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The photoinduced decomposition of trichloroethylene
adsorbed on Ca-montmorillonite by long-wavelength UV
irradiation has been studied in a quartz tube open to air or
through which air or oxygen is passed. Solid-sample

and liquid-solution NMR techniques were used to identify
apparent products or intermediates of the photodecom-
position. Dichloroacetic acid was identified as a major
organic product/intermediate; substantial amounts of
pentachloroethane and trichloroacetic acid were also
identified. The formation of CO, was characterized
quantitatively by wet chemical analysis. About 40% and
57%, respectively, of the total carbon of trichloroethylene
was converted to carbon dioxide in air and O, environments
over a period of 16 days. Phosgene and HCI were also
detected. The photodecomposition of trichloroethylene
adsorbed on whole soil, on Zn?*-exchanged and Cu?*-
exchanged montmorillonites, on kaolinite, and on silica gel
was also examined in less detail; qualitatively, the
conversion of trichloroethylene to dichloroacetic acid in a
48-h period occurred with the following order of decreasing
efficiencies: ZnZ"-montmorillonite > silica gel > kaolinite >
CaZz*-montmorillonite > whole soil > Cu?*-montmorillonite.
These results show that the photoinduced decomposition
of adsorbed trichloroethylene occurs on a variety of
adsorbents, generating products and intermediates that
are similar to what have been reported previously for TiO,-
based photodecomposition but with much longer time
scales. These conversions can, therefore, be expected to
occur in sunlight at the air—soil interface.

Introduction

Trichloroethylene (TCE), an Environmental Protection Agency
(EPA) priority pollutant (1), has been used in a wide range
of industrial processes, e.g., for degreasing metals and for
dry cleaning (2). Asaresult of its leaking from underground
storage tanks and improper disposal practices, TCE has been
identified in at least half of the sites of the National Priorities
List (Superfund sites) (3, 4) and represents one of the most
frequently detected contaminants of national concern in
hazardous waste sites (5). Consequently, it is important to
know the chemical behavior and fate of TCE in the environ-
ment. One aspect of this complex issue is photochemical
behavior of TCE at the air—soil interface.

In addition to the development of bioremediation tech-
niques aimed at degrading TCE in groundwater (6, 7),
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extensive research has been reported on the photoassisted
decomposition of TCE on TiO(s) photocatalysts as an
alternative environmental remediation method to destroy
TCE efficiently (8—17). In the reported studies, the photo-
catalytic oxidation of TCE in low concentration (ppm level)
was investigated at TiO,(s) interfaces with the gas phase
(including air or oxygen), or with an aqueous solution, by
such instrumental methods as IR (11—-13, 16), GC (16, 17),
and MS (13, 14, 16). The “total mineralization” of TCE to
CO;and HCI has been reported for some conditions (18, 19).
Intermediate products have also been observed during the
photodegradation of TCE on TiO(s) catalysts; among them
are dichloroacetic acid, dichloroacetyl chloride, dichloro-
acetylaldehyde, trichloroacetic acid, trichloroacetylaldehyde,
phosgene, and other products (11—17). Various mechanisms
have been proposed for TCE photooxidation on a TiOx(s)
surface. Some researchers have suggested that hydroxyl
radicals or hydroperoxide radicals initiate the decomposition
of TCE (12, 19). Other researchers have suggested that TCE
is oxidized in chain reactions initiated by chlorine atoms
(13, 14, 20) or that TCE is oxidized on TiO,(s) by electronically
activated O; (11). Recently, Raftery and co-workers (21,22)
reported an in situ solid-state 13C NMR (nuclear magnetic
resonance) study of the degradation of *C-labeled TCE, in
which they characterized the reactions of TCE over TiO(s)
photocatalysts and identified reaction intermediates and
products in the complex surface chemistry.

High-resolution solid-state NMR techniques (23) have
begun to emerge among the host of investigative methods
used in elucidating the interactions of organic pollutants
with soil or its major components (24—26). The orientation
of the study reported here is not the search for improved
remediation methodology but rather to find out what
photoactivated processes might occur with TCE at the air—
soil interface due to sunlight. The major focus of the work
presented here was to study the chemical behavior of
trichloroethylene on Ca-montmorillonite and, to lesser
extents, whole soil and other adsorbents, induced by ir-
radiation by long-wavelength UV light under conditions
similar to what might be experienced by TCE due to sunlight
at the air—soil interface. Because the TCE that was used in
this study contains **C in only its natural abundance (1.1%)
and because of the relatively low inherent sensitivity of NMR,
this study employed much larger loading levels than one
expects in naturally occurring samples in the environment.

One can expect that many, if not most, of the chemical
transformations observed in this study will also occur at much
lower (e.g., environmentally “relevant”) TCE concentrations,
especially since similar product/intermediate species have
been reported from previous studies based on other tech-
niques and much lower TCE loading levels; however, the
results of this paper cannot be extrapolated quantitatively
to lower TCE levels until the relevant kinetic orders are
determined. We believe that the results reported here can
provide useful information on important aspects of the
qualitative chemical behavior of a contaminated site. This
study shows that the same kind of photoinduced products
that have been reported previously from TiO,-based pho-
todecompositions can also be generated photochemically
fromtrichloroethylene adsorbed on soil components present
at the soil—air interface, albeit on a slower time scale.

Experimental Section

Materials. Trichloroethylene (ACS reagent grade) was
purchased from Fisher Chemical Company and used as
received without further purification. Ca-montmorillonite
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(STx-1) and kaolinite (KGa-1b) were purchased from the Clay
Minerals Repository of the University of Missouri at Columbia
and used as received. The chemical composition (wt %) of
the Ca-montmorillonite is SiO,, 70.1; Al,O3, 16.0; TiO,, 0.22;
Fe,03, 0.65; FeO, 0.15; MnO, 0.009; MgO, 3.69; CaO, 1.59;
Na;0, 0.27; K,0, 0.078; P,0s, 0.026; S, 0.04; and F, 0.084. The
chemical composition of the kaolinite is SiO,, 44.2; Al,Os,
39.7; TiOy, 1.39; Fe;03, 0.13; FeO, 0.08; MnO, 0.002; MgO,
0.03; Nay0, 0.013; K,0, 0.050; P,0s, 0.034; and F, 0.013. The
water contents of the Ca-montmorillonite (STx-1) and
kaolinite (KGa-1b) employed were 15% and 10%, respectively,
determined by weight loss upon dehydration at 150 °C under
vacuum (102 Torr). The Clay Minerals Repository provided
the following information on the clays: The Ca-mont-
morillonite has a surface area of 83.8 m?/g with 200—300
mesh particle size, and the kaolinite has a surface area of
10.1 m?/g with 200—300 mesh particle size. The interlayer
space is 15.17 A for Ca-montmorillonite and 7.11 A for
kaolinite, based on packed powder XRD results. The carbon
contents are less than 0.3% (~0.2% CO,) in both the Ca-
montmorillonite and kaolinite. Zn?*-exchanged and Cu?*-
exchanged Ca-montmorillonites were prepared by stirring
500 mL of 1.0 M ZnCly(aq) and 1.0 M CuClx(aq) solutions,
respectively, with 40.0 g Ca-montmorillonite (as received) at
25°Cforlday. Ineachexperiment,the resultingsuspension
was divided into six portions; each portion was washed with
250 mL of water and then centrifuged. The solids were dried
at 25 °C under vacuum (1072 Torr). The compressed air and
0O,(g) were obtained from General Air Company. Silica gel
(S679—500) was obtained from Fisher Chemical Company
and used as received. The soil sample was collected from
the Uncompahgre National Forest of southwestern Colorado,
about4in. belowthe “leaflitter”. Adetailed characterization
of this soil will be published elsewhere (27).

UV Source. The UV source is a 100-W long-wavelength
UV lamp (Model B-100Ap from UVP Inc, Upland, CA). The
intensity maximum of this UV lamp occurs at a wavelength
of 365 nm, with some intensity at 405 nm, 436 nm, and in
the visible region. The total intensity of the UV radiation is
about 20 mW/cm? with a 10-cm distance in air between the
sample and the UV source. The intensity of solar radiation
is about 136 mW/cm?, in which more than 70% of the intensity
is concentrated in the near-UV, visible, and near-IR regions
between 320 and 1000 nm (28).

Photodecomposition. In the main body of this study,
the photoinduced decomposition of TCE irradiated with UV
light was carried out in the following three modes: (1) open
to air, (2) under the passage of air, and (3) under the passage
of O,(g). For each of these three modes, a mixture of TCE
and Ca-montmorillonite with a 1:1 weight ratio (e.g., 2.00 g
of each) was placed in a quartz tube, which was connected
to awater-cooled condenser to minimize evaporation of TCE
during UV irradiation. The TCE was mixed with Ca-
montmorillonite as well as possible by tapping and shaking
the tube, left to stand in the dark for about an hour, and then
irradiated with the UV lamp for various periods of time. A
portion of the resulting mixture after irradiation was subjected
to solid-state *C NMR analysis. The remaining portion of
the solid was extracted with deuteriochloroform (e.g., 1.0 g
of the UV irradiated mixture was stirred with 5.0 mL
deuteriochloroform) at room temperature for ~12 h and
filtered. Thefiltrate was subjected to liquid-solution *C NMR
analysis. C NMR results obtained on a TCE/Ca?*-mont-
morillonite sample that had been equilibrated for 24 h, prior
toa24-hourirradiation, are qualitatively very similar to, albeit
quantitatively different than, an analogous sample equili-
brated for 1 h.

Detection of Gas Products. To detect the production of
suspected gas-phase products (CO,, HCI, and phosgene),
either air or Oy(g) was passed through the reaction vessel,

and the exit gas was analyzed. In the air case, before the air
entered the quartz reaction vessel, it was bubbled through
a trap containing a saturated aqueous Ba(OH), solution to
remove CO; in the air and then passed through a tower of
sodium hydroxide pellets to remove any remaining CO; and
to dry the air before being introduced via an adjustable flow
valve into the reaction vessel. On the exit side of the quartz
reactor tube, the gas (air or O,, plus volatile reaction products)
was passed through a series of traps in the following
sequence: (@) aqueous 1.0 M AgNOs solution (pH = 1) to
detect HCI via AgCI(s) formation; (b) two successive traps
with saturated aqueous Ba(OH), solution to detect CO; via
formation of BaCOxs(s), and (c) afinal trap containing silicone
oil to minimize diffusion of atmospheric CO; back into the
system. In a separate set of experiments, two successive
traps with aqueous aniline solution (0.02 M) were used to
detect phosgene via the formation of 1,3-diphenylurea.
NMR Spectroscopy. Solid-state *C NMR spectra were
obtained at 25.27 MHz by the DP-MAS technique (direct
polarization-magic angle spinning, i.e., no cross polarization)
with high-power *H decoupling, on a home-built 100 MHz
(*H frequency) spectrometer, using a Chemagnetics Phoenix
data system, with a 90° pulse length of 6.5 us and a recycle
delay of 3's. A Kel-F sample cell with an O-ring sealed cap
was inserted into a Chemagnetics 14 mm PENCIL rotor and
was used ata spinning speed of about 3kHz. Liquid-solution
1H and *C NMR spectra were obtained at 300.13 and 75.47
MHz, respectively, on a Bruker AC-300P spectrometer.

Results and Discussion

The photochemical degradation of TCE on Ca-montmoril-
lonite was initially examined under the following three sets
of conditions: (1) The reaction mixture of TCE and Ca-
montmorillonite in a quartz tube was evacuated at ~10—2
Torr to remove oxygen and then sealed; the sealed sample
was subjected to UV irradiation for 2 days. The solid-state
13C NMR spectrum of the resulting sample (Figure 1A) shows
only the signals of TCE at 116 and 123 ppm, for the CHCl and
CClI; carbons, respectively. No decomposition of TCE was
observed under these conditions. (2) The quartz tube
containing the reaction mixture of TCE and Ca-mont-
morillonite was sealed without evacuation and then was
subjected to UV irradiation. After 2 days of UV irradiation,
the solid-state 3C NMR spectrum, shown in Figure 1B,
displays new signals with very small intensity, in addition to
those of TCE; this indicates that photochemical degradation
of TCE has occurred to a very small extent in this system. (3)
The experiment was conducted with the system open to air,
as described in the Experimental Section; the solid-state 3C
NMR spectrum of the reaction mixture after 2 days of UV
irradiation (Figure 1C) shows large signals besides those of
TCE. These results indicate that oxygen and/or water is
necessary for the efficient photochemical degradation of TCE
over Ca-montmorillonite.

Studies of intermediates and products in the photocata-
lytic degradation of TCE over TiO,(s) have previously been
examined under various oxygen and water concentrations
(11, 29, 30). All experiments corresponding to the formation
of oxygen-containing intermediates and products, such as
dichloroacetyl chloride, phosgene, CO,, and CO, have been
performed at high oxygen concentration or in ambient air,
in the presence or absence of water (11, 13, 14, 16, 20).
In contrast, the formation of various chlorinated organic
intermediates/products, e.g., pentachloroethane, hexa-
chloroethane, tetrachloroethylene, CHCI3, and CCl,, which
do not contain oxygen, were observed at relatively low oxygen
concentrations (29, 30).

The decomposition of TCE on Ca-montmorillonite de-
scribed in case (3) above (Figure 1C) is apparently due to
photooxidation. In the absence of the UV irradiation, no
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FIGURE 1. Solid-state *C DP-MAS NMR spectra of TCE adsorbed
on Ca-montmorillonite after 48-h UV irradiation with the system (A)
evacuated at 102 Torr and sealed; (B) sealed without evacuation;
(C) opento air (each spectrum was obtained with a 90° pulse length
of 6.5 us, a recycle delay of 3 s, and 10 000 scans.); and (D) liquid-
sample C NMR spectrum of liquid TCE after UV irradiation for 48
h (1000 scans); the large intensity difference between the two sp?
peaks (116 and 123 ppm) is due to differences in spin lattice relaxation
and NOE behaviors.

decomposition was detected for a sample of TCE adsorbed
on Ca-montmorillonite over a period of weeks. Many studies
have been reported on the gas phase and aqueous-solution
oxidation of TCE in which control experiments showed no
photooxidation of TCE under UV irradiation (1 > 290 nm)
in the absence of a catalyst (11, 13, 16, 20). Nevertheless, a
control experiment was carried out in this study in the
absence of clay or any other solid adsorbent, i.e., the
photodecomposition of pure liquid TCE under the conditions
described in case (3) above. Surprisingly, about 10% of the
TCE was decomposed, mainly converted to dichloroacetyl
chloride, dichloroacetic acid and trichloroethylene oxide
(trichlorooxirane), during a 48-h UV irradiation (Figure 1D);
this can be compared to >95% for the Ca?"-montmorillonite
case (or >98% for the silica case). Since the wavelengths of
the available intensity of the UV source in this study are
above 360 nm, the photodecomposition of trichloroethylene
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on Ca-montmorillonite cannot be due primarily to a direct,
homogeneous photooxidation of TCE.

Figure 2 shows solid-state 3C NMR spectra of TCE/Ca-
montmorillonite samples after UV irradiation for various
periods of time with the system open to ambient air, as
described in the Experimental Section. Figure 2A shows the
13C NMR spectrum of TCE/Ca-montmorillonite before UV
irradiation; this spectrum displays only the two peaks at 116
and 123 ppm due to two sp? carbons of TCE. After UV
irradiation for 6 h, some small *3C signals, in addition to
those of TCE, are seen (Figure 2B). With increasing irradiation
time for 12,24, and 48 h (Figure 2 (parts C—E)), the intensities
of these signals increase, as the intensities of TCE peaks
decrease. The major signals of the photooxidation products
at 65 and 168 ppm are assigned to dichloroacetic acid; the
signals with relatively small intensities at 80 and 100 ppm
are assigned to pentachloroethane. These assignmentswere
confirmed by liquid-solution *C NMR spectra of chloro-
form-d extracts. Upon continued irradiation to 3 days (72
h), the TCE signals at 116 ppm and 123 pm disappeared
(Figure 2F); liquid-solution *C NMR of the chloroform-d
extract of the 72-h irradiated sample and an authentic sample
confirmed that the shoulder at 166 ppm and the signal at 90
ppminspectrum of Figure 2F are due to trichloroacetic acid.
The intensity-vs-time patterns in Figure 2 suggest that
formation of trichloroacetic acid may result from the
photooxidation of pentachloroethane. The TiO,(s) catalyzed
photooxidation of pentachloroethane to trichloroacetic acid
under UV irradiation has been reported previously by Nimlos
et al (13, 20). Table 1 summarizes the product distribution
of the TCE photodegradation on different catalysts or
adsorbents.

Further irradiation of the TCE/Ca-montmorillonite system
results in the decomposition of dichloroacetic acid and other
products into volatile species (e.g., CO2, HCI, phosgene, etc.),
which escape from the system. Solid-state 3C DP-MAS
spectra of the samples prepared with irradiation times of 5,
10, and 20 days (Figures 2G, 2H, and 21) show that the total
NMR-detectable 1°C signals are dramatically decreased during
the prolonged UV irradiation periods. In addition to loss of
signal intensity, an apparent peak broadening can be seen
in the spectra corresponding to the samples irradiated for 10
and 20 days (Figure 2 (parts H and 1)). The observed line
broadening might result from reactions of dichloroacetic acid
and trichloroacetic acid with surface hydroxyl groups to form
surface-bound species, with a variety of local structures; the
resulting surface-based *3C chemical shift dispersion could
provide a source of inhomogeneous broadening. The
suggestion that the broad peaks in Figure 2 (parts H and 1)
are due to surface-bound species is supported by the fact
that, when the sample of Figure 2H was extracted with
deuteriochloroform (which should remove physisorbed or
nonadsorbed species), the broad peaks remained in the $3C
NMR spectrum (not shown here) of the extraction residue.
The formation of ester linkages between the intermediates
and the surface has been reported previously for the TiO(s)
photodegradation system (21, 22).

The Ca-montmorillonite catalyzed photodecomposition
of TCE in this study occurs over a period of days; in contrast,
the TiO,(s) catalyzed photodegradation of TCE under similar
conditions is complete in a period of hours. Dichloroacetyl
chloride, trichloroacetyl chloride, dichloroacetylaldehyde and
trichloroacetaldehyde have been observed previously as
intermediate products in the TiO,(s)-catalyzed photooxida-
tion of TCE (1117, 21, 22). None of these products were
detected in the solid-sample *C NMR experiments of this
study. The absence of dichloroacetyl chloride could possibly
be due to its hydrolysis to dichloroacetic acid under the
influence of moisture in the clay and in air; dichloroacetic
acid is a major photooxidation intermediate/product found
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FIGURE 2. Solid-state *C DP-MAS NMR spectra of TCE adsorbed on Ca-montmorillonite after UV irradiation for various periods of time,
as indicated. Each spectrum was obtained with a 90° pulse length of 6.5 us, a recycle delay of 3 s, and 10 000 scans.

in this study, while Raftery and co-workers found that, in the
photooxidation of TCE in the presence of O, and powdered
TiO; catalyst in a sealed tube, dichloroacetyl chloride was a
major long-lived intermediate (21, 22).

It is not clear on the basis of the present results what the
precise role of Ca-montmorillonite is in the photoinduced
conversions. Clay minerals are major soil components that
typically have large surface areas, strong adsorbing properties,
and important catalytic characteristics. The basic structure
of Ca-montmorillonite is composed of parallel stacked sheets,
each being a composite of two tetrahedral layers and one
octahedral layer, with an interlayer space in which water
and hydrated metal ions (e.g., Ca?*) are situated (31).

Due to their layered silicate structure and cation-
exchanged properties, clays can have oxidizing centers, e.g.,
Fe3* ions or silyloxy radicals (O3SiO*) on their surface and in
the interlayers (32). Such species conceivably can initiate
free radical processes. It has been reported that a single
electron-transfer mechanism is operative for the oxidative
dechlorination and dimerization of 4-chloroanisole on clays
(33). The presence of radical intermediates in the clay—
organic complex was confirmed by ESR and IR spectroscopy.
Furthermore, the observation of the photooxidation product,
pentachloroethane, in this study suggests that a mechanism
involving chlorine atoms might be operative in the system
on which we are reporting here. According to this kind of
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TABLE 1. Product Distribution in the Photoassisted Decomposition of TCE under Various Conditions

detection
system studied method major products ref

TCE/TiOz (in oxygen) NMR carbon dioxide, carbon monoxide, dichloroacetyl chloride, (21), (22)
dichloroacetic acid,
pentachloroethane, phosgene, trichloroacetic acid

TCE/TiO> (in oxygen) IR carbon dioxide, carbon monoxide, dichloroacetyl chloride, (11), (20)
phosgene, hydrochloric acid

TCE/TiO- (low oxygen concn) MS carbon tetrachloride, chloroform, hexachloroethane, (29
pentachloroethane, tetrachloroethylene

TCE/TiO; (in water) GC/MS dichloroacetaldehyde, dichloroacetic acid, trichloroacetaldehyde, (34)
trichloroacetic acid

TCE/Clay, TCE/Soil (ambient air) NMR carbon dioxide, dichloroacetic acid, pentachloroethane, phosgene, this study
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FIGURE 3. Conversion of the carbon content of TCE to CO,, monitored as a function of UV irradiation time.

hypothesis (13, 30), a Clatom adds to the carbon atom bonded
to hydrogen.

CICH=CClI, + CI' — Cl,CHCCI,’

The resulting alkyl radical would combine with another
Cl atom or abstract a chlorine atom from another source to
produce pentachloroethane.

Cl,CHCCI," + CI — Cl,CHCClI,

The gas-phase products produced from the photooxi-
dation of TCE over Ca-montmorillonite were detected
through analysis of the contents of a series of traps containing
(1) aqueous aniline solution, (2) 1.0 M AgNOs(aq), and (3)
Ba(OH)2(aq), as described in the Experimental Section. In
both cases, with air or oxygen used as a carrier gas, detection
of 1,3-diphenylurea in the aniline trap by liquid-sample 13C
NMR indicates the production of phosgene from the pho-
tooxidation reaction (34). Small quantities of phosgene were
detected in this study; i.e., 0.22 mmol of phosgene was formed
(from 15 mmol TCE) when O(g) was used as a carrier gas
over a 20-day period, while 0.18 mmol of phosgene was
detected when air was used as a carrier gas over a 20-day
period. The low yield of phosgene in this study could result
from the reaction of phosgene with ambient moisture (H,0)
toyield CO, and HCI. Raftery and co-workers have reported
that adsorbed water in the TiO; catalyst was found to greatly
reduce the formation of phosgene (22).
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An aqueous AgNO; solution was used to trap HCI formed
from the decomposition of TCE; in both cases, when either
air or O(g) was used as the carrier gas, very small amounts
of AgCI(s) were found. Perhaps much of the HCI produced
from the photooxidation is absorbed on/in the Ca-mont-
morillonite and is not released. This view is supported by
the fact that, when the solid sample resulting from photo-
decomposition was washed with water, a large amount of
AgCI(s) was formed when AgNOs(aq) was added to the
aqueous wash. In contrast, an agueous wash of the original
(UV-irradiated) clay yielded only a minor cloudiness, no
precipitate, when treated with AgNOs(aq).

When either air or oxygen was used as the carrier gas,
large amounts of white precipitate were observed in the first
Ba(OH).(aq) trap that follows the AgNOs(aq) trap in the
decomposition of TCE. The trapping efficiency of CO; by
Ba(OH)(aq) in the first such trap was confirmed by the fact
that little precipitate was observed in the second Ba(OH),-
(aq) trap.

Figure 3 shows plots of the percentage of the total carbon
of TCE converted to carbon dioxide vs irradiation time. In
the case in which a flow of air was employed, it was
determined that the TCE-to-CO; conversion over a 16-day
period was ~40%. In the case in which a flow of O,(g) was
employed, ~57% of the TCE was converted to CO, over a
16-day period. By comparison, in the photooxidation of the
TCE reported by Raftery and co-workers (22), the yield of
CO, was calculated to be 50-60% of the initial TCE
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FIGURE 4. Solid-state 3C DP-MAS NMR spectra of TCE on (A)
whole soil; (B) Zn?*-exchanged montmorillonite; (C) Cu?™-exchanged
montmorillonite; (D) kaolinite; and (E) silica gel, after UV irradiation
for 48 h. Each spectrum was obtained with a 90° pulse length of
6.5 us, a recycle delay of 3 s, and 10 000 scans.

concentration over a 4-h period, when TiO; was used as a
catalyst.

The photoinduced decomposition of TCE on a whole soil
yields a set of degradation products that is similar to those
produced in the photoinduced decomposition of TCE on
Ca-montmorillonite. The '3C DP-MAS spectrum shown in
Figure 4A was obtained from the mixture of TCE and whole
soil after 48 h of UV irradiation with the system open to
ambient air. In addition to spectral features due to some
unreacted TCE (peaks at 117 and 124 ppm), the major peaks
at 65 and 170 ppm in Figure 4A are due to the formation of
dichloroacetic acid. One can see two shoulders at 72 and
166 ppm, which might correspond to the formation of
chemical linkages between dichloroacetic acid and humic
materials.

To estimate the efficiency of other solid substrates on the
photodecomposition of TCE, Zn?"-exchanged and Cu?*-
exchanged Ca-montmorillonites were also examined. Figure
4 (parts B and C) shows the solid-state *C DP-MAS spectra
of samples of TCE adsorbed on Zn?*-exchanged and Cu?*-
exchanged montmorillonites after 48 h of UV irradiation with

the systems open to air. The spectrum of the sample based
on Zn?*-exchanged montmorillonite (Figure 4B) displays
features that are very similar to those of the corresponding
Ca-montmorillonite sample (Figure 2E); the TCE peaks at
116 and 123 ppm are gone, and the major products are
dichloacetic acid at 65 and 169 ppm and pentachloroethane
at 80 and 100 ppm. However, in the spectrum of the sample
based on Cu?"-exchanged montmorillonite (Figure 4C), large
TCE peaks are still present, which implies that Cu?* is not
as efficient as either Zn?" or Ca?" in promoting the photo-
oxidation of TCE on montmorillonite under these experi-
mental conditions. It is not clear if decreased efficiency of
the photooxidation is due explicitly to the properties of Cu?*
sites or due to the change of adsorption properties of the
Cu?*t-exchanged clay from those of the original Ca-mont-
morillonite.

Photodecomposition of TCE adsorbed on kaolinite (as
received) and on silica gel (10 wt % water added) were also
examined with the systems open to air and 48 h of UV
irradiation. The solid-state 3C DP-MAS NMR spectra of the
TCE/kaolinite mixture and TCE/silica gel mixture after 48 h
of UV irradiation are shown in Figure 4 (parts D and E). In
both cases, TCE was decomposed, and dichloroacetic acid
was found to be the major product.

While the time scale is roughly an order of magnitude
longer in the studies reported here than for the photoinduced
decomposition of trichloroethylene on TiOx(s), what appear
to be similar photodecomposition processes seem to occur
on soil and soil components. Thus, these results provide
qualitatively useful information on the likely chemical
behavior of TCE at the air—soil interface. As far as envi-
ronmental quality is concerned, dichloroacetic acid is a
known animal carcinogen, and its potency is greater than
that of TCE (35, 36). Furthermore, *C NMR is seen to be well
suited to elucidating interesting and important chemical
details of these processes.
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