids in ethanot3 Reagent grade chemicals were obtained from Aldrich or
Early radiation chemical investigations demonstrated that Fisher and were not further purified. Water from a Milli-Q-
selective and efficient reductive dehalogenations of organic Plus system (Millipore) was used in all preparations; occasion-
halides via radical chain reactions are possible in air-free ally the results were verified using HPLC water (Fisher).
homogeneous solutiod$ Subsequent studies have shown that Suspensions of 0.5 gt TiO; particles (Degussa P-25, 30 nm
similar processes occur for a variety of compounds including average diameter) were prepared inside photochemical reactors
fluorides and fluorohalide’¥18 These results suggested that containing 110 mL of aqueous HGB/HCO;Na buffers. After
efficient dehalogenations were feasible via chain reductions the photoreactors were sealed, the suspensions were deaerated
initiated by irradiation of semiconductor particles. Such reactions With Ar for 30 min under stirring. Liquid CGF that had been
seemed attractive for the transformation of chlorofluorocarbons degassed using three freezeimp-thaw cycles was introduced
(CFCs) into their hydrogen-substituted analogues (HCFCs), into the photoreactors via airtight syringes. The Freon was
which currently replace theM. This idea was tested using injected directly into the suspensions to avoid extensive
CCLFCRCI (CFC 113) and CGCF; (CFC 113af° Both vaporization (bp= 23.8 °C). Stirring of the mixtures in the
Freons were photoreduced to HCFCs in air-free aqueous TiO dark proceeded then for B0 min prior to illumination; the
Suspensions Containing HQOions; occurrence of efficient resulting kinetic data were independent of the Iength of this
chain reductions was evident at low light intensities. Chain €equilibration period.
dehalogenations of CgIn basic solution have been recently Borosilicate glass vessels with an internal volume of 170 mL
reported to take place faster than the dark hydrolysis reactionwere employed as photoreactors. The vessels were constructed
in suspensions containing alcohols as electron doffors; by flattening one curved side of a cylinder (70 mm internal
diameter, 38 mm height, 2 mm wall thickness) to form a 51
*To whom correspondence should be addressed. E-mail: millsge@ MM x 38 mm window. These vessels were joined to slightly
auburn.edu. larger glass vessels (5 mm wall thickness) of the same shape to
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form water-jackets and to increase the strength of the photo- 10
chemical reactors. Reinforcement of the photoreactors was
considered mandatory because headspace pressures of 1.9 atm
were measured (with an Ashcroft gauge) after injecting the CFC
into the vesselgCaution should be exercised while performing
similar experiments because the photoreactors were shattered
on a couple of occasion§hree glass joints connected to the &
inner vessels were fused on top of the photoreactors. Perforated £
septa, through which tightly fitted electrodes were immersed
into the suspension, served as seals for the glass joints. Since™
an opening exists on the top of the reference electrode,
precautions were taken to avoid subjecting the electrode to
pressure gradients and to eliminate diffusion of air into the
suspensions. This was accomplished by pushing the electrode 1
into the vessel until the opening was positioned in the headspace ' ‘
of the suspensions underneath the septa. 0 10 20 30 40 50 60

Irradiations were performed at 2& using a Thermix 120 Time (min)

MR stirrer to provide a constant stirring rate (320 rpm). Light Figure 1. Plot of [CI-] vs time for Ar-saturated suspensions containing
from a PTI 1010 S system equipped with a 150 W Xe arc lamp 0.5 g L™* TiO, 2 mL of CFC 11, illuminated witho = 1 x 10°°
was passed through a 10 cm water filter, an IR-absorbing filter, M(hv) s™* at pH= 5.9 in the presence of [HGO] = 0.3 (@), 0.6 (#),
and a Kopp GS-7-60 filter. Photons in the range of 320 < and 1 M _-). Inset: evolution of P.E.(C) as a function of time for
385 nm were selected and then focused onto the lateral Window[HcOz ]=03@and1M @)

of the photoreactor. Adjustment of the intensity of lighg) (
was accomplished with neutral density filters; determinations
of lo were performed for each kinetic run using the Aberchrome
540 actinometef* The effectiveness of the photoreduction is
given in terms of the photonic efficiency (P.E.), which corre-
sponds to the formation rate of product divided by the rate o
incident photong.Photon losses due to light scattering by small
CCI3F droplets and by Ti@particles were not included in the
calculation of P.E.

In general, the same methods and instrumentation of our
previous study were employed for the in situ determination of
Cl~, F~, and H" concentrations, as well as for GMS analysis
of halocarbon product®. The halide ion-selective electrodes
were calibrated in the dark prior to each experiment under
ensured hat any halie fons adsorbed on e surface of the oxigd P Present in some o the C@lsamples. Other possibi

) halocarbon products, such as £HF, CCLF—CCLF, and
were accounted for. Each experiment was performed at IeaStCCII'=CCIF were not found
twice; while deviation of the results was usually less than 20%, - o . .
Presented in Figure 1 is the evolution of {Chs a function

deviations of 30% were noticed occasionally. In the £CIF,CI . . . .

system potentiometric data were acquired after interrupting the (if t'(r)ng for s dus(r))eans'\l/(l) nﬁcs:atu/rs'gd V’lll'th bCFfE at ,pa\l|-|| 5.9 C(t)_ntalnmg

irradiation to avoid artificial photovoltages resulting from direct — > and U. &M OZ na butier. reactions
proceeded via two steps: an initial induction period lasting

illumination of the electrode®. Implementation of such a -
procedure was not possible in the present study becauseo'5_2 min, where [Ct] changed slowly, followed by a step

postirradiation reactions took place. Potentiometric determina- V\:chter:e ct dlont_generapo; was at I?aSt S tldme%:‘asterdThe_tlhert]ﬁth
tions were carried out under continuous illumination with ©' € Induction period was not reproducible and, wi ©

suspensions containing 0.5 gL.TiO; in all experiments. In gxception of lowl, values, was.independg.nt Of. pH,. concentra-
addition to ensuring effective shielding of the electrodes from :'ﬁns of 'regcct;arn.ts, and dggé\ssmg or equmtf[radthn times. Du“ng
light, this concentration the oxide particles has yielded maximum IS petrloth |r?ns (and F) "ge“? genera el in ;/elry ST_la
efficiencies in a variety of photoreactiofigcluding reduction amounts through processes obeying no simple rate faw. nence,
of Freons® Furthermore, the ion-selective and reference the kinetic data of this step were not further analyzed. As seen

electrodes were immersed in the suspensions via the two glas§n Figure 1, [CI] |ncreas§d rapidly gt the early stages of the
joints situated near the back of the photoreactors. Under thesesf(':‘Cond step but the chioride fOTm"’_‘“O” rate decreased atslonger
conditions blank experiments without GElindicated that the }\l/lmes. Never;hzlestséocIcpnpentra}[tlonsmh;]tgls/lelr) t?fan >?Eflf0_t
contribution of the photovoltages to the signal due to halide t v;{ttartehreac elt a m(;n n ?ys er?st d u fr' | orts
ion generation was negligible even during the slow induction 0 Tt the resufis according fo a first-order rate law were

period (less than 0.2%). unsuccessful. ) .
Rates of CI generationr(CI™), derived from the data of the

second step were employed to calculate the photonic efficiency
of CI~ formation, P.E.(Ct). Depicted in the inset of Figure 1
The limiting solubility of CCkF in water is 8x 1073 M (82 are the variations of P.E.(C) during reactions in the presence
uL of Freon in 110 mL solution}® and tests confirmed that  of 1 and 0.3 M buffer. [Cl] increased linearly with time during
this solubility limit was not altered by the buffer or the the first minute of the second step whar&€l~) reached a
semiconductor particles. Unless otherwise stated, the suspensionsraximum value, denoted as the initial formation ra{€I");.

m 1 M buffer
a 0.6 M buffer
e 0.3 M buffer

Cll
N WA OO N ©

Time (min)

always contained 2 mL CgH. Two liquid phases were therefore
present, and the oxide particles remained in the agueous phase,
which also contained numerous small Freon droplets generated
upon stirring. Since no reduction of GElwas detected in the

n absence of TiQ formation of halide ions must be attributed to
processes taking place in the aqueous suspension phase.
Although the Freon transformation generated idns, only
slight pH decreases were noticed in the presence of the buffers.
Throughout this study the buffer concentration is given in terms
of [HCO,7] + [HCOzH]. Volatile products generated in
suspensions containing 0.3 M buffer (pH 5.9) irradiated for 1 h
with 1o = 1 x 1075 M(hv) s™! were identified by means of
GC—MS. CHCLF (HCFC 21) and C® were detected as
products of the photoreaction, as well as traces of the;Cl

Results
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Figure 2. Variation of P.E.(Ct); with buffer concentration in systems
at pH= 5.9 with 0.5 g L"* TiO5, 2 mL of CCkF, andlo = 1.6 x 107
M(hv) s71. Shown in the inset is the linear relationship between
P.E.(CF); and [bufferp®.

Initial photonic efficiencies, P.E.(C);, obtained from these
maximum rates were used to characterize the photoreduction
kinetics of CCF. The evolution of [F] during the second step
was similar to that of [Cl]; the corresponding maximum rates
of F~ generation were employed to calculate the initial photonic
efficiencies, P.E.(F)i. However, as will be shown later, the
fluoride concentrations were much smaller than the CI
concentrations.

Figure 2 illustrates the dependence of P.E:JCbn the
concentration of the formate buffer. The experiments were
performed at pH 5.9 using the highest light intensity available,
lo=1.6 x 10 M(hv) s"L. A continuous increase of P.E.(Ql

was observed when the electron donor concentration was raised,

reaching a value of P.E.(Cf = 11.3 @ 1 M formate. As shown

in the inset, P.E.(Cl); is linearly related to the buffer concentra-
tion raised to the power of 0.6. It should be noted that a straight
line was also obtained from a plot of the reciprocal of P.E)ClI

vs [buffer]-1. However, the large values of P.E.{Glpresented

in Figures 1 and 2 clearly demonstrate that the photoreduction
of CCIsF is a chain reaction. Therefore, data analysis within
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Figure 3. Dependence of P.E.(Q} on light intensity in suspensions
at pH 5.9 containing 0.5 g1 TiO2, 0.3 M buffer, and 2 mL of CFC
11. Presented in the inset is the evolutionr @I7); with (15)°5.
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Figure 4. Changes in P.E.(C); as a function of pH for suspensions
with [HCO;] + [HCO.H] = 0.3 M and 2 mL of CFC 11, 0.5 g 1!
TiO,, o= 1.1 x 10 M (hv) s™*. The inset shows the change in {TI
with photolysis at pH 4 4), pH 5.9 @), and pH 8 ).

the framework of chain processes was preferred because severdbllowed by a sharp increase to reach an average value of 7.9

different mechanisms yield linear relationships between (rate)
and the reciprocal of [substrate}® At reaction times longer
than 30 min the dependency of the photonic efficiencies on
[buffer] changed, increasing linearly as the concentration of
formate was augmented.

Depicted in Figure 3 is the variation of P.E.(Glwith I, for
systems at pH 5.9 with 0.3 M buffer. The initial photonic
efficiency decreased from 95 to 6.9 when the light intensity
increased from 5.2 108to 1.6 x 1075 M(hv) s™1. Because
the formation rate of product is related fipin a simpler way
than P.E.(Ct);, it is useful to present the results of Figure 3 in
terms ofr(CI7);. As shown in the inset, the initial rate is a linear
function of the square root of the light intensity. While the length
of the induction period was, in most cases, not dependent on
lo, this period increased by a factor of 4 at the lowest light
intensity used in this study.

Values of P.E.(Cl); as a function of pH were obtained at a
constant buffer concentration of 0.3 M and varying ratio
[HCO, J/[HCO.H]. At pH > 8 the high formate concentration
caused interferences in the operation of the ion-selective
electrodes. Therefore, determinations of P.EJGlere limited
to pH < 8; the results are summarized in Figure 4. P.E}CI
increased steadily from 0.01 to 2 between pH 2 and pH 4.5,

in the range 5< pH =< 8. The inset shows the evolution of
[CI7] as a function of time for experiments with pH 8, 5.9,
and 4. Values of P.E.(C); equal to 8.2, 7.9, and 1.4 resulted
at these three different [H concentrations, and the correspond-
ing P.E.(F); values were 0.19, 0.18, and 0.14. The initial fast
chloride ion formation at pk: 5.9 turned progressively slower
as illumination proceeded. For instanc€Zl™) declined in the
first 10 min of photolysis from 7.9« 10%t0 1.9 x 106 M
slat pH=5.9 and from 8.3x 105t0 3.7 x 10°M s 1 at

pH = 8. In contrast, at pH 4 the formation rate of chloride ions
increased with time of exposure, reaching a rate similar to those
measured at higher pH values after about 6 h.

Experiments were also carried out at various pH values in
systems containing reaction products. Within experimental error,
P.E.(CI); was not affected by the presence of up to 1 mM ClI
throughout the pH range studied. Below pH 5.9 no effectof F
on P.E.(Ch); was found, but at pH> 5.9 efficiencies about
40% higher than those of Figure 4 were measured wheh [F
> 10 uM. Similar high P.E.(Ct); values were determined in
systems free of F; employing a modified method to exclude
air from the suspensions. In this method the HC®uffers
were deaerated prior to introduction of the Fiowder into
the photoreactors, which hindered any adsorption of @®sent
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250 more than 15 min, with a P.E.(Ql value lower (0.02) than
ADHB those of the induction period in degassed samples {€008).

® pH 5.9 Photolysis of a system saturated with Chi&Ithe halocarbon
200 m pH 4 product of the CGF reduction, resulted in a linear change of
[CI7] as a function of time with P.E.(C) = 0.05. HCFC 21
has a limiting solubility of 0.093 M® which was achieved by
degassing suspensions with this halocarbon=b@.9 °C).

Discussion

The data gathered in the present investigation indicates that

50 CClsF is reduced in illuminated air-free TiOsuspensions
containing HCQ™ ions, producing Cli ions and CHGIF as the
main products. Occurrence of a slow induction period preceding

0,

the fast reduction step is not unexpected since traces of air are

0 10 20 30 40 50 60 the T _ : . HakEs O
Time (min) inevitably introduced into the suspensions during injection of
Figure 5. Variation of the ratio [Ct]/[F~] during illumination of air- CCLF. The low P'.E'(CI) values and the [.C“/[.F ] ratios much .
free systems with 0.3 M buffer, 0.5 gL TiO,, and 2 mL of CCIF at smaller than during the second step indicate that no chain
oH 4 @), pH 5.9 @), and pH 8 4). ' reaction of CCGJF takes place during this period. Similar

observations were made in air-saturated systems, confirming

in air onto the wet semiconductor surface. However, the same that the induction period originates from the presence of small
results of Figure 4 were obtained when the modified degassing@mounts of @in the suspensions. Freon reduction predominates
method was followed by addition of up to 0.14 mM NaHgO — after most of the oxygen is consumed, at which point starts
(pH changes occur at higher concentrations). Thus, #CO forming fast. Reaction rates higher than the formation rate of
decreased the effectiveness of the fast step, probably by bindingnitiating species and £induced inhibitions are typical features
to the oxide surface and acting as a center for charge carrierof radical chain reaction;'*-*+18 including the photoreduction
recombination. This implies thatFons, which are not attacked ~ 0f CFC 113 induced by Ti@particles?® The high photonic
by charge carriers, suppressed the inhibiting effect of siCO  efficiencies of CI formation (Figures +4) and the inhibiting
ions probably by displacing them from the oxide surface. While €ffect of air are evidence that the reduction of gfCbccurs
F~ increased (CI-); only, carbonate decreased P.E:(Cbut through an analogous radical chain process.
enhanced chloride generation at longer times. After the initial ~ Significant differences exist, however, between the reactions
step, the curve of [C]] vs time for a suspension containing of CClsF and CGIFCR.CI because in suspensions with 0.3 M
HCOs~ at pH 5.9 increasingly diverged from the corresponding HCO,™ at pH = 6 andlo = 1 x 10°® M(hv) s™* induction
curve shown in the inset of Figure 4, approaching the curve of periods 4 times shorter and P.E.{§Ivalues 14 times higher
pH 8. occur for CFC 11. Also, postirradiation reduction occurs only
lllustrated in Figure 5 are the concentration ratios of @hd in the CChF system, meaning that the kinetic chain length is
F~ that correspond to the kinetic data of the inset in Figure 4. much longer for this CFC. Studies of photopolymerizations
For presentation purposes only the results of the early stages ainitiated by semiconductor particles have shown that radical
pH 5.9 were included. In this experiment the induction period chain processes are inefficient at low [substrateThus, the
lasted 2 min, during which [CI/[F ] fluctuated between 3 and  dissimilar behavior of the two Freons is related, in part, to the
7. This ratio increased abruptly to 26 during the fast initiat CI ~ fact that in a solution saturated with GElthe [CFC] is about
formation of the second step; ratios of 19 and 15 were obtained9 times higher than the solubility limit of CFC 113. Also,
for pH = 8 and 4, respectively. The concentration ratio E%CCLF/CCLF,CI") was estimated to be0.44 V2 whereas
continued to increase within the first 10 min at pH 5.9, the half-wave potential for CFC 113 is1.21 V27 Reaction of
followed by smaller increases thereafter. On the other hand, "OH radicals or holes with HCO/HCO,H located on or next
[CI-)/[F] increased linearly as the reaction proceeded at pH to the TiQ surface yieldsCO;~ radicals?® which are the most
= 4. The ratios of rates(CI~)/r(F~), which correspond to the ~ powerful reductants in the suspensioB8 £ —1.8 V for CO/
kinetic chain lengths, yielded curves resembling those of Figure “*CO,").23 From these redox potentials it is reasonable to expect
5 when plotted vs time. However, the ratios of formation rates the reduction of CGF by *CO,™ radicals to be more efficient
were much higher than the ratios of concentrations, with initial than the analogous reaction of CFC 113. ParticipatioCGbH
values of 43.9 at pH 5.9 and 43.2 at the higher pH. Despite of in the CCEF reduction is not significant because a pt2 was
the decreases i{CI-) as photolysis proceeded, larger declines used in most experiments, whereas th&, s 1.4 for this
of r(F~) were noticed. For example, at pH 5.9 this rate fell radical?®
from 2 x 1077 t0 6.1 x 1072 M s~1 after 10 min. Thus, during Earlier studies have shown thr&0O,~ radicals are involved
this time the ratios of (CI7)/r(F~) increased to 311 and 292 at in the homogeneous chain reductions of3ICFCFBr, and
pH 5.9 and 8, respectively, and then slowly to about 460 after CRCHBIrCI that form I or Br~ and hydrogen-substituted
1 h. For pH 4 the ratio was initially 10 but changed to 63 within derivatives (CHgand Ck—CH,Cl).1517aThe results of Figure
10 min followed by a linear increase to 130 after 60 min. 2 confirm that HCQ@™ patrticipates in the chain process, and
Several additional experiments were carried out at pH 5.9 the plot shown in the inset is concordant with mechanisms
with 0.3 M buffer andlg = 1 x 1076 M(hv) s1. Experiments implicating the radicals of the electron dor?®A linear variation
with a Freon volume of 4 mL yielded initial photonic efficiencies  of the reaction rate with §)°°is predicted by these mechanisms,
identical to the value obtained with 2 mL. Postirradiation which agrees fairly well with the relationship presented in the
reactions lasted in air-free suspensions between @3 érmand inset of Figure 3. Also, C®was detected by GEMS, which
generated both halide ions with [QI[F "] > 3. In air-saturated is the anticipated product whe@O,™ acts as a reductant. These
sealed suspensions, formation of both halide ions was slow forkinetic features along with the main reaction products suggest



Photoreduction of CGF

that the CCGF reduction mechanism is similar to those of
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*CCIFOH, followed by a further hydrolytic step with, = 1.7

homogeneous chain processes. The following sequence ofs20 Interestingly, very similar reactions take place in the decay

elementary steps is consistent with the kinetics of thesECI
photoreduction:

TiO,+hw—h," +e,” 1)

h," + e, — heat )

hy + H,0—"OH+H" (3)

h,, /"OH + HCO,” —"CO,” + H'/H,0 (4)
'CO,” + Ti0,—~ e, + CO, (5)

e, + CClLF—'CCLF+ CI” (6)
"CO, + CCLF—"CCLF + CI” + CO, @)
"CCLF + HCO,” —"CO, + HCCL,F (8)
"CCLF 4 °'CO,” —:CCIF+ CI” + CO, 9)
"CCLF + e, — :CCIF+CI” (10)
:CCIF+ 2H,0 — HCO,” + HCl+ HF + H™  (11)

Trihalomethyl radicals’CX3) are important intermediates during
the transformation of CHG| CHBr;, and CCJ} in TiO»
suspension&? These radicals undergo reductions analogous to
steps 9 and 10 to form carbenes (:Xr dimerize to CX—
CXs. Carbenes can either dimerize to £XCX; or hydrolyze
producing HCQ/CO and HX in a reaction similar to step 11.
Chain transformations of Cglin basic solutions containing
alcohols take place on illuminated TiCsuspensions and
films.821 The kinetic data were interpreted in terms of redox
and hydrolytic reactions of th®€Cl; radicals in solution or on
the oxide surface. However, the finding that reduction of £CI
yields CHC}F is inconsistent with mechanisms where hydrolysis
is the main pathwa$?221 Furthermore, Figure 5 shows that
[CI7)/[F] > 3, whereas such mechanisms predict formation
of three Ct ions per F ion. The reactivity ofCO,~ radicals

of CCLOH 3! but such processes have not been observed for
*CCl; radicals!”™® H abstraction from HC@ by *CCIFOH is
anticipated to form CHCIFOH, a species expected to hydrolyze
producing both Ci and F and leading to [CI]/[F7] = 3. On

the basis of the reasons given above, the proposed hydrolysis
of *CCLF radicals is inconsistent with the data of the present
study and was not further considered.

Depending on [H], some of these steps in the mechanism
occur either on or next to the TiGurface, which is positively
charged below the pH of zero surface charge (pz6,2 for
P-25%2 and carries net negative charges above pzc. Binding of
carboxylate ions (RCO,") to the oxide surface takes place
below this pH; ion adsorption reaches a minimum at pzc,
followed by preferential binding of the counterions to the surface
at pH > pzc3® When [R-CO;Na] = 0.1 M, the amounts of
ions bound below and above pzc are significant and similar due
to compression of the double layer. Therefore, a large amount
of bound HCQ~ exists between pzc and th&pof HCOH
(3.75), binding of the acid predominates at gHK, and was
not included in the mechanism because axpH was used in
most cases. It follows that at pH 6.2 step 4 comprises
adsorbed HC@ /HCO,H, whereas above pzc this step involves
HCO,™ ions present in the double layer away from the surface.
However, P.E.(Cl); is highest and constant at pH5 (Figure
4), implying that HCQ~ adsorption on the Ti@surface is not
a controlling factor of the photoreaction.

At pH < 6.2 step 4 is a surface reaction generating adsorbed
*CO, radicals, whereas above pzc the radicals form away (and
are repelled) from the negatively charged surface. However, the
data of Figure 4 imply that subsequent steps 7 and 8 are
unaffected by changes in ffiat pH = 5. This means that the
rates of the CGF reduction by either free or boun@80,™ are
similar and that changes in the surface [HC[Dhave no effect
on the reaction ofCCLF with formate. Since Freon adsorption
on the oxide is not significant (the solubility of Gl is
unaffected by TiQ), steps 6 and 7 must involve CFC molecules
located next to the surface. The resulth@CLF radicals can
diffuse and react with HCE® ions present in the double-layer
region; pH changes have no effect on this transformation
because step 8 is not a surface reaction. Af€|,F radicals
are generated by light, the ensuing chain reduction proceeds
mainly within the double layer through alternation of steps 7

toward halocarbons is known to be higher than that of alcohol and 8. On the basis of these conclusions, kinetic equations were
radicals}>'” the net result is a faster propagation (step 7) in derived using standard steady-state methods for homogeneous
our system, which reduces the chances of termination step 9.chain reactions based on the following approximati#hg)
Since fluoride generation through hydrolytic step 11 is limited the radical chains are long; (b) initiation is rate-determining and
by steps 9 and 10, faster propagation steps reduce the efficiencythe rates of initiation and termination are equal; (c) the rates of

of the hydrolysis. The fact thatFis produced much slower
than CI and the persistent postirradiation effects that arise from

all propagation steps are equal and much higher than the
termination rate.

the long chains are evidence that propagations predominate over Because propagation occurs at some distance from the oxide

terminations in the presence of HGO

surface and is faster than termination, the contributions of step

Slow terminations occur when the steady-state concentrationsg as well as of steps 9 and 10 to the overall generation rate of

of *CO,~ and *CClLF are low, which suppresses radical

Cl~ are negligibly small. Also, the amount of Cformed via

dimerizations and/or cross-terminations and decreases thestep 11 (twice the amount of Fis insignificant compared to
steady-state concentration of :CCIF. This explains the lack of the contribution of step 7 because ¢ [F~] (Figure 5).

signals from the CGF—CCI,F and CCIF=CCIF dimers when
the suspensions were analyzed by-&@@S. Our results have
shown that CHGF (the product of the CFC 11 reduction) is
reduced much slower than GE| the fact that CEHCIF was
not found implies that CHGF is unable to compete with C§H

These simplifications reduce the initial rate of- Gbrmation

to the rate of step 7:

r(CI"), = k['CO, JICCIF] (12)

for the reductants in the suspensions. Findings from the According to the above mechanism, P.E{(CP 2 is expected

radiolytic reduction of CGF have been interpreted in terms of
a hydrolysis step ofCCLF radicals {12 = 15 us) to form

if the chain reaction occurs with steps 1 and 4 being 100%
efficient. However, the effective photonic efficiencies of initia-
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tion steps 1 and 4 are not known since these quantities are relate@quations for the propagation rate constants are obtained by

to the fluxes of g~ and*CO,~ radicals that actually survive

combining this expression with eq 14:

steps 2 and 5 and react with the CFC. Because these fluxes are

needed to test the validity of the proposed mechanism, an

“effective” photonic efficiency of initiation,g;, will be used
instead. This quantity is equal to the total number gf @nd
*CO,~ radicals per photon that are able to react with §£CI
Because the number ofe that survive step 2 is equal to the
number of k™, it is expected that equal numbers of electrons
and*CO,~ radicals are initially available to react with GEI
The photonic efficiency of initiation is also related to the rate
of initiation, r;, and under steady-state conditionsnust be
equal to the rate of termination step 19)( Step 10, a steady-
state [:CCIF] is reached wheg is equal to the rate of step 11
(r11), and since the latter corresponds to the initial rate of F
formation,r(F™);, thenr(F~); = ri. According to Figure 1, after
30 min [CI'] > 9 x 1072 M for suspensions containing 1 M
HCO,~, which is higher than the “molar concentration” of LiO
formula units (6.3x 1073 M). Thus, the oxide acts as a sensitizer
that is not consumed during the photoreaction, implying that
the rate of photons absorbed by the particles iqrsthould be
invariant with time. Consequently; = &ilp or r(F?)i = &ilo,
and since P.E.(Bi = r(F)i/lo, this results in P.E.(Bi = &,
which at pH 5.9 is 0.18.

[ ke \oSr(Cl);

k7_(ﬂ)) [CCIF] (19
B ﬁ 0.5 r(Cr)i

kS_(CiIO) [HCO, ] (19

Values ofk; = 6.8 x 10 M 1slandks=1.9x 18M~1s1

are computed with the kinetic data of pH 5r9CI™); = 7.9 x
10MsLr(F)=2x10"Mstor=0.18,lp =1.1x

108 M(tw) sL, k=1 x 1® Mt s1 [CCI3F] = 8 x 1073

M, and [HCGQ] = 0.3 M. Evaluation of the steady-state
concentrations of the chain carriers requires an independent
expression other than eq 13. The kinetic chain length is equal
to r4lrg, butrs/rg = r(CI7)i/r(F7); because, as shown above,

= ry11, which results in the following expression:

[ CCIZF]SS: kg r(CI_)i

(17)

Once steady state is reached, the rates of propagation steps YWhen P.E.(Ct)i/P.E.(F)i = r(CI")i/r(F7)i = 43.9 at pH 5.9 is

and 8 (7 andrg) must be equal, which together with= rqg
results in

0.5

['Co, (13)

s

_ keGilo|"[[HCO, ]
| kokg [CCI4F]

wherekz, ks, andkg are the rate constants of the corresponding
elementary steps antJO, ]ssis the steady-state concentration
of *CO,~. The rate law for the initial formation of Clis
obtained by combining eqs 12 and 13,

I(7k8gi I 0)0'5

i (HCO, J[CCIF))*®

Equation 14 predicts a linear variation ofCl~); with both
[HCO,] andly raised to the power 0.5, agreeing well with the

r(Cl), = ( (14)

used, egs 13 and 17 yielddO; 1ss = 1.4 x 108 M and
[*CCLF]ss= 1.2 x 1078 M, agreeing well with the assumption
that the chain carrier concentrations are very close. From the
dataatpH 8((F)i=2.1x 10 "M s tor{ =0.19, P.E.(C)/
P.E.(F)i = 43.2,r(ClI"); = 8.3 x 1076 M s71), the calculated
kinetic parameters ate = 7.2 x 10 M1s1 kg=1.9 x 10°
M-1s1 [*COJss= 1.4 x 108 M, and FCCLF]ss = 1.3 x

1078 M. Having in mind that the derivation of eqs £27 was
based only on standard steady-state assumptions used for chain
reactiong?® the calculated results provide further support for
the proposed mechanism.

Procedures that attempt to account for the scattering of light
by the oxide particles have been suggesfe@ne of the
proposed methods (which increaggsP.E.(CI);, and P.E.(F);
by a factor of 5.6) applies only for single-wavelength illumina-
tions (365 nm); the other is based on kinetic features typical of
oxidations of adsorbed reactants. Neither of these procedures

dependencies presented in Figures 2 and 3. A similar depen-were used systematically as they are unable to correct the light-

dence ofr(CI7); with [CCI3F] is predicted by the rate law. No

scattering effects induced by the Freon droplets. Worth men-

attempts were made to confirm this relationship because fasttioning is that the terng;lo is included in egs 13, 15, and 16,

chain propagation is not expected to occur at low [CFC], altering
the rate law?? In fact, data from photopolymerizations and from
the reduction of CFC 113 have demonstrated that efficient

but since; = rillo, then the calculated valueskyf ks, ['CO, |ss
and FCCLF]ss are independent of, and are not affected by
photon losses due to scattering of light. Althoudgfis close to

radical chain reactions are not sustained when the substratehe rate constant for the homogeneous reaction between

concentration is low?%2° Therefore, excess C§H was used to
ensure that [CGF] was constant and equal to the limit of
solubility during the initial Ct generation step. Experiments
with twice the usual Freon volume verified that this is the case
since the reduction efficiency was the same as with 2 mZECI
Because direct confirmation of the rate law was not feasible,
efforts were made to substantiate the validity of eq 14 by
numerical means.

Although kg is not known, a rate constant ofxd 10° M1
s 1 has been frequently employed for the dimerization reaction
of *CO,~ 7aor *CX; radicals!8? Assuming a similar value for
ke, then step 9 predominates over the dimerization®Cah~
and *CCLF when the chain carriers are formed not far away
from each other and€O, ]ss & [*CCLF]ss Where fCCloF]ss
is the steady-state concentratiorr@CLF. This approximation
together withr7 = rg yields ks/ks = [HCO,~]/[CCI3F] = 37.5;

*CHCICR; and HCQ™, 2.9 x 10® M~ s71, the average value
of kz, 7 x 10* M1 s71, is 10 times smaller than the rate
constant for the homogeneous reduction of halothan€BBrCl

by *CO,™ (7.6 x 10" M~ s71) 17aBecauseCO,~ radicals are
expected to react with CeH as fast as they do with GEHBrCI,

the lowk; value may reflect a decrease in the radical mobility
due to ion pairing coupled with a [CéH] in the double layer
smaller than the solubility limit of the Freon in water.

As is evident from Figure 4, significant decreases in the
efficiencies of the reduction take place below pH 5. Also, the
calculation ofk; andkg using the data of pH 4 produced results
divergent from those obtained at higher pH. The reason for this
difference is that P.E.(B; drops only by 22% upon changing
the pH from 5.9 to 4 but P.E.(C); decreases by more than 5
times. Obviously, the chains are shorter at the highet],[H
yielding lower ratios of [CI])/[F~] (Figure 5). The trend
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illustrated in Figure 4 is not unexpected becatS&,~ can The impact of step 5 varies with [l because electron
reduce CGJF easily E% = 1.36 V), whereas the flat-band injection by*CO, radicals present in the double layer is less
potential of g, is pH-dependenty, = E%, — (0.059)(pH)3® probable at pH 8, where the TiQurface is negatively charged,
The pH-corrected potential for stepB'{ = Eq, — 0.44 V) can but increases below pzc as the surface turns positively charged.
then be utilized to estimate nonstandard potentials employing This interpretation accounts for the falling rates of @rmation

the Nernst equationEs = E's — (RTF)InQ, with Q = during photolysis at pH> 5.9 shown in the inset of Figure 4.
[CI7][*CCLF]sd([ess [CCIsF]). Electrons inside Ti@are known The larger decreases iCI~) noticed at pH 5.9 result from a
to persist for some time even when, @ presengt and in higher efficiency of step 5 combined with the lower driving

suspensions of P-25 containing formate, their decay is completedforce for step 6 compared with tt# value for pH 8 (0.22 V).
in about 1.5 §7 Thus, Es can be evaluated from the data On the other hand, HCO is bound to the oxide below pzc,
gathered immediately after the induction period. Since a higher Where step 4 is mainly a surface reaction. Thus, most of the
driving force is required to reduce the CHE(O,/O,") = —0.16 "CO,” radicals remain adsorbed on the oxide; even radicals
V,23 the fraction of photogenerategse that decay within 1 s formed in the double layer are attracted to the particles, making
of illumination is probably small. During this time §e] = step 5 far more prpbable. This process is particularly detrlmental
0.5l = 9.9 x 1078 M (the factor 0.5 accounts for the similar to the photoreactlon_ at pH 5 because of the lower driving
contributions of g~ and*CO,~ to §;). As Figure 1 indicates, at force Qf step 6 and is propably the reason_for the slower C.l
the beginning of the fast step [l~ 1 x 1074 M for 0.3 M formation at pH 4 shown in the inset of Flgu_re 4. Step 5 is
HCO,~, which together withE's = —0.05 V results inEs = ex.pected to ylgld some trgpped electrqns, Wh|ch.a_re known to
0.12 V for pH 5.9; wherE's = —0.11 V and a similar value of raise the Fe_rml level of Tigr® a_lugme_ntmg the driving f_orce
Q are used, the resulting potential is 0.06 V at pH 5. of step 6. Th's (_effegt may explain th? mcrt_aases((_ti )dunng

) ) extended illuminations at pH 4 depicted in the inset of Figure

These rough estimates suggest tais even smaller below 4

pH 5, which translates to a lower reactivity ehetoward CCiF The efficient conversion of the undesirable CFC 11 to HCFC
and a decrease in efficiency of step 6. This favors termination 51 ysing semiconductor-initiated chain reductions has been
via step 10 because the driving force needed for reducing gemonstrated in this study. GElis transformed via reductions
trihalomethyl radicals is less than that for the reduction of the mych faster than those of CFC 113, with long chains occurring
parent compound¥. Hence, the P.E.(F; value measured at  at high light intensities. Despite the coexistence of aqueous and
pH 4 represents the combined contributions of steps 9 and 10.CFC phases, the kinetic data can be understood in terms of
In addition, the contributions of these reactions and of step 11 simple steady-state assumptions combined with well-known
to the overall yield of Ct can no longer be neglected, interfacial processes of T¥OSubsequent reports will show that
invalidating the steady-state assumptions made to derive eq 12these concepts are useful for rationalizing the improvements in
Differences in the driving force of step 6 can account, in part, reaction efficiency induced by £and by the presence of the
for the change in P.E.(C); at pH > 4 illustrated in Figure 4, CFC phase.
where CCJF is reduced by both,g and*CO,~, but step 7 is
probably faster than step 6. At pHd 5 the Freon is reduced Acknowledgment. We thank Degussa for a gift of TiP-25
primarily via step 7 whereas reaction 6 must compete with stepssamples, and G. Goodloe for his help with GRS measure-
2 and 10. Diversion of electrons into the latter reaction channels ments. We are grateful to the U.S. Navy for supporting R.L.C.
lowers the efficiency of step 6, limiting the chain length and through the CIVINS program and to NTC for partial support
decreasing P.E.(C); while P.E.(F); increases. of this research.

Analysis of the initial rate data using steady-state methods
assumes that Cland F are formed largely via propagations
and terminations that proceed in the double-layer region. (1) Li, Y. In Molecular and Supramolecular Photochemistry 1 (Organic

; ; - ; ; Photochemistry)Ramamurthy, V., Schanze, K. S., Eds.; Marcel Dekker:
However, the declines in(Cl~) at longer times (Figures 1 and New York, 1997: p 295,

4) are incompatible with a mechanism based only on homoge- (2) wills, A.; Le Hunte, G.J. Photochem. Photobiol., 2097, 108, 1.
neous steps. The results of Figure 5 suggest that the concentra- (3) Kamat, P. V.; Vinodgopal, K. IMolecular and Supramolecular

ions of chain carrier r hotolvsis pr hotochemistry 2 (Organic and Inorganic PhotochemistR@mamurthy,
tions of chain carriers decrease as photolysis proceeds becaus@/., Schanze, K. S., Eds.; Marcel Dekker: New York, 1998; p 307.

lowering CO, ]ssand FCClF]ssfavors generation of Clover (4) Hoffmann, M. R.: Martin, S. T.. Choi, W.; Bahnemann, D. W.
F~. Tests with data collected at 10 min of photolysis (the longest Chem. Re. 1995 95, 69.

time for which the derived expressions vyield self-consistent Metg?)ofe;ﬁ%ng' ’\:;rgﬁrzti;”bR-g'\é':ggL% (’il 'E‘z'izzitg'a'fr‘:;":t‘?ﬁ%”sgﬁ y
) ) o i N N -Organic Sys utal, C., . N., Eds.; Adv. S| is
results) confirm this suspicion. Using t@e r(Cl");, andr(F"); Series 238; American Chemical Society: Washington DC, 1993; p 281.

values obtained at pH 5.9 in egs 13, 15, 16, and 17 (.6 (6) (@) Micic, O. I.; Zhang, Y.; Cromak, K. R.; Trifunac, A. D.;
1073,1.9x 10°M s1 and 6.1x 102 M s71, respectively) Thurnauer, M. CJ. Phys. Cheml993 97, 7277. (b) Lawless, D.; Serpone,

: _ 1 1 _ 1 1 N.; Meisel, D.J. Phys. Chem1991, 95, 5166.
yieldsk; = 9.6 x 108 M1 57, kg = 2.6 x 10° M™* 57, and (7) (a) Wada, Y.; Yin, H.; Kitamura, T.; Yanagida, $. Chem Soc.,

[*CO, ]ss= ['CCLF]ss= 2.5 x 107° M. The large change ifj Chem. Commuri998 2683. (b) Kuhler, R. J.; Santo, G. A.; Caudill, T.
from 0.18 to 5.6x 1072 after 10 min indicates that step 2  C.; Betterton, E. A.; Arnold, R. GErviron. Sci. Technol1993 27, 2104.
becomes more significant as irradiation continues. Faster charge) Bahnemann, D. W. Mg, J.; Chapman, RI. Phys. Chemtl 987 91,
carrier recombinations are expected when electrons accumulate (g (a) Choi, W.; Hoffmann, M. REnwiron. Sci. Technol1997, 31,
in the TiQ; particles®® Electron accumulation takes place under 8?1. (b) Ch0i|f\fN.; Hoffmann, M. RJ. Phys. Cf]herl.nl996 100, 2161. (c)
it ; At ; ; ; Choi, W.; Hoffmann, M. REnwiron. Sci. Technol1995 29, 1646.

condl_tlons favoring injection of e!ectrons into the oxide via step ©) (2) Calza, P. Minero, C.. Pelizzetti, Environ. Sci. Technoi1997
5_: which has an adverse f:ascadmg e_ﬁeCt on the Fre(_)n reductionsy 2198, (b) Hilgendorff, M.: Hilgendorff, M.; Bahnemann, D. \.Adb.
since the strongly reducin®O,~ radical transforms into the  Oxid. Technal1996 1, 35.

weaker r nte. A leration of 2 lowers the r f (10) (a) Huang, Z.-Y.; Barber, T.; Mills, G.; Morris, M.-Bl. Phys.
eaker reductantg . Acceleration of step 2 lowers the rate of . W00 "oa" 20 o vie | G Katsikas, L. Mer, U
step 4 and also the amount of radicals able to participate in yejickovic, J. S : Weller, HMacromol. Chem. Phy<4994 195, 889. (c)

step 7. Hoffman, A. J.; Yee, H.; Mills, G.; Hoffmann, M. Rl. Phys. Cheml992
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