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Summary

The chlorine-photosensitized oxidation of chloroform
CHCl; + %02 - COCl, + HC1

was studied at 303, 346, 400 and 426 K. At the two higher temperatures the
simultaneous oxygen-inhibited photochlorination
CHCl; + Cl, - CCl, + HCl1

was observed. The mechanism and kinetics of these reactions are discussed in
detail and several complex rate constants are given concerning chain termina-
tion reactions and chain propagation reactions involving C1°, CCl;" and
CCl;0;  radicals. The behaviour of this system is very similar to that of the
chlorinated ethanes and ethylenes. Evidence for a chain termination reaction

CCl3O," + C1° - Products

is given.

1. Introduction

In 1977 a paper [1] on the chlorine-atom-sensitized oxidation of chlo-
roform was published; the importance of understanding the oxidation pro-
cesses of this compound was emphasized with respect to the possible inter-
action of halocarbons with stratospheric ozone. However, a few months later
Schumacher [2] commented on this paper and showed that its conclusions
were not convincing. Therefore we undertook a detailed study of this system.

Similar studies have already been performed in our laboratory [3 - 10}
and a general mechanism has been proposed [11] for the chlorine-photo-
sensitized oxidation and the competitive oxygen-inhibited photochlorination
of chloroethanes and chloroethylenes. This mechanism involves the formation
of alkyl radicals R" either by hydrogen atom abstraction by Cl” radicals

2'
ri+ ' B + HO | @D
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or by chlorine addition to a double bond

(2)_
E+Cl' - R (1)
followed by the reactions of this radical with chlorine or oxygen
. 3) .
R +Cl, - RCl + Cl1
. (9) .
R +0, - RO,
. (—9) .|
ROz - R + 02
. . (10)
R + R02 -> ROzR
. . (11)
RO + RO, - ROZR +0, (I11)
: Laz)
RO, + RO, - 2RO + 0O,
. (13)
RO — Oxidation products + chain-propagating radicals
. (14)
RO — Chain-terminating step

Long-chain oxidation (corresponding to vy3 > v;4) has been observed for
systems for which reactions (9) and (—9) are in equilibrium; the rates of
these oxidation reactions are given by

Vox = I,[02] /(R10k_o/2k12Rg + k11[02]/2k;2) (IV)

This means that under these conditions no dependence on substrate concen-
tration is observed. Chloroform appears to behave differently; Schumacher
and Wolff [12] have observed that the rate of oxidation

depends on the square root of the concentration of chloroform. Sanhueza
[1] also states that “‘the quantum yields for the consumption of CHCl3 and
for the production of COCl, increased with the CHCl3 pressure, approaching
an upper limiting value of 200”’. He suggests that this chloroform dependence
should be explained by a three-body recombination of chlorine atoms

(6)
Cl'+Cl'"+M-Cl, + M (VI)

The experimental data to support this assumption are rather poor [2], and it
is clear that it is not possible to obtain the value k3/kg?/? = 100 572 [1]
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from these data. Indeed, considering both the chain termination reactions
(6) and (11) and assuming steady state conditions and long chains, the rate
equation obtained is

® = UOI/II

= (2k12/k11) — (2kgRy2/k11 k22 )([M]vo, 2 /I, {CHCI4]?) (Vi)

A plot of & against [M] v, 2/I,[CHCl;3)? for the data of Sanhueza shows a
large scatter of experimental points but yields no reliable slope.

In a previous paper Huybrechts et al. [6] have suggested that the
observed lower value of the oxidation rate of C;HCl; compared with that of
C,Cl could result from the additional chain-terminating step

(16)
RO, + C1° > Products (VIIL)

and have found evidence for this step in some preliminary results on the
chlorine-photosensitized oxidation of chloroform. It would be interesting to
compare the relative importance of the terminating steps (6), (11) and (16)
in that system. In the long-chain oxidation, when inhibited photochlorination
is negligible, the chain-propagating steps (2'), (12) and (13) all have the same
rate, which is equal to the observed oxidation rate; therefore

[CI'] = vox/ka[CHCl,) (IX)
and

[CC13027] = (vox/2k12)'/2 (X)
and also

[CC130,°1/[C1°] = k3[CHCl,) /(vox 2k12)" /2 (XI)
Taking eqn. (XI) into account, the rates of the terminating steps are given by

ve = kg[M][C1']? (XII)

Uiy = (knk'22[CH013] /2k1300,)[C1°]2 (XIII)
and

v1e = {k16k2{CHCl3]1/(2k1,v0,)"2HC1"] 2 (XIV)

From the known value of £; [13], the highest proposed value for kg {14],
the value for 2k,5/k,, of 200 obtained from the maximum quantum yield of
oxidation [1] and the lowest experimental values of [CHCl,] fvo. 2 [1], it
can be calculated that

vefugs < 4X 1073 (XV)

and

V16/U11 < 1078k, g /Ry, 112 (XV1)
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These equations clearly show that, under the experimental conditions
used by Sanhueza [1], it will never be possible to observe the chain-ter-
minating step (6). In contrast, assuming reasonable values for the bimolecular
radical recombination rate constants k,; and k;¢, a contribution from the
chain-terminating step (16) cannot be excluded; eqns. (XIII) and (XIV)
indicate that the ratio v,g/vy, increases with increasing values of vo, (ie.
with increasing values of the absorbed light intensity) and with decreasing
values of chloroform concentration. Taking this into account, it seems
interesting to undertake a systematic study of the chlorine-photosensitized
oxidation of chloroform to establish properly a mechanism that accounts for
the chloroform dependence previously observed [1, 12] ; this is the aim of
the present work.

2. Experimental

2.1. Procedures

The experimental procedure has already been described [4, 6]. A
cylindrical Pyrex reactor (length, 11.9 cm; diameter, 3.9 cm) was equipped
with a spoon gauge to measure the total pressure. The chlorine partial pres-
sure was measured photometrically at about 350 nm (obtained from an in-
candescent lamp provided with an 18A Kodak filter) using a logarithmic
photometer [15]. The actinic light at 436 nm was obtained from a mercury
lamp (Philora HP 125) provided with a blue filter (Kodak Wratten 47) [16].
The light intensity was measured using the photochlorination of trichloro-
ethylene as an actinometer [16].

2.2. Reactants

Commercial tank chlorine (Solvay)* was purified as described earlier
[4]. Carbon dioxide present as an impurity in the chlorine was eliminated by
distilling the chlorine through a trap cooled at the melting point of ethanol
(161 K). Chloroform* was washed several times with water and was dried
using molecular sieves. The only impurities detected were 1,1-dichloroethane
(56 ppm) and chlorobromomethane (<50 ppm).

3. Results

The chlorine-photosensitized oxidation of chloroform was studied at
303, 346, 400 and 426 K. The stoichiometry of the reaction has been estab-
lished previously [1, 12]:

CHCl, + 10, - COCl, + HCl (XVII)

*Solvay Research Center kindly supplied us with thege products.
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Some experiments were performed at 303 and 346 K to check this stoichi-
ometry. After irradiation of mixtures of CHClg, O, and Cl,, the reaction
products were separated [7] into four fractions: (1) condensable at 195 K
(dry ice); (2) condensable at 142 K (melting point of n-pentane); (3) conden-
sable at 78 K (liquid nitrogen); (4) non-condensable at 78 K. The first fraction
was analysed by gas chromatography and contained the unreacted CHClg
and its chlorination product CCl,. The second fraction was passed over a
column of SbCl; to eliminate the unreacted chlorine. The residual was
identified as COCl, and was titrated by iodometry [17]. The third fraction
consisted of HCI; it was dissolved in an excess of NaOH which was then
titrated using oxalic acid. The fourth fraction was the unreacted oxygen.
These analyses showed that the change in total pressure P, corresponded to
half the pressure of COCl,; formed, in agreement with egn. (XVII). In the
kinetic study the rate of oxidation was thus taken as

Vox = (ZIRT)dPtot/dt

At the higher temperatures (400 and 426 K) the oxygen-inhibited photo-
chlorination

CHCl, + Cl, -+ CCl, + HC1

was also observed. The rate of this reaction was obtained from the variation
of the partial pressure of chlorine:

va = —(1/RT)dPq, /dt

The experimental conditions are given in Table 1. At 303 and 346 K
the inhibited photochlorination was always negligible compared with the
oxidation. At 400 K both reactions were observed with comparable rates,
while at 426 K the oxidation was generally slower than the chlorination. The
reaction orders with respect to the absorbed light intensity I, and to the Cl,,
O, and CHCIl; concentrations were determined under initial conditions;
typical results for these determinations are given in Tables 2 - 5. The oxida-
tion is first order with respect to the absorbed light intensity and zero order
with respect to the chlorine concentration, while the rate of the inhibited
chlorination depends on the square root of the absorbed light intensity and

TABLE 1
Experimental conditions

T Numberof 1o x 10'° Pq, Pcua Pg, Py

(K) experiments (einstein]l s 1) (Torr) (Torr) (Torr) (Torr)
303 49 16 - 150 20 - 200 3 - 200 1-300 72 -5600
846 29 13 -440 20 - 200 6 -300 6 - 300 140 - 5600
400 24 6.8-72 20 - 200 10 - 300 20 - 300 130 - 560"
426 15 78 60 - 210 6 - 200 20 - 210 180 - 550

2100 - 400 Torr N2 were added to five experiments.
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TABLE 2

Chlorine-photosensitized oxidation and oxygen-inhibited photochlorination of chloro-
form: initial rates against absorbed light intensity

T Peuai, Pg, P I, x 10° vox X 107 va X 107
(K) (Torr) (Torr) (Torr) (einsteinl ls 1) (mollls ) (moll ls})
303  20.3 199.1 500 2.10 9.54
20.1 199.8 50.1  0.667 2.83
20.6 1994 504  6.17 29.0
346 204 101.1 1038  3.04 13.1
20.2 100.3 105.5  2.79 15.3
20.4 99.2 1064  9.47 60.5
21.2 103.2 106.1  0.98 7.60
20.4 999 104.5 0.28 1.90
400 100.3 101.5 96.9  1.48 18.2 4.55
99.9 99.4 99.6 0.404 3.88 2.41
99.9 99.1 995  0.138 1.00 1.47
TABLE 3

Chlorine-photosensitized oxidation and oxygen-inhibited photochlorination of chloro-
form: initial rates against partial pressure of chlorine

T PCHC!; PCl, }’()2 Inx.log onfIa 1020 /Iallza
(K) (Torr) (Torr) (Torr) (einsteinl 1s7 1) (moll/2 171/2 5~1/2)
303 20.0 100.1 99.9 1.23 474
20.1 50.0 100.0 0.667 397
20.0 199.9 100.0 2.22 477
19.9 100.0 101.0 1.23 488
346 100.1 101.2 105.2 3.10 766
100.2 201.2 105.0 5.55 863
100.3 211 105.0 0.685 861
100.0 50.4 104.7 1.56 916
400 100.3 101.5 96.9 1.48 1230 1.2
102.2 201.9 98.1 1.51 1170 2.3
99.3 20.4 99.7 0.322 1250 0.2
426 1945 162.2 194.1 2.38 5.39
191.1 62.8 1940 1.02 1.95

“The order with respect to I, was taken into account to eliminate the dependence of
chlorine concentration contained in I,.

on the first power of the chlorine concentration. The dependences on oxygen
and chloroform concentrations are more complicated. At 303 and 346 K no
significant variation of the rate of oxidation is observed for oxygen pressures
ranging from 1 to 200 Torr and from 20 to 200 Torr respectively. At 400 K
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TABLE 4

Chlorine-photosensitized oxidation and oxygen-inhibited photochlorination of chloro-
form: initial rates against partial pressure of oxygen

T Pema, Pa, Po, 1, x 10° vox X 107 vg X zg’
(K) (Torr) (Torr) (Torr) (einsteinl s 1) (moll™'s ') (mollls™h
303 599 63.1 200  1.87 6.0
60.1 600 638 1.31 6.2
59.9 60.2 2051  1.82 6.9
60.2 623 60.3 1.25 6.6
60.4 59.9 63  1.20 7.3
60.2 60.4 6.0 1.24 7.8
60.0 59.9 2001 1.20 8.7
60.2 60.9 0.9  1.20 7.0
346 100.1 101.2 105.2  3.10 24.4
99.9 100.8 300.0 3.06 27.2
95.0 1008 207  8.12 26.6
400 100.3 1015 96.9  1.48 18.2 4.56
99.7 100.1  20.0 1.486 8.2 11.3
99.9 99.4 19956 1.46 17.7 1.80
426 193.7 183.2 205  1.95 43.4
196.8 183.2 173.2  2.06 33.7
195.3 188.2 - 2.01 46.8

the rate of oxidation increases with increasing oxygen pressure up to a
limiting value obtained for oxygen pressures higher than 100 Torr. The rate
of the simultaneous inhibited photochlorination decreases with increasing
oxygen pressures following an [O;] ™ dependence with n close to 1 for low
oxygen pressures. At 426 K the sensitivity of the chlorination to the inhibi-
ting effect of oxygen is rather small; the rate decreases by less than 10% for
oxygen pressures of 20 Torr. Finally, the rate of oxidation does not depend
on the chloroform concentration for high concentrations and depends on
[CHCl3] Y2 for low concentrations; the limit between low and high concen-
trations lies at about 50 Torr. The rate of the inhibited chlorination also
depends in this way on the chloroform concentration.

For some experiments a dark reaction with a very small rate was ob-
served after the cut-off of the actinic light. Such an “‘after effect’’ has already
been observed and explained in other systems [3, 6, 10]. In the case of chlo-
roform, this effect is too small to be described quantitatively.

4. Discussion

4.1. Data at 303, 346 and 400 K
The results at 303, 346 and 400 K for the higher chloroform pressures
can be explained by the following mechanism:
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TABLE 5

Chlorine-photosensitized oxidation and oxygen-inhibited photochlorination of chloro-
form: initial rates against partial pressure of chloroform

T Peuci, Pa, Po, I, x 10° vox X 107 ver x 107
(K) (Torr) (Torr) (Torr) (einsteinl s 1) (moll” (mol " 171
303 195.0 998 1002 1.31 7.1
176.4 997 99.8  1.27 6.7
53.8 1006 999  1.29 7.2
9.9 100.0 100.2  1.27 4.2
5.2 99.9 999  1.27 3.5
3.1 100.7 100.2  1.31 3.0
346 159.8 100.8 104.0 3.15 30.2
40.0 100.7 104.2  3.12 18.6
300.2 101.0 1040  3.21 35.3
9.6 100.6 1048  2.83 11.1
4.7 100.4 104.8  2.79 5.6
400  99.7 100.1  20.0 1.46 8.2 11.3
10.0 99.7 200 1.36 6.7 9.0
304.0 100.1  20.0  1.32 10.3 14.3
9.6 99.8 200  1.34 7.0 9.1
426 1911 82.8 1940  1.02 6.2
19.8 624 187.1  1.04 3.3
ql, - 201 I,
. 2" ) ,
Cl + CHCl4 - CCl; + HCl ko
. (3) .
CCl;" + Cl, - CCl, + Cl ks
- (9) L ]
CClg" + O, (29)001302 ke, k_,
(10) (XVIII)
CCl30," + CCl;" - CCl;0,CCl, 1o
. (11)
2CC1302 - CClaOzCCla + 02 kll
. (12) .
2CCl1,0, - '2CC1,0° + O, k12
. (13) .
CCl30 - COCl, + Cl ki
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Assuming constancy for the radical concentrations and complete reversibility
of reaction (9) (i.e. vg = v_g), this mechanism leads to
va = ka[Clo1L,Y2 [ {(k1oke /k_g)[O2] + (R11ke?/k_*)[02]2}1/2 (XIX)

and

Vox = 2Ryal,[{(R10k_o/ks)/[O2] + 11} (XX)
These equations can be linearized by writing

LI[Cl3] 2 /v 2 [O3]= kyoks/ks?k_g + (R11ko*/ks%k_5*)[02] (XXI)
and

I /vox = k11 [2k12 + (Riok_/2k12ke)[0] 71 (XXII)

The data for experiments at Pcuy, > 100 Torr were plotted according

to eqns. (XXI) and (XXII) (Figs. 1 and 2). It must be emphasized that, given
. the very large range of experimental conditions and the cumulated experi-

mental uncertainties on these complicated functions (mainly for Z,[Cl,] 2/
va2[02]), the compatibility of the data with a linear function is rather good.
Nevertheless, it is obvious that these figures alone are not sufficient to prove
the validity of the proposed mechanism. Moreover, the important scatter
probably indicates that some additional reaction steps of minor importance
should be introduced into the mechanism.

The intercept and slope of the straight line drawn through the experi-
mental points of Fig. 1 lead to the following estimates at 400 K:

Rioko/ksZk_o = 10 s (XXIII)

kiko?/ks2k_g2 = 6 X 10% mol 115 (XXIV)

et ol
5 8 8

]

4
10° x[0g] tmol t-)

Fig. 1. The oxygen-inhibited photochlorination of chloroform at 400 K (see eqn. (XXI)).
Experimental conditions: pressure (Torr), 99.3 < Pcnci < 304.0, 204 < Pm < 201.9,
20.0 < Po, < 199.5; incident light intensity (einstein I s 1), 6.85 x 1072° < Io <

7.18 X 10~®. The arrow indicates an experiment with 208.6 Torr N; added.
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Fig. 2. The chlorine-photosensitized oxidation of chloroform at 303 (2), 346 (O) and
400 K (0). (dpoy is the quantum yield of oxidation.) Experimental conditions (pressures
(Torr), incident light intensity (einstein 11 1)) 303K, 99.8 < 1.l>cm,l < 195.0,19.5 <
Pg, < 200.0, 6.3 < Pp, < 299.8, 1.65 X 10 <lIg< 587x 1079 346K 950<PCH01 <
3002 211 < Pgq, <2012 5.8 < Pp, < 300.0,1.28 x 10~ <Io< 1.47x 10 400K
see the caption to Flg 1.

Using the known value [18]

logioks (I mol™ s71) = 8.74 — 5000/4.58T (XXV)
the following can be obtained:

kiokgl/k_g=1X% 103 mol 212571 (XXVI)
and

By1ko?/k_g2 =6 X 10® mol 313 571 (XXVII)

These estimates must be correct to within a factor of two for verification of
the mechanism at this stage.
Figure 2 shows no measurable slope at 303 K or at 346 K. This means

that
kiok_g/R12keg < 2X 1077 mol 172 (XXVIII)

at these temperatures.
An estimate of

klok_glk12k9 =1.2X 10—6 mol 1—1 (XXIX)
can be proposed from the slope of the data at 400 K. The intercepts lead to
ki1/k12=3.4X 102, 22Xx 10 %and 1.5X 1073 (XXX)

respectively at 303, 346 and 400 K.
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By combining eqgns. (XXIX) and (XXX)
klok_glkllkg =8 X 10_‘ mol l_&l (XXXI)

is obtained, while eqns. (XXIII) and (XXIV) yield for the same complex
constant at the same temperature

kyok_g/k11ke = 17 X 1074 mol 11 (XXXII)

The agreement between the values (egns. (XXXI) and (XXXII)) obtained
from independent experimental data (vg and vgy) is within a factor of two,
i.e. less than the combined uncertainties on these values. This argument gives
support to the proposed mechanism. Even if the scatter of the experimental
points in Figs. 1 and 2 may be partly explained by the experimental errors, it
is clear that mechanism (XVIII) is not complete; this is evident from the
observed dependence of the rates on the chloroform concentration observed
at Pcya, < 100 Torr. As we pointed out in Section 1, a chain-terminating
step which has been1 guggested previously

)
CCl30," + Cl‘ - Products kis (XXXTIH)

can probably explain the present experimental data.

A reaction mechanism consisting of the steps of scheme (XVIII) and
reaction (16) (see eqn. (XXXIII)) leads to very complicated rate equations.
The steady state concentration of radicals cannot be expressed simply as a
function of reactant concentration or of absorbed light intensity. Therefore,
in the general stationary state equation

I, = k15[CCl30,2 "] [CCl3"] + k1, [CCl30, 712 + ky6[CC130, "1 [C17]
(XXXIV)

we will express the radical concentrations as functions of the rates of oxida-
tion and chlorination, i.e.

[CCl3"] = va/kalCl,] (XXXV)

[CCI130,7] = (Uo;;/zku)l’2 (XXXVI)
and given the long chains

[C1'] = (va + vox)/k2 [CHCl4] (XXXVII)

Equations (XXXIV) - (XXXVII) yield
Lfvox = {k10/k3(2k12)2}va/[Cla}vox /2 + ka1 [2k42 +

+ {k16/R2(2k12)"? }(Vox/*/[CHCl3] Jvar + Vox)/Vox (XXXVIII)

At 303 and 346 K no measurable chlorination was observed. This means
that the contribution of the chain-terminating step (10) (the first term in
eqn. (XXXVIII)) is negligible. This was already observed from the absence of
a measurable slope in Fig. 2 in the interpretation of the experiments with
Pcua, > 100 Torr. A plot of the inverse of the quantum yield of oxidation
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10°/ ¢y,

viZ/ [CHCL Jimot IR (12 512

Fig. 3. The oxidation of chloroform at 303 (2) and 346 K (O0). (The experimental condi-
tions are given in Table 1.)

I, /uox against vo,'/2/[CHCl;] is given in Fig. 3 for all the experiments at
303 and 346 K. The intercepts and slopes calculated by linear regression yield

ky1/Ry2 = 8.2X 10 3and 1.7 X 1073 (XXXIX)
and
kig/k3(2kR12)72 =10.9 X 107% and 8.2 X 107 mol1/2 171/2 g1/2 (XX XX)

at 303 and 346 K respectively.
Using the known value of k5 [13]

log,oks (mol ™t 1s571) = —3350/4 58T + 9.84 (XXXXI)
the values
Rig/k121'2 = 4.1 X 10* and 6.1 X 10% mol /2 11/2 g—1/2 (XXXXII)

are obtained at these temperatures.
At 400 K the chlorination rate is no longer negligible; all the terms in
eqn. (XXXVIIT) must be taken into account. A value of

k10/k3(2k12)ll2 = 8.5 X 10—3 m011’2 1—1f2 5112

can be estimated from eqgns. (XXIII), (XXIV) and (XXX) and the k,, term
in egn. (XXXVIII) can be introduced as a correction for the inverse of the
oxidation quantum yield. This yields the plot shown in Fig. 4. Seven experi-
ments for which the correction term (i.e. the k,o-containing term) was larger
than 0.51, /vy, were not taken into account in this plot. The intercept and
slope calculated by linear regression yield at 400 K

ky1/k12 = 1.3 X 1073 (XXXXIII)

and

k1s/kp(2k12)V2 = 8.1 X 10~ moll/2 171/2 g1/2 (XXXXIV)
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Fig. 4. The oxidation of chloroform at 400 K: A = {klo/ka(Zklz)l’ 2 }vc]/[CHClaluo, 2

and thus from the value of k3 [13] (see eqn. (XXXXI)) '
kyg/lyat/? = 4.5 X 10* mol V2 11/2 g~1/2 (XXXXV)

The values obtained at 303, 346 and 400 K for the ratio k,, /k,, are of the
same order of magnitude as for other systems (see for example CClgCH,Cl
[10], C,HCl; [5], C,HCly and C,Cl, [6]). The constant k,4/k,2/2 involves
no measurable activation energy. Both constants k,, and k44 concern bimole-
cular radical-radical reactions, the values of which are generally about 108 -
10™ mol ! 1s571; therefore the observed value of kyg/k,,1/2 is quite reasonable.

The complicated kinetics of this system do not permit simple linear
plots of the experimental data to be obtained. All the figures given in this
interpretation present significant scatter so that none of them, taken alone,
definitely demonstrates the validity of the proposed mechanism. However,
the interpretation of the independent experimental data on chlorination and
oxidation, or the interpretation of the combined data, are all consistent with
each other and with observations on other similar systems.

The observations at 303, 346 and 400 K can be summanzed as follows:
because of the very low value of k_g/kg at 308 and 346 K, the ratio [R’]/
[RO;"] is very small and therefore neither chlorination nor R’ + RO, chain
termination is observed. Under these conditions the chain termination
RO2' + RO,  is dominant and the importance of the chain termination
RO,;" + ClI’ increases with decreasing values of Pcua, - At 400 K the ratio
k_g/kg becomes high encugh to have non-negligible concentrations of radicals
which are responsible for the chlorination and the observation of chain
termination [10].

4.2. Inhibited photochlorination data at 426 K

At this temperature the oxidation becomes rather unimportant com-
pared with the inhibited chlorination. The inhibiting effect of oxygen on the
photochlorination is very small (see Table 4); this means that the chain ter-
minations
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AR ¢ 5
CCl;” + Cl - CCl,
(8)
CCl;" + CCly" - C2Clg

characteristic of the uninhibited reaction are not negligible. Taking into

account reaction scheme (XVIII) with the additional steps (7) and (8) (see
eqgns. (XXXXVTI)) for the experiments in which the oxidation is negligible

(Vox < 0.2vq), the following rate equation is obtained:

va = k3[C1,11,12 [(k1k3 [Cl] /RS [CHCL;] + kg + kyoko[02] [k_g +

(XXXXVI)

+ ky1ke [O2]1%/k_o% )2 (XXXXVII)
or
LICIz]1%3 lva? = (kq/k3k3)[Cla]1/[CHCl3] + kgfks® +

+ (Rioks/k_gks®)[02] +

+ (Ry1kgZ/ks2k_g2)[05]3 (XXXXVIII)

At 426 K k,/kgk: is about six times smaller than kg/k32 [18] and thus
kyfka® = (ky/k3ky)[Cl,]) /{CHCIl;] + kg/k3? is almost constant for all values of
[Cl;1/[CHCl; ] less than unity. The experimental data for Pcua, > 150 Torr
and Po, < 80 Torr (to achieve the condition vg, < 0.2vg) were plotted (Fig.
5) accordmg to eqgn. (XXXXVIII). The intercept yields

ky/kg? = 2.07X 103 mol 1" & - (IL)

The ratio [Cly] /[CHCl;] for these experiments ranges between 0.26 and
0.89 and thus the value of k,/k;? calculated from ref. 18 ranges between
2.14 X 1073 and 2.839 X 1072 mol I'? 5. The value of eqn. (IL) therefore is in
very good agreement with the value obtained previously from the study of
the uninhibited photochlorination.

From the experimental points on Fig. 5 it can be seen that the [0,]?
term in eqn. (XXXXVIII) is negligible under the present experimental condi-
tions and thus

Riokglk_gk3® = 0.98 s (L)
From the known value of k3 [18]
klokglk_g =2.2X 1012 mOl_z 12 S—l (LI)

can be obtained at 426 K.

For these higher chloroform and lower oxygen pressures the experi-
mental data can be described by the chain terminations (7), (8) and (10).
When the oxygen pressure increases, chain termination (11) becomes more
important. From the known values { 18] of k,/k,ks and kg/ks2, the values of
[Cl212% /vy — kt/kaz)/[Oz] can be calculated as a function of the O,
concentration. This is shown in Fig. 6 for all the experiments at Poyq , >
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Fig. 6. The oxygen-inhibited photochlorination of chloroform at 426 K: experiments at
PCHCI; > 150 Torr and 1’02 < 80 Torr.

150 Torr. From the intercept and slope of the straight line in this figure,
taking into account eqn. (XXXXVIII) and the known value of k3 [18],

kiokelk_¢ =1.4X 102 mol™ 21252 (LII)
in satisfactory agreement with eqn. (LI), and
RikeZ/k_g2=2.8 X 10 mol 31351 (LIII)

are obtained. It must be pointed out that egn. (XXXXVTIII) does not apply
rigorously for all the experiments plotted on Fig. 6, since for some of them
Vox is not negligible. Therefore, the values of eqns. (LII) and (LIII) must be
considered as less reliable. For the experiments performed with less than 150
Torr of chloroform the oxidation rates were never negligible compared with
the chlorination rates. Under these conditions it is not possible to write a
rate equation for the inhibited chlorination taking into account all five chain
terminations (7), (8), (10), (11) and (16).

4.3. Combined photochlorination and oxidation data at 426 K

Because of the occurrence of five different chain-terminating steps it is
not possible to describe completely the kinetics of this system. The only
point that can be verified is the complete reversibility of reaction (9), i.e.

kg[CCl5"]1 [02] = k_4[CCl1;30;7] (LIV)
Taking into account egns. (XXXV) and (XXXVI), eqn. (LIV) becomes
va/lvox''? = {k_gkslke(2k12)"2}[Cl2] /[O2] (LV)

whatever the chain terminations are. This is shown in Fig. 7, the slope of
which yields a value '

k_gkg/kg(2k,5) 2 = 2.1 X 1073 moll/2171/2 g~1/2 - (LVI)
and from the known value of &g [18]

k_go/kgk;2% = 2.0 X 10™® mol3/2 |73/2 g1/2 (Lvom)



34

feni - ko)

0 ] I ] ]
1] 1 2 3 4 5 ] 7 8 0 1 2 3 4 5

10° [0;]tmol Y [c1]s[o2]

Fig. 6. The oxygen-inhibited photochlorination of chloroform at 426 K: experiments at
PCHCI, > 150 Torr.

Fig. 7. The oxygen-inhibited photochlorination and the chlorine-induced oxidation of
chloroform at 426 K.

A similar plot for the data at 400 K yields a value

k_g/kgk12'2 = 8.5 X 10710 mol3/2 173/2 g1/2 (LVIII)
in very good agreement with the combined values of eqgns. (XXVI) and
(XXIX).

A value
kll/k12 =1.1X 10—3 (LIX)

can be obtained at 426 K from a combination of egns. (LIII) and (LVII).

5. General conclusions

The chlorine-photosensitized oxidation and the oxygen-inhibited photo-
chlorination of chloroform can be described by the general mechanism pre-
viously proposed for chlorinated ethanes and ethylenes with an additional
chain-terminating step

. (16)
CCl;0, +Cl - Products

We would like to emphasize once more the most important point in this
mechanism, i.e. the biradicalar chain-propagating step for the oxidation
(step (12)), the introduction of which is necessary to explain the different
reaction orders of the chlorination (n = %) and the simultaneous oxidation
(n = 1) against absorbed light intensity.
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Many complex rate constants were estimated at the four temperatures.
They are summarized in Table 6. From this table it appears that the only
rate constant involving an important activation energy is k_o with E_g5 =
22 kcal mol~!. Rate constant k;, could have an activation energy of up to
2 kcal mol™1. Considering the confidence limits of the measured rate con-
stants, avalue k;,/k;, = 2 X 1072 independent of temperature is not excluded.
The values

10g;0(k_g/kg) (mol 17 ) = 22000/4.58T + 9.0

logiok10 (mol™115™1) = 9.2
log,ok11 (mol™*1s7') = 8.0
log,ok12 (mol™*1s5™1) =10.7
logyokie (mol™t1s1) =10.1

are, within experimental error, compatible with the data of Table 6. Further-
more, their values are close to those estimated previously [3 - 10] for similar
constants for chloroethanes and chloroethylenes.
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