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The Non-sensitized Photo-oxidation of Trichloroethylene
in Air
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The non-sensitized photo-oxidation of trichloroethylene has been
kinetically investigated. The results can be interpreted in terms of
a chain reaction which probably is initiated by a reaction between
an excited trichloroethylene molecule and another trichloroethylene
molecule in the ground state. The chain reaction yields mainly dichloro-
acetyl chloride, the maximum quantum yield of which is found to
be about 20 at high partial pressures of trichloroethylene and oxygen.
The quantum yield of phosgene is about 1/5 of that of dichloroacetyl
chloride.

Since Erdmann’s early work! several studies on trichloroethylene photo-
oxidation have been reported. The gas-phase reaction sensitized by
chlorine has been investigated by Miiller and Schumacher 2 and by Huybrechts .
and Meyers.® To explain the chain initiation and propagation the following
steps are proposed in both papers:

Cl+4C,HCl, — C,HCl,

C,HCl,+ 0, —> C,HCL0,

To complete their scheme Miiller and Schumacher propose steps that contain
only one radical per step (even in the terminating one), whereas Huybrechts
and Meyers in order to allow for the facts that the oxidation rate is propor-
tional to I, and the chlorination rate to I}, assume both propagation and
termination steps which are bimolecular regarding the radical C,HCl,0,.
As in the non-sensitized oxidation the initiating and also the terminating
reactions might be different to those of the chlorine-sensitized one, we have
felt the former to be worth a kinetic study. Not only for scientific reasons is
the reaction interesting; in workshops where welding and degreasing by
means of trichloroethylene are going on simultaneously health hazards may
occur 4 and emission of trichloroethylene vapour is supposed to be one cause
of the formation of photochemical smog.? As in these cases the partial pres-
sure of trichloroethylene is very low (of the order of 1074 atm or lower) and
since so far as we know all earlier studies of the non-sensitized oxidation
have concerned the liquid or concentrated vapour phases only, we have
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in this investigation used partial pressures of the same order of magnitude
as the threshold limit values of trichloroethylene (~10"4 atm). This turned
out to be the very range where the concentration of trichloroethylene is
beginning to influence the value of the quantum yield strongly. From a practical
point of view it is also important to know how the quantum yield depends on
the wave-length of the exciting light, as the spectra of different welding
arcs differ widely. The wave-length dependence of the quantum yield may
also throw some light on the nature of the primary process.

EXPERIMENTAL

For each experiment freshly distilled, unstabilized trichloroethylene was fetched
direct from the plant to which this laboratory is connected. The purity of the samples
was always better than 99.9 9, the impurities being mainly chloroform, 1,1,2-trichloro-
ethane, and perchloroethylene.

As a light source for the photochemical experiments a deuterium lamp (originally
intended for a Beckman DU spectrophotometer) was used in most cases. The reaction
vessel was placed at the exit slit of a Bausch & Lomb 500 mm Grating Monochromator
(the grating blazed at 2000 A) and could easily be pushed out of the light path in which
— behind the reaction vessel — a photomultiplier was placed in order to monitor the
intensity of the light. The reaction vessel was a cylindrical flow-through cuvette (length
100 mm, internal diameter 38 mm). The front and back windows were made of synthetic
silica (Suprasil) and the cylinder of Pyrex glass. The inlet and outlet tubes were placed
about 1 em from each window. The gas mixture was fed to the vessel through the tube
near the front window. The photomultiplier (RCA 931-A) was made sensitive to UV
below 3000 A by means of & thin layer of sodium salicylate sprayed on the tube (about
1 mg/em?). This should give the photomultiplier a response proportional to the incident
light intensity (quanta/cm? sec) and independent of the wave-length according to
Watanabe and co-workers.®’ The salicylate layer was protected against oxidation,
dust and mechanical damage by surrounding the tube with a nitrogen atmosphere inside
a small housing with a Suprasil window. The ratio between the absolute light intensity
and the anode current was determined by means of potassium ferrioxalate actinometry
at 2537 A.® All runs were performed at about 25°C.

Because of the pronounced tendency of trichloroethylene, and still more its oxidation
products, to adsorb on the walls of the reaction vessel the experiments had to be performed
with streaming gas mixtures. This made it possible to keep the partial pressure of tri-
chloroethylene at a constant level throughout an experiment and to avoid inner filter
effects by the presence of absorbing products. The amount of light absorbed could thus
be easily calculated from the partial pressure of trichloroethylene, its absorption coefficient
at the wave-length used and the anode current from the photomultiplier, when the cuvette
was pushed out of the light path. The gas mixtures were prepared by means of a flow
dilution system in which a small current of air was saturated with trichloroethylene
at room temperature and fed together with the diluting gas into a mixing flask where
the hold up time was at least 1 min. The partial pressure of trichloroethylene in the
mixtures was varied between 40 and 3000 patm. The flow rate through the reaction
vessel was in most cases about 20 ml/min. In the gas leaving the cuvette usually two
products were determined, dichloroacetyl chloride (DCAC) and phosgene. DCAC was
absorbed in isopropyl alcohol and the ester then formed was determined by means of
gas liquid chromatography using electron capture detection. The samples for phosgene
determination were taken out of the effluent gas flow with a gastight Hamilton syringe
and immediately analyzed in the same chromatographic equipment. In both cases silicon
oil DC-200 was used as a stationary phase. The analytical methods will be described in
full details elsewhere.® As DCAC is very strongly absorbed in all kinds of soft tubings,
the connection between the reaction vessel and the absorption train containing the
alcohol had to be an all-glass one. This glass connection was also furnished with a short
branch tube closed by means of a piece of Viton tubing through which the needle of the
Hamilton syringe could be inserted into the gas flow.
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RESULTS AND DISCUSSION

Earlier investigations have shown that the stoichiometry of the main
reaction is properly described by

C,HCl;+ {0, —> C,HCL,0

where C,HCL;0 is DCAC or — at least in the liquid phase reaction — tri-
chloroethylene epoxide. By consecutive or side reactions certain amounts
of phosgene, hydrogen chloride, and carbon monoxide are also formed.

C,HCl, -+ 0, —> COCl,+HCl + CO

That this general picture is valid for the non-sensitized gas-phase oxidation
too, was confirmed not only by our kinetic data regarding DCAC and phosgene
but also by a few experiments, in which the total amount of easily hydrolysable
or free chloride and the amount of epoxide were determined. The chloride
determination was done by absorbing the effluent gas in water and titrating
with AgNO, (potentiometric indication). According to the reaction formulae
above the titratable chloride amount should equal the amount of DCAC+-3 X
the amount of phosgene formed. For the epoxide determination a train of
absorption vessels containing sodium iodide in acetone was connected to the
outlet of the reaction cuvette. As the epoxide gives 1.5 mole I, 1 the amount
of epoxide formed should be given by (iodine formed — phosgene absorbed):1.5.
The results of these measurements are given in Table 1.

Table 1. Analytical experiments.

Determination Run No. 1 Run No. 2 Run No. 3
DCAC mole/min 366x10° 89 x 107 —
Phosgene » 60x 107 18 x 10710 6x 10710
Total CI™ expected » 546 107 143 x 10710 -
Total CI” formed » 500x 10~* 120 x 1070 —
Epoxide » 40x 107 — 7x 10710

The very different amounts of products in the three runs are mainly
due to differences in light intensity. The discrepancy between found and
expected chloride is not too large to be ascribed to experimental error, and
the results thus indicate that there is no other significant path to hydrogen
chloride than the one that also gives phosgene.

Although the epoxide can rearrange to DCAC even at the temperature
at which the runs were performed (~25°C), the time for the gas to flow from
the inlet of the reaction vessel to the absorption train is too short for the rear-
rangement to take place to any appreciable degree and the conclusion may
thus be allowed that the main path of the oxidation is to DCAC directly and
not via the epoxide.
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different py. I, at different Ptri- Symbols the same
{(+) pui= 40x107* atm. as in Fig. 1.

(O) Pi= 1T5x107° atm.
() Peri= 400x 10~° atm.
(A) P =3000x10~% atm.

Hence the kinetic investigation was restricted to the rate of formation (v)
of DCAC and phosgene. In Figs. 1—2 the measured rates are plotted against
the amount of light absorbed per minute in the reaction vessel ([aps) at
constant partial pressures of oxygen and trichloroethylene. It is quite evident
that the velocities of formation of both DCAC and phosgene are linearly depen-
dent on the absorbed light intensity, as is the case in the chlorine-sensitized
reaction. )

On the other hand the straight lines generally do not pass through the
origin but cut the v-axis at negative values, 7.e. there is some dark reaction
consuming the products of the photochemical one at rates vy, which are almost

Table 2. Rates of product-consuming dark reaction at different py.

P X 108 v3 (DCAC) x 10 vg (COCl,) X 10%°
(atm) (mole/min) (mole/min)
i
40 0.63 t —0.03
75 3.25 0.48
400 14.48 1.92
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independent of the concentrations of DCAC and phosgene. From Table 2
it seems obvious that a correlation exists between the partial pressure of
trichloroethylene and v; for both DCAC and phosgene. This correlation
suggests the presence of some minor impurity present in trichloroethylene,
capable of reacting with acyl chlorides. The dark reaction was not further
investigated.
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How the photochemical reaction rate depends on the partial pressure of
trichloroethylene is shown in Fig. 3. Here the values of I..s/v (where
¥ =Umeasurea +¥4q) are plotted vs. 1/pyi. For both DCAC and phosgene the
plots fit reasonably to straight lines, the equations of which can be transformed
to:

2770 ptri . N
) abe = 20 — - Fti
vpeac/Lavs 152770 pus moles/einstein
2510 Py . .
o a = .7 —_—
veoct/Labs = 3 TT9510 pu; moles/einstein

The formulae should be valid at 1=2130 A and po,=0.2 atm. The unit for
P 18 atm. ’

The relation between the yields of phosgene and DCAC is in agreement
with the relation found in the chlorine-sensitized reaction.?,®* The fact that
vpcac and wcoq, are almost identical functions of pi.: suggests further that
the mechanisms of the oxidation to DCAC and to phosgene are essentially
the same, only differing in the last steps.

The oxygen-dependence has not been investigated systematically but
preliminary experiments indicate that the rate is changed very little by varia-
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Table 3. Runs at different oxygen pressure. py;=4x10™* atm. 1=2130 A.

Pos Tps X 101 Vpeac X 1010 Remarks
(atm) (einstein/min) (mole/mm)
4.6x1072 10.9 87.5 ‘
9.2x 107 11.0 83.5
2.0x 10 1.7 4.9
2.0x107? 1.7 6.3
2.0x 107 11.0 89.0 1 Interpolated from
Fig. 1b

% These values are somewhat higher than the corresponding value in Fig. 1b. This is not
surprising because of the low intensity, at which a change of v; causes a great relative change
in the measured v.

tions in the oxygen pressure above 107 atm. This can be seen in Table 3,
where the results of three runs with low oxygen pressure are presented together
with comparable data obtained at the oxygen pressure 0.2 atm.

For the chlorine-induced oxidation?® a fairly marked effect of changing
the oxygen pressure is evident already below 107! atm (at 363°K).

The apparent difference in oxygen dependence between the sensitized and
the non-sensitized oxidations may however well be an effect of temperature.
Thus, if the propagating and terminating steps proposed by Huybrechts and
Meyers ® for the chlorine-sensitized reaction were operative also in the non-
sensitized one, the pronounced oxygen-independence at 298°K and likewise
the order of magnitude of the maximum quantum yield would be a conse-
quence, as will be seen from below. Further this should explain the similar
stoichiometry in the two cases and why the rates of both reactions are pro-
portional to the first power of the light intensity.

Thus, to explain the kinetic results the following reaction mechanism
is proposed:

C,HClg+hy —> C,HCl,* Step 1
C,HCL*(4+M) —> C,HCl,(+M) » o2
C,HCl,*-+ C,HCl, —> (C,HCl, -+ C,HCl, —>)

— G,HCI, - Cl+C.HCI y 3
C14C,HCl, —> C,HCI, y 4
C,HCl,+4-0, —> C,H(1,0, » 5
C,HCL,0, —> C,HCl,+0, » 6
2 C,HCl, —> stable products » 7
C,HCI, + C,HC1,0, —> C,HCL0,C,HCI, » 8
2 C,HC1,0, ——> C,HC1,0,C,HCI, 1 0, » 9
2 C,HCL,0, —> 2 C,HCLO+0, » 10
C,HCl,0 —> C,HCl,0+4Cl » 1

In this scheme steps 4—11 are identical with steps 2, §—12, 14, and —9
proposed by Huybrechts and Meyers 3 to explain the kinetics of the chlorine-
sensitized oxidation. Assuming stationary state conditions and ks>
kg[C,HCL, ]+ (kg +414)[C.HCL,0,] the above scheme leads to the following kinetic
formula:
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(ky/ks) [C,HCLy]

abs A
*® T4 (ky/ky) [C.HCI]

Venain = Ky [C,HCLO] = T

2
e, kg ke Fy Tog?

big | Fong by [05] T T kg2 [0

where 4 =

From measurements at 363 and 403°K Huybrechts and Meyers? calculated:

log, (,’2:0—’];3 = — %57%01—,- +3.54

log, <I]CC—?> = — Z%%J)TOT" +4.03
logyg by = — ‘LL;;%T— +9.56

ogo (%5,%) = aror +314

By extrapolation to 298°K these equations give the following set of values:
kolleyy = 3 1072
kg ke/(k1g k5) = 8 x1078 mole/l and
ky ke?[(kyy ks2) = ~10718 mole?/I2

From this it is evident that the oxygen-dependent factor, A, i.e. the
quantum yield at high trichloroethylene pressures, will assume a maximum
value of 60 to 70 and half of this value at an oxygen pressure of about 6 x 105
atm. These estimates are not incompatible with the maximum yield found
{about 25) and the oxygen pressure at which a substantial lowering of the
rate was noticeable remembering the extreme extrapolation inherent in the
estimation.

Now turning to the deactivating step 2 and the chain initiating step 3
these explain the trichloroethylene dependent factor of the experimental
kinetic equations. We have also confirmed the formation of chloroacetylene
in the photolysis of trichloroethylene by means of gas liquid chromatography.
If the chain propagation and termination steps of the chlorine-sensitized
oxidation are the mainly operative ones even in the non-sensitized reaction
this implies that chlorine atoms or C,HCl, radicals are formed in the initiating
steps and further that the radical C,HCI, (if formed) should decompose almost
instantly. In the mixture of condensed products from the trichloroethylene
photolysis in absence of oxygen we have identified all the main bands in
the IR-spectrum of 1,1,2,3,4,4-hexachlorobutene-2 (m.p. 80°C). However the
mechanism of its formation, this product shows that dichloromethyl groups
are formed without the action of oxygen on trichloroethylene and thus, affords
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some evidence for the migration of a chlorine atom in one way or another in
the oxidation initiating steps.
Another initiating mechanism should also be considered:

C,HCl;+hy —> (C,HCl,+4-C1 —>) C,HCl1+2 Cl Step 1 a
Cl (4+M) — stable products » 2 a
Cl+ C,HCl, —> C,HCI, : y 4
ete.

With the same assumptions as earlier this scheme gives the following rate
expression:
2k, [C,HCl,]
Ak2a
VUchain = Iul;s - P) ok A
—_— —,_-——4
1+ A + Akza [CzHCIS]

As 2/A<L1, this formula is compatible with the experimentally found rela-
tionship. The dissociation of trichloroethylene upon excitation is analogous
to what has been assumed for cis-dichloroethylene ! and for tetrachloro-
ethylene.? The continuous appearance of the N—V-band of chloroethylene
spectra may also be a result of dissociation.!

Step 2 a on the other hand should be imagined as a series of reactions in
which the first one, the irreversible adhesion of Cl to the wall or some molecule
in the gas phase, is rate-determining. This step is quite hypothetical and does
not — to our knowledge — gain any support from published data. Further
if dissociation were the way of formation of chloroacetylene thisformation
should not be dependent of the trichloroethylene partial pressure,
but in fact it is. An estimate of this dependence was made in two photolysis
runs in which py;; was 3.2 X102 and 3.4 X 1074 atm, respectively. The relative
quantum yields were determined at essentially constant I..s by gas liquid
chromatography. At the higher pressure the yield was 3.1 times that of the
lower. The relation between the yields of DCAC at these two pressures is 1.8
according to the experimental formula given above. Evidently the formation
of chloroacetylene is at least as dependent on the trichloroethylene pressure
as is the oxidation and thus, if a dissociative mechanism is operative in the
oxidation initiation it has to be more complicated than the one discussed
above. Possibly chloroacetylene could be formed in a reaction between tri-
chloroethylene and the C,HCl,-radical, but from reasons already stated this
radical should be very short-lived (c¢f. Ref. 11). Hence the experimental results
favours the steps 1, 2, and 3 rather than 1 a and 2 a.

The continuous N—V-band of the spectra of chloroethylenes does not
necessarily imply that the molecules dissociate in the excited state. As the
V-state is twisted and its C—C distance longer than the C—C distance in the
planar N-state the molecules will—according to the Franck-Condon principle—
by N-V-excitation get into a multiplicity of close-lying vibrational states,
that would give the spectrum its continuous appearance.'4,18
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Fig. 4. Absorption spectra of chloroethyl-
enes. The measurements were made by
means of a recording spectrophotometer
and with streaming mixtures of vapour and
air through the cuvette. If the unit for the
partial pressure of the absorbing molecule
1s atm, the absorption coefficient is defined

by
T

L,
k=%emxy "Ing (em™)
a, cts-Dichloroethylene.

b, trans-Dichloroethylene.
¢, Trichloroethylene.
d, Tetrachloroethylene.

2000 2200 2400 2600

The wave-length 2130 A was chosen for the above-mentioned runs mostly
from practical reasons: as is shown in Fig. 4 the absorption coefficient of
trichloroethylene is rapidly decreasing with increasing wave-length above
2200 A and below 2100 A the output from the exit slit of the monochromator
rapidly became too low to make measurement convenient. However, as was
pointed out in the introduction, the wave-length dependence of the quantum
yield has both practical and theoretical importance, so some attempts have
been made to perform a few elucidative experiments regarding this dependence.
The conditions and results are presented in Table 4.

Table 4. Runs at different wave-lengths. po,=0.2 atm.

i Peri X 108 e X 1070 Upeac X 1010 Veoct, X 101 ’
(A) (atm) (einstein/min) (mole/min) (mole/min) |
| |

1930 326 1.7 6.6 | 0.68 J
2030 271 1.5 a J 0.59 !
2030 281 1.6 a 0.62 J
2130 306 1.7 6.3 0.79 |
2280 301 1.4 a 0.92 |
2280 283 1.4 a | 0.78 ,
2130 2700 4.2 102 J a |
2130 2960 4.2 85 a \
2280 2730 4.6 153 a |
2280 3000 3.8 96 a !
2400 2830 3.1 21 a 1
| 2400 3030 3.2 29 a |

% not determined.

In spite of limited experimental accuracy the results seem to demonstrate
that the quantum yield is nearly constant at wave-lengths shorter than 2300 A.
Two measurements at 2400 A on the other hand show a much lower quantum
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yield, thus indicating a rapid drop of the yield at wave-lengths above 2300 A.
This should not be incompatible with either of the discussed mechanisms. In
the case of step 3 it suggests an activation energy, whereas a predissociation
mechanism should be involved in step 1 a, if this is the operative one.
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