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The complete mineralization of trichloroethylene (CI,CCCIH), in dilute aqueous solutions, to
HCI and CO, is demonstrated with heterogeneous photoassisted catalysis using illuminated tita-
nium dioxide (TiO,). An intermediate, dichloroacetaldehyde, is identified, and a photoassisted
reaction sequence is proposed. A simple Langmuirian rate equation satisfactorily represents both
the disappearance of initial reactant, trichloroethylene, and intermediate, dichloroacetaldehyde, as
well as the inhibitory influence of product HCI. The present paper and two related reports (A. L.
Pruden and D. F. Ollis, Environ. Sci. Technol., in press; C.-Y. Hsiao, C.-L. Lee, and D. F. Ollis, J.
Catal. 82, 418 (1983)) establishing mineralization of chloromethanes, indicate some potential for
removal of the two most common chlorocarbon contaminants from water via heterogeneous photo-

catalysis.

INTRODUCTION

The widespread presence of chlorinated
hydrocarbons in both natural and drinking
waters of North America (I, 2) and Europe
(3) poses a potentially serious environmen-
tal problem, since such ubiquitous halocar-
bons as trichloroethylene (TCE) and chlo-
roform are carcinogenic and/or toxic (¢4, 5).
Both chemicals are classified as ‘‘priority
pollutants”> by the U.S. Environmental
Protection Agency (6). Such chemicals en-
ter the environment not only through do-
mestic and industrial discharge of solvents
(including trichloroethylene) and applica-
tion of pesticides, but, perversely, through
formation of chloroform and other halo-
forms during conventional water steriliza-
tion with chlorine (7). A chemical process
for degradation of trace halocarbon con-

taminants ideally should yield innocuous

products such as the carbon dioxide and
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hydrochloric acid expected from complete
mineralization. Since toxicity of chlori-
nated aliphatic hydrocarbons decreases
with decreasing chlorine content (8), even
partial degradation with dehalogenation
may provide a partial detoxification.

The objective of our research was to ex-
amine the degradation or detoxification of
pertinent chlorinated hydrocarbons by pho-
toassisted heterogeneous catalysis and to
investigate the kinetics of such reactions.
The present paper examines the kinetics of
trichloroethylene degradation to HCl and
CO, by the photoassisted heterogeneous
catalyst, titanium dioxide. A TCE rate
equation is derived which accounts for our
experimental observations, and tentative
mechanisms for the surface reactions are
discussed.

Chloroform (CHCl;), a common syn-
thetic product arising during municipal
chlorination of drinking water supplies, is
also fully mineralized by heterogeneous
photocatalysis (10); a discussion of chloro-
methane photocatalyzed mineralization fol-
lows (60).
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Prior suggestions of catalytic dehalo-
genation activity of illuminated semicon-
ductors exist. A qualitative report of poly-
chlorinated biphenyl (PCB) dechlo-
rination (/1) in the presence of uv-
illuminated TiO, noted only reactant disap-
pearance and chloride presence; intermedi-
ates were not mentioned. The total amount
of PCB converted corresponded to only 2 X
1073 of a monolayer on TiO,, leaving open
the question of whether the solid surface
functioned as a catalyst or as a reagent (/2).
Iltlumination of uncharacterized sediments
thought to contain semiconductor oxide in
clay components brought no noticeable
conversion of p-dichlorobenzene (p-DCB)
(13), but illuminated 1 wt% anatase (Ti0O,)
slurries in water resulted in p-DCB disap-
pearance with a reported half-life of 5 min.
No reaction products were identified, nor
was dehalogenation actually demonstrated.
Aromatic hydrocarbons and chlorinated al-
kenes were partially photomineralized to
CO,, HCl, and Cl, when adsorbed on silica
gel and irradiated with quartz- or Pyrex-fil-
tered uv light in oxygen (/4). No uv spectra
of silica gel are contained in standard com-
pilations, implying that silica gel does not
absorb in the uv. Therefore, photoassisted
catalysis at uv and near-uv wavelengths
(200-400 nm) would occur only by excita-
tion of impurities in the solid; also, it is pos-
sible that the Cl, and HCI observed were
produced by direct photochemical dehalo-
genation by uv photons (/5).

EXPERIMENT

The reactions were carried out in a batch
reactor (Fig. 1) constructed of glass and
Teflon. A 0.1 wt% aqueous slurry of tita-
nium dioxide was recirculated with a poly-
propylene/ceramic pump. The catalyst was
Fisher Certified grade TiO,, Lot #745547,
with a surface area of 7 m%g, as determined
by BET nitrogen adsorption (/6). The pre-
dominant (~95%) crystalline modification
was anatase, as determined by X-ray dif-
fraction (/7). Trichloroethylene was Baker
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F1G. 1. Recirculating, differential conversion photo-
reactor. (a) Quartz annular photoreactor; (b) Black
lights parallel to reactor axis (7 GE BLB (15 W)); (c)
thermocouple; (d) Pyrex sampling vessel; (e) centrifu-
gal recirculation pump; (f) Teflon tubing; (g) sampling
port with Teflon-faced septum; (h) chloride ion elec-
trode; (i) reference electrode; (j) millivoltmeter.

Analyzed reagent grade, used without fur-
ther purification.

Freshly boiled distilled deionized water,
stripped with helium in the reactor to fur-
ther remove dissolved oxygen and carbon
dioxide, was used in all runs. Thus the oxy-
gen concentration in the water was far less
than 7 ppm O,, the equilibrium value for air-
saturated water at 30°C (/8). (The oxygen
content of nitrogen-purged water at 5-40°C
was measured earlier with a dissolved oxy-
gen probe to be ~2 x 1073 M, or 0.6 ppm
(19). At the end of several experiments, the
slurry was again stripped with helium, and
the gaseous effluent bubbled through a satu-
rated barium hydroxide solution to trap car-
bon dioxide. Appearance of the barium car-
bonate precipitate (solubility of 0.002 g/100
ml at 18-20°C (20)) confirmed the formation
of carbon dioxide during the reaction.
These precipitates could not be due to for-
mate production since the solubility of bar-
ium formate is 27.8 g/100 m! (20)).
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The slurry was recirculated through a
quartz annular reactor illuminated by seven
commercial black light fluorescent bulbs
(GE BLB—15 W) arranged parallel to the
reactor axis (Fig. 1). The total fluid volume
was ~625 cm?; the illuminated volume, 300
c¢m?; the volumetric flow rate, 40 cm’/sec.
Thus each fluid element spent 7.5 sec per
pass, or about half the total reaction time,
under illumination. The annular radius was
1.65 cm, with a cross-sectional area of 8.1
cm?, yielding a linear velocity in the illumi-
nated volume of ~5 cm/sec. The black
lights emitted predominantly 320-440 nm
light, with virtually no emission below 300
or above 500 nm. These lamps were chosen
to maximize emission in the TiO, absorp-
tion spectrum (2/) while eliminating wave-
lengths more energetic than 3000 A as the
latter can drive homogeneous photochemi-
cal reactions, including dehalogenations
(15). The uv-absorption spectrum of TCE
shows a molar extinction coefficient, g, of
less than 10 liters/mol - ¢cm above 260 nm,
or an absorbance (22), A, of less than 4.5 X
10-3 for a TCE concentration of 50 ppm and
a path length of 1.3 cm.

Potassium ferrioxalate actinometry (23)
in TiO,-free solutions was used to measure
the near-uv intensity entering the reactor.
The overall photochemical reaction was

et + C,02 — 2Fel* + 2CO,

Ferrous ion was complexed with o-phenan-
throline, and the absorbance measured at
510 nm with a Cary 14 spectrophotometer.
The quantum yield of ferrous ion and molar
extinction coefficient of the ferrous—
phenanthroline complex are well estab-
lished (24); values of 1.21 and 1.11 x 10¢
liters/mol - ¢cm were used here. The chemi-
cal actinometer, prepared as needed by
mixing standardized solutions of 1.2 M
K,C,0; and 0.2 M Fex(SOy); to form 0.02 M
K;Fe(C,04)s, was irradiated as it circulated
through the reactor. From the absorbance
of the ferrous complex per unit time, the
photon absorption rate in the reactor was
calculated as 6.6 x 10~¢ Einsteins/min. The
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actinometer measured the total photon rate
entering the reactor. During subsequent
catalyst studies with TiO, suspensions
in actinometer-free solutions, scattering
losses, if any, due to the syspended TiO;
were not accounted for. Thus, the calcu-
lated quantum yields reported later in this
paper are minimum values.

The absorption efficiency of the reactor,
defined as the ratio (photons absorbed (acti-
nometer measurement)/photons emitted
by lamp based on manufacturer’s specifica-
tion) X 100 was found to be 22%.

Addition of TCE to the water-filled reac-
tor was made by microsyringe (5-50 ul) in-
jections. A saturated solution of TCE at 20—
25°C and 1 atmosphere contains 1.1 x 103
mg TCE/liter, or about 1100 ppm (6). Or-
ganic reactants and products were followed
by analysis with a Perkin-Elmer Sigma 1
gas chromatograph on a Tenax column (60/
80 mesh, 1 m X % in. o.d., nickel) followed
by flame ionization detection at 120°C (iso-
thermal). The volatile reactant, TCE, was
determined by analysis of the headspace
vapor over 1 ml liquid sample contained in
1 dram vials capped with Teflon-faced sili-
cone septa. Following Piet et al. (25), at
least 45 min were alloted for TCE equilibra-
tion between the liquid and vapor phases.
The composition of the vapor phase was
stable between 45 min and 12 hr as long as
the septum had not been punctured previ-
ously. Analyses of the liquid phase directly
for TCE were unreliable, due to major
evaporation of TCE into the headspace.
Dissolved organic products were monitored
by GC analysis of direct chromatograph in-
Jection of the aqueous phase, following cen-
trifugation of suspended TiO, particles.

Chloride ion production was followed in
situ with a specific chloride electrode
(HNU Systems and Orion Model 801 pH/
mV meter). The electrode was calibrated
with HCI solutions, rather than ionic
strength adjustor, to account automatically
for the related pH decrease observed dur-
ing chloride evolution without adding other
ions to the reaction mixture. Agreement be-
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tween final chloride values so determined
and subsequent silver nitrate titration
(Mohr’s method) (26, 27) was within 2%.
The fluid temperature was measured at
the inlet and outlet of the illuminated quartz
vessel with Fluke Model 2166A Digital
Thermometer and Omega matched iron-
constantan thermocouple (28) (wire diame-
ter 0.010 in. Teflon casing 0.003 m) taped to
the quartz. The maximum fluid temperature
difference between reactor top and bottom
after prolonged illumination was 5°C; the
average temperature is reported here.

RESULTS

Neither TCE disappearance nor chloride
appearance were noted during 2 hr illumi-
nation of a catalyst-free reactor. The results
of a characteristic TCE degradation experi-
ment, with successive injections of TCE,
are shown in Fig. 2. In the simultaneous
presence of TiO; and illumination, trichlo-
roethylene was continuously dehaloge-
nated. Chloride production stopped imme-
diately when the lamps were turned off. At
an initial TCE concentration of ~10 ppm,
only chloride product was observed in the
bulk liquid; no organic product was de-
tected. At higher levels (24 and 47 ppm),
production and consumption of an interme-
diate identified by GC-MS (24) as dichlo-
roacetaldehyde (CLLHCCHO) was ob-
served, with continued chloride
production. This intermediate, DCA, was
water soluble and stable in the dark in solu-
tions containing TiO, particles for several
months.

During TCE degradation experiments,
the pH fell to typical levels of ~4.0-6.8,
depending on the amount of TCE con-
verted. No gas evolution was observed, nor
were any other products detected by GC in
either the gas or liquid phase. Carbon diox-
ide presence in the reacted solution was
demonstrated by the appearance of barium
carbonate following passage of a helium
stripping stream into a barium hydroxide
solution. The chloride mass balances for
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TABLE 1
TCE Conversion to Chloride
Initial Equivalent Maximum  Conver-
TCE (ppm) Cl~ Fed Cl- sion
run No. (ppm) observed of CI-
(ppm)* (%)
E, 10.3 8.3 5.0
E; 23.6 19.1 16.3
e - 467 318 43
80.6 65.2 63.6 98
F 45.9 37.2 36 97
G 45.4 36.8 37 100.5

experiments in which both TCE and DCA
decreased to levels undetectable by GC-
FID (<500 ppb for TCE) are presented in
Table 1. Essentially all (97-100.5%) of the
chlorine fed as TCE was recovered as chlo-
ride ion in solution (last column, Table 1).

Initial TCE and CI~ concentrations for
each run appear in Table 2 with initial reac-
tion rates. Specific activities {column 4),
photoassisted specific activities (based on
photons entering the reactor) (column 3),
and turnover numbers (column 6) were cal-
culated from measured initial rates (initial
slope X initial concentration). The apparent
first-order rate constants (initial slopes of
In(TCE) vs time) are shown in the last
column.

The apparent first-order reaction rate
constant eventually decreased for initial
TCE concentrations of 47 ppm and greater,
as shown in Figs. 2 and 3. Addition of chlo-
ride as HCl to the initial reaction mixture of
Fig. 3 resulted in a decrease in the apparent
rate constant, as noted in Table 2. Addition
of the carbon dioxide equivalent of more
than 100 ppm TCE conversion had no ef-
fect. The intermediate DCA was not com-
mercially available, and was not tested as
an inhibitor.

Product DCA disappearance also pro-
ceeds in apparent first-order fashion after
the TCE has been consumed, as evidenced
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TABLE 2

Rates for TCE Conversion (36-38°C)

Apparent first-order

Specific rate/
photon absorbed¢

(umol/cm?

Turnover number?
(molecules/site

Specific
activity®

(umol/cm?

Initial
concentration

Initial

concentration

Run
No.

rate constant
krce(min~T)

- 3)

 min - wmol

(X 1073

© min)

Cl~ (ppm)

TCE (ppm)

photon) (x 1079)

(x 1079

0.365

0.9
1.9

2.3

4.1

1.5
6.3

10.3

El

0.352

9.4

23.6

E2

0.214

10.9

20.7

46.7

E3

0.353

3.7
2.0

2.5 18.0

126.0

45.4

0.198

9.7

45.9
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« Based on measured surface area, 7 m¥/g.

b Based on assumed surface site concentration of 5 X 10" sites/cm?.
< Based on photons absorbed by the actinometer, 660 pwmol/min.
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F1G. 2. Photocatalyzed degradation of trichloroethyl-
ene. Arrows (| ): A, no illumination, TCE injection;
B, illumination on. Concentrations: (A) trichloroethyl-
ene (calculated); (A) trichloroethylene (measured);
(®) chioride ion (measured); (M) dichloroacetaldehyde
(measured).

by the straight-line decay (Figs. 2 and 3) on
semilog plots.

Since the calibration was not available
for DCA, its production was calculated
from a chlorine mass balance, assuming
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F1G. 3. Chloride ion inhibition test. Initial concen-
trations: trichloroethylene, 45.9 ppm; chioride (as
HCI), 145 ppm. Data: (A) TCE (calculated); (A) TCE
(measured); (@) chloride ion (produced): () DCA
measured. Regions: I. catalyst, no illumination; II.
catalyst and illumination.
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that the chlorine initially charged to the re-
actor is conserved as either unreacted
TCE, chloride ion, or DCA. The calibration
proportionality constant between measured
DCA peak area and calculated DCA was
determined at the point of maximum mea-
sured DCA level. The concentrations of
DCA (integrated peak area per 2 ul sample)
calculated after TCE was consumed, the
corresponding chloride levels, and appar-
ent first-order rate constants for DCA dis-
appearance are shown in Table 3. The spe-
cific rates (peak area per 2 ul of injection
per unit catalyst weight) are independent of
reaction order.

The DCA concentrations calculated for
the final portion of Fig. 3 are compared in
Fig. 4 to the corresponding peak areas ob-
served in solution. The difference between
total DCA production (calculated) and
DCA concentration measured in solution
implies that this intermediate may be
strongly bound to the catalyst surface.

The specific activities (umol - cm™2
min~!) for TCE and DCA conversions in
Tables 2 and 3 are similar to those which
we calculated from literature reports which
appear to involve other heterogeneously
photocatalyzed reactions (/2). All show
turnover numbers near 1072 sec™! if a fully
active surface (5 x 10! sites cm™2) is as-
sumed. Based on the highest amount of
TCE converted (660 ppm), as computed
from a chlorine mass balance, the turnovers
accomplished were 87 for TCE conversion
and 261 for chloride production, indicating
the catalytic nature of this reaction (/2).

The highest initial quantum efficiency
((moles TCE converted per mole photon ab-
sorbed by actinometer solution) X 100) ob-
served in this study was 1.7%. The lesser
levels typifying Figs. 3-5 were 0.3-0.9%.

DISCUSSION: KINETICS

The disappearance of TCE and DCA be-
low detectable limits, the lack of other ob-
servable organic products by GC or GC-
MS, the observation of carbon dioxide
formation and the demonstration of a chlo-

TABLE 3

Rates of Dichloroacetaldehyde Conversion (39-40°C)

Apparent first-order

Specific rate/
photon absorbed

(pmol/cm?

Turnover

Specific

Rate
(P.E. counts/

Concentration
g-cat/min)

DCE«
Concentration

Run
No.

rate constant

number
(molecules/site

activity?

{(umolfcm? -

Cl- (ppm)

kpca min~!

© min

'S)

min)

(P.E. counts)

(x 107?) umol photon)

(X 1079

(x 107%)

0.069
0.060
0.026

3.5
3.0
1.2

2.9
2.4
1.0

2.0

2.3
0.8

0.1301
0.1104

0.0447

35
45
158

1.1764

1.111

1.0546

« At time when (TCE) below detection; P.E. counts = peak area/2 ul injection.
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b Estimated from calibration factor of Fig. 10: 20 ppm DCE = 1.6 P.E. counts.
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F1G. 4. Dichloroacetaldehyde vs time. Dichloroacetaldehyde calculated from chlorine balance (@):
(calculated value—6 ppm, O); (measured value, X). Note: 6 ppm is approximately 0.9 monolayers of

DCA.

ride mass balance combine to show for the
first time the essentially complete degrada-
tion of trichloroethylene and of dichlo-
roacetaldehyde to inorganic products by
photoassisted heterogeneous catalysis.

To analyze the observed Kinetics of this
novel degradation, we consider first the de-
velopment of an ‘‘active’’ surface when the
illumination is begun. The lifetime of a pho-
togenerated hole ranges from 107! to 103
sec (30), and the diffusion time of a photo-
generated hole across the space-charge re-
gion in n-TiO, was calculated to be on the
order of 1074 sec (31). The slopes of the
TCE data (Table 2) indicate a reaction time
(1/kapp) of the order of 10? sec. Thus, the
surface, upon illumination, will come rap-
idly to an active steady state including
photo-produced holes, i.e., the relaxation
time for the solid is so fast that we do not
expect our Kkinetic data for TCE to reflect
any transient condition of the photoactiva-
tion.

Another potentially rate-limiting step
might be TCE mass transfer to the photoac-
tivated surface. Such a circumstance would
arise only if the near surface TCE concen-
tration were essentially zero (rapid reaction
limit). From a mass transfer calculation, the
maximum possible liquid—solid mass trans-
fer rate was 10* times the observed reaction
rate. These values show that the surface

catalytic reaction must be the slow step in
this conversion, as both solid state and lig-
uid film transport processes are much too
rapid to be a major pseudo-steady-state ki-
netic resistance.

A Simple Kinetic Model

The specific rate for apparent first-order
surface decomposition of TCE at constant
intensity with chloride competition for the
active site may be expressed, for simplic-
ity, in terms of Langmuir-Hinshelwood ki-
netics as

(1)

where the surface coverage of TCE, 6rcg, is

~rrce = krcefrce

P Krcebrcr )
TCE ™ 1 + Krce[TCE] + Kq[ClI®
T T T L T L T T T T
S oa} B
3t A
_-’—L oz .
A§ L i
1 4
‘L oo i 1 i 1 4015 i | L 1 0
(TCE, ppm)~!

Fi1G. 5. Reciprocal rate vs reciprocal TCE concen-
tration. Initial chloride: less than 7 ppm.
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The adsorption coefficients Krcg and K¢
are functions of temperature (and perhaps
intensity in photoassisted heterogeneous
reactions), but are assumed constant
throughout our nearly isothermal reactor.
The surface rate constant, krcg, defined by
Eq. (1) (also a function of temperature and
intensity), is similarly assumed constant.
The concentrations of TCE and chloride
are the bulk fluid concentrations,
Inversion of the rate obtained from Egs.
(1) and (2) allows evaluation of the con-
stants from the data of Table 2. The in-
verted equation may be plotted in two ways
to allow evaluation of all three constants
from slopes and intercepts of the plots, i.e.,

L [_1_
rrce kree LKrce
KC![CI]] 1

1
Krce | [TCE] * (3a)

krck

and

01 ke
rice krce LKrce[TCE]

] x [CI]

+[ ! . ] (3b)
krceKtcel TCE]  kycel’

For chloride levels below 6.3 ppm, Table
2 shows the first-order rate constant to be
independent of chloride concentration, im-
plying that Kq[Cl] is small compared to
unity, and that the slope of Eq. (3a) may be
approximated as

1

slope = ———.
p krceKrce

A plot of inverse rate versus inverse TCE
concentration, at low chloride levels (Fig.
5), is linear as predicted by Eq. (3a). The
intercept determines kyrcg, then Kycg can be
calculated from the previous slope approxi-
mation.

For inhibitory chloride levels (greater
than 20.7 ppm), a plot of inverse rate versus
chloride concentration at constant TCE
concentration (Fig. 6) is plausibly linear, as
predicted by Eq. (3b). Using the value of
kycg from Fig. 4, K¢y and Krcg can be deter-
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mined from the slope and intercept of Fig.
5. The values of the constants of Egs. (2)
and (3) calculated from these relationships
are ktcg = 830 ppm TCE/(min-g - cat),
Kice = 4.0 X 107* ppm™!, and K¢ = 4.8 X
1073 ppm~!. The value for K¢ of ~5 x 1073
ppm~! compares favorably with that for io-
dide (K, = 2.5 X 1073 ppm~') estimated
from rate measurements on an illuminated
TiO; slurry under similar conditions (32).

The DCA appears to be strongly bound to
the catalyst, as suggested by the discrep-
ancy between calculated and observed
DCA concentrations previously discussed.
The difference between calculation (based
on Cl balance) and measurement is approxi-
mately constant in the latter stages of reac-
tion, as indicated in Fig. 4; it corresponds
to approximately 6 ppm DCA, or about 0.9
monolayer of DCA on a surface of 5 x 10"
sites/cm?,

Inhibition of DCA mineralization is also
evident. In Fig. 6, we plot the inverse DCA
rate calculated from the slopes in Figs. 2
and 3 when the DCA chromatograph peak
area = 1.11 units/2 wl; this fixed DCA con-
centration at very low TCE levels allows
use of Egs. (3a) and (3b) to evaluate the
corresponding rate parameters. The linear
plot obtained in Fig. 6 indicates that a sim-
ple Langmuir inhibition model appears to
suffice.

The Fig. 6 DCA data suggest a simple
Langmuir equation for DCA analogous to
that for TCE:

kpcaKpcal DCA]
1 + KpcalDCA] + K¢[Cl]

rate =

4

with the slope and intercept for Fig. 6 given
by

SR —
rate - Kpca I+ KDCA[DCA]

Kai -
+ [KDCA[DCA]] (€I (Sa)

= (intercept) + (slope){CI™]. (5b)
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FiG. 6. {Dashed line and data (@) for reciprocal initial rate vs initial chloride concentration. Recipro-
cal DCA rate vs chloride concentration (solid line and data (O)). Initial DCA level = constant (peak

area) = 1.11 units/2 ul (Figs. 3 and 4).

The slope and intercept values provide
two equations relating the three variables
kpca, Kpca, and K¢ at a fixed concentration
of [DCA] = 13.8 ppm (1.11 peak area units/
2 ul sample). A third data point far removed
from this DCA value, and the correspond-
ing rate value, provides the third relation
between these rate equation parameters,
and gives the parameter values kpca = 4.44
x 10> wmol DCA/(min-g - cat.), Kpca =
0.25 ppm~!, and K¢, = 0.145 ppm™L,

The considerably stronger apparent inhi-
bition by chloride ion for DCA (K¢ = 0.145
ppm) vs TCE (K¢ ~5 X 107? ppm) suggests
that either the DCA is converted on a dif-
ferent site than TCE, and chloride is bound
more strongly there, or that a different
product is (also) inhibiting the reaction,
specifically (H*). We note here that a simi-
lar higher apparent chloride binding (inhibi-
tion) constant has been determined in our
labs for the saturated, partially chlorinated
chloromethanes, CH,Cl; (60) (K¢ = 2.47 X
102 ppm) and CHCl; (10) (Kq = 0.22
ppm™').

These inhibition results appear to be rea-
sonably explained when the nature of the
binding of the reactants on the TiO, surface
is considered. The titania surface has both
acidic sites (associated with the coordina-
tive unsaturation of metal at the surface)
and basic sites (associated with surface an-

ions or anion vacancies). Surface Ti(III)
ions have been observed by ESR (34, 33).
In the dark they are due to defect sites in
the lattice structure; under near-uv illumi-
nation their concentration is increased by
Ti(IV) reduction by photogenerated elec-
trons. Olefin -bonds and chloride bonds to
Ti(III) are well established in the Ziegler—
Natta polymerization of olefins over solid
TiCl; (36). Trichloroethylene can adsorb on
such a metal site by interaction of 7-elec-
trons with the metal. Chloride also would
adsorb on such a site (as it does in Ziegler—
Natta catalysts also) (36) giving rise to ad-
sorption inhibition by chloride product.
The aldehyde DCA, on the other hand,
cannot fill the metal ligand vacancy directly
upon readsorption from the fluid phase.
The equilibrium between the keto-enol
structures of aldehydes lies far to the left
(37) in Eq. (6). The alpha-hydrogen
T
Cl—(|3a—-CB—H <=

H (keto)
Cl OH

|
Cl—C,=Cs;—H (6)
(enol)

is weakly acidic by virtue of the electron-
withdrawing nature of both the carbonyl
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oxygen on the B-carbon and the chlorines
on the a-carbon. We may envision the ad-
sorption of DCA as requiring a pair of sites,
with the acidic a-hydrogen attracted to a
basic site and the remaining fragment to an
acidic site. This dual-site adsorption hy-
pothesis for species with an acidic hydro-
gen is supported by:

(1) the known dissociative adsorption of
water on metal oxide surfaces;

(2) the suggestion based on ir adsorption
spectra and temperature-programmed de-
sorption experiments (in the dark) that al-
cohol adsorption on anatase involves hy-
drogen bonding of the alcoholic (acidic)
hydrogen to O?~ surface ions and bonding
of the remaining fragment to a metal site
(38, 39);

(3) the suggestion based on product dis-
tributions and disappearance of the O-ESR
signal that surface alkoxides (RO, for R =
CH;, C,H;s) are formed on uv-illuminated
TiO, from methane and ethane (40);

(4) the two-site mechanism for alcohol
dehydration in gas—solid photocatalysis
proposed earlier by us gave rate expres-
sions in agreement with Kkinetic data,
whereas a single-site model was unsatisfac-
tory;

(5) the predominance of RH products
over R, or H products in the aqueous pho-
toassisted decarboxylation of organic acids
by TiO, (42, 43) suggests acid decomposi-
tion and alkane formation on adjacent sites.

The dual-site hypothesis implies that, for
the degradation of DCA, both chloride and
protons, competing for the acidic and basic
sites, respectively, can inhibit DCA reac-
tion. The apparent effect of (hydrogen)
chloride inhibition could thus be more pro-
nounced than for the single site activation
of TCE. Although sufficient data are not at
hand to test kinetically the dual-site hy-
pothesis, it is plausible on grounds of or-
ganometallic bonding and acid-base behav-
ior of oxide surfaces. This hypothesis
accounts qualitatively for the observed ef-
fect of chloride and accompanying proton
production on the rates of degradation of
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TCE and DCA. It appears that the photo-
catalyzed degradation of chloroform
(CCI3H) can also be described by such a
dual site adsorption (0).

Dichloroacetaldehyde Formation

To account for the photoassisted hetero-
geneously catalyzed nature of the TCE con-
version to DCA, we suggest the route to
intermediate formation shown in Table 4.
The following evidence supports this
scheme:

(1) The fundamental event in photoacti-
vation of the solid is Reaction (4-1).

(2) In aqueous solution, the surface of
TiO; is covered with hydroxyl groups (44),
as well as molecular water. The hydroxyl
groups may react with the photogenerated
hole to produce hydroxyl radicals (4-2).
These species have been postulated, for ex-
ample, in the photo-oxidation of isopro-
panol (45, 46) and production of hydrogen
peroxide (47), and have been verified in the
presence of oxygen and illuminated TiO,
via the production of H,O, (48), alcohol
scavenging (/3), and electron spin reso-
nance (49, 50).

(3) The substitution of OH for Cl on chlo-
rinated hydrocarbons is known to occur
over oxide catalysts at elevated tempera-
tures (57). It is reasonable that an activated
species such as the hydroxyl radical could
attack the C-CI bond. Subsequent keto-
enol tautomerization of the resulting vinyl
alcohol is then expected.

(In homogeneous gas phase photochemi-
cal studies, trichloroethylene and oxygen in
uv light (wavelength unspecified) yielded
dichioroacetyl chloride (CLHCCOCI) (52);
that is, no chiorine loss occurred. In the
presence of molecular oxygen and simu-
lated solar illumination (A = 300 nm), no
conversion of tetrachloroethylene was ob-
served; however, in the presence of hy-
droxyl  radical, dichloroacetylchloride
(CLHCCOCI]) was formed (53) (Eq. (7)),
analogous to our proposed Eqs. (8a.,b) for
DCA appearance.)
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with the photoproduced electron (53, 56).

Ct Cl Cl OH

VoL on e eed We suggest that on the sites for which chlo-

C/ }: CI/ (\:' rine and oxygen compete (the metal sites),
| |

@)

Il
— Cl—C —C—Cl + oCl
|
H

(4) Adsorption of chloride ion as HCI on
illuminated TiO; has been shown to de-
crease the photoadsorptive capacity for ox-
ygen (54), which adsorbs as O, by reaction

the chlorine atom may also react with an
electron as in Reaction (4-7). Alternately,
Egs. (4-4) and (4-7) may yield chloride di-
rectly. This reaction closes the photocata-
lytic cycle in the intermediate formation;
both the hole and electron have been con-
sumed.

The stability of dichloroacetaldehyde in
solution with TiO, in the dark, as opposed
to its complete degradation under continu-

TABLE 4

A Photocatalyzed Route to Dichloroacetaldehyde (Proposed)«

) + —
T102+hv:_’h(s)+e‘51 (4-1}
- . 4~
OH(S) + h(s)—> OH(S) {4~2)
¢
N/
—> c=C (4-3)
/ 0\
Ct H{S§)
cr Cl OH
/ N/ c
/c-c\ +0OH o — /c-c\ v oClig, (4-4)
Cl H{s) Ci H |(S)
¢l OH cr o
/ Il
c=C — - CI—C_C—H(S) (4-5)
\ |
Cl H I{S) H
90
CI—(l:-—C_H(S) - (4-6)
H
.Clt‘s) +t e CI(-S} {4-7)
Clg o (4-8)

7 Boxed species were observed in solution.
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ing illumination, implicates some photo-
generated species in its further degradation.
One possibility for breaking the carbon-
carbon bond involves formation of dichlo-
roacetic acid (V) and its subsequent decom-
position:

T
Cl——(lj——C~H + ‘OH —

H
Cl O
Cl-é—— (uj—OH +-H (8a)
how
Cl O
CI——(|J—(“Z—OH -
h
Cl
Cl—é’——H + CO, (8b)

H

Krauetler and Bard have observed the de-
composition of organic acids to CO; and the
corresponding alkanes in deaerated aque-
ous suspensions of TiO, under uv-illumina-
tion (45). Traces of molecular hydrogen
were also observed. We have confirmed
methane and carbon dioxide production in
the decomposition of acetic acid in this lab-
oratory (I7). Thus, the decomposition of
the acid suggested in Eq. (8b) is feasible.
Since alcohol hydroxyls appear to bind
more strongly on TiO, than aldehydes or
ketones (4), a strong binding caused by the
acid hydroxyl could explain why the acid
was not observed in solution.

The details of the continued degradation
reaction are unclear; it is likely that contin-
ued attack by hydroxyl groups occurs.
Phosgene (COCl,) and chloroform (CHCl;)
have been observed in the vapor phase re-
action between -OH and tetrachloroethyl-
ene (53). Since phosgene decomposes rap-
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idly in water

COCl; + H,O — CO, + 2HCl (9)
and chloroform is converted under our re-
action conditions to CO, and chloride ion
(10), neither phosgene nor the Cl,CH, prod-
uct suggested in Eq. (8a,b) would be ob-
served in the illuminated TiO; slurry.

Subsequent experiments in our labora-
tory (60) have demonstrated that the pres-
ence of molecular oxygen is required for
the continual, complete mineralization of
trace partially chlorinated hydrocarbons to
CO, and HCI. The corresponding stoichi-
ometry for trichloroethylene mineralization
to CO, and HCl is given by Eq. (10).

CCLCCIHH + H,0 + 30, —

2C0O; + 3HCL (10)
Although air was not purged through the
liquid during these experiments, molecular
oxygen may have entered by two routes.
First, at the time of addition of fresh liquid,
or of catalyst, replacement of the helium
headspace vapor by air (see Fig. 1, sam-
pling vessel) would have provided sufficient
oxygen for Eq. (10). Additional molecular
oxygen may have been supplied by the
Teflon tubing, since this material may dis-
solve molecular oxygen. Subsequent exper-
iments with an all glass recirculation loop
(60) have verified the need for molecular
oxygen in Eq. (10}, and these are reported
in a companion paper. We note again that
the closure obtained on the chlorine bal-
ance (Table 1), the lack of any intermedi-
ates other than DCA, and the establishment
of CO, production (by Ba(COs); formation)
verifies that total mineralization to CO, and
HCI was obtained here, as indicated by Eq.
(10).

Theoretically, a mass balance can be
written for mineralization of trichloroethyl-
ene using water as an oxidant (Eq. (11)).

CCI,CCIH + 4H,0 —

2C0O; + 3HCI + 3H, (11
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Conversion of 50 ppm TCE according to
Eq. (11) would produce 2.25 ppm H;, corre-
sponding to about 16 ml of this nearly insol-
uble gas. The lack of observed gas evolu-
tion when 50 ppm or more TCE was
converted to CO, and HCI, in the system of
Fig. 1 or in an all glass system (60), indi-
cates clearly that Eq. (11) is not a major
reaction. (The chlorinated hydrocarbon
may be attacked by the photoactive sur-
face, in the absence of oxygen, but the reac-
tion is self-poisoning; the inhibition is elimi-
nated by subsequently supplying molecular
oxygen (60).

CONCLUSIONS

(1) We have demonstrated the complete
degradation of trichloroethylene and dichlo-
roacetaldehyde by photoassisted hetero-
geneous catalysis over titanium dioxide,
and identified the major products as the in-
organic species carbon dioxide and chloride
ion.

(2) We have determined reaction rates
quantitatively with respect to both catalyst
surface area and illumination intensity. The
turnovers accomplished for TCE indicate
that this conversion is a catalytic reaction.
A rate expression accounting for the inhibi-
tory effect of chloride on TCE disappear-
ance was presented, and the chloride and
TCE adsorption coefficients were calcu-
lated.

(3) We have suggested a mechanism for
the formation of dichloroacetaldehyde
which invokes observed intermediates and
accounts for the participation of photo-
generated holes and electrons in the reac-
tion. A reaction which rationalizes the car-
bon-carbon bond breaking step, required
for CO, production, was also suggested.

Finally, we note again that a potential ex-
ists for the application of heterogeneous
photoassisted catalysis in removal of chlo-
rinated hydrocarbons such as TCE (present
work) and chloroform (/0) from water. The
reaction conditions are mild, the reaction
times modest, and of greater importance,

PRUDEN AND OLLIS

the reaction products are innocuous inor-
ganic species.
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