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Abstract—The kinetics of the oxidative dechlorination of CCl, on two supported catalysts for methane oxy-
chlorination (CuCl,—KCl and CuCl,—-KCI-LaCl;) at 350-425°C was studied using a gradientless method.
Although these catalysts exhibited different activities, the rate of reaction on them was described by one expo-
nential equation at the same activation energy of E = 26.3 kcal/mol. A two-path reaction mechanism was pro-
posed, which involved the dissociative adsorption of initial reactants and chlorine with the formation of phos-
gene and the oxidation of phosgene to CO,. The occurrence of two types of active sites on the catalyst surface

was assumed.
DOI: 10.1134/S0023158409030136

INTRODUCTION

The reactions of CCl, with oxygen to form carbon
dioxide and, probably, phosgene

CCl, + 0, = CO, + 2Cl,, M

on supported copper-containing salt catalysts for the
oxidative chlorination of methane were studied in order
to complete previous kinetic studies [1, 2] of the oxida-
tion paths of methane and chloromethanes in the reac-
tion

CH, + n/20, + nHCl = CH,_,Cl, + nHL,O.  (II)

Aglulin [1, 2] was the first to find a dramatic effect
of the partial pressure of chlorine (Pg, ) in the reaction

mixture on the chemical and phase compositions of
copper-containing salt catalysts and their catalytic
properties. The observed changes in the kinetics and

mechanism of side reactions at P, < 0.1 kPa were

explained by the conversion of copper chloride as a cat-
alyst constituent into an oxide—oxychloride form under
these conditions.

We did not specially study the oxidation of CCl,
under conditions of reaction (III). However, Aglulin [2]
found that the oxidation of CCl, can considerably con-
tribute to the formation of carbon dioxide as a by-prod-
uct in reaction (III). According to a preliminary estima-
tion, the rate of the reaction of CCl, with oxygen is
higher than the rate of oxidation of methyl chloride,
which is the most reactive among the other three chlo-

romethanes. Thus, information obtained previously [1,
2] is insufficient to describe the formation of carbon
oxides as by-products in the reaction of methane oxy-
chlorination.

EXPERIMENTAL

Kinetic experiments were performed in a fixed bed
of supported copper-containing salt catalysts using a
flow circulation method [3]. Two salt systems (CuCl,—
KCI and CuCl,—KCl-LaCls; the molar ratios between
the components were 1 : 1 and 1: 1:0.33, respectively),
which were supported from aqueous solutions onto
porous supports with a grain size of 0.25-0.5 mm, were
used. DN-2 diatomite and KSK-2 and KSKG silica gels
were used as the supports. Their specific surface areas
were 1.5, 340, and 350 m%g at average pore diameters
of ~1500, 140, and 120 A, respectively [4]. For compar-
ison, oxide analogs of the above catalysts were used.
The catalysts were prepared by the impregnation of the
supports with aqueous solutions of copper nitrate,
potassium chloride, and lanthanum chloride. After dry-
ing at room temperature (12-20 h) and then at 80-
120°C (~4 h), the samples were calcined at 400-450°C
until the complete removal of nitrogen oxides.

CCl, was introduced into a heated loop from a ther-
mostatically controlled saturator, through which a flow
of gaseous nitrogen was passed. Analytical grade CCl,
was used; it was distilled and dried with zeolite CaA.
This zeolite was also used for drying oxygen and zero
nitrogen. Chlorine (99.8%) was dried using concen-
trated sulfuric acid of reagent grade.
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Table 1. Changes in the initial copper content of the CuCl,—KCIl-LaCl; catalyst (1 : 1 : 0.33) supported on KSK-2 and in the
activity of this catalyst in the course of the oxidative dehydrogenation of CCl, at 425°C

Rate of product formation
Reaction | Cu content, P;, kPa r; x 106, mol g(;'lt h! kx 10°,
time, h wt % ’ mol gey h! kPa03
CCl, | O, Cl, | CO, |COCL| CO, Cc0odl, z
1.5 2.8 370 | 446 | 944 | 4.6 0.71 1045 161 1206 912
3 ~2.4 377 | 467 | 845| 4.13 | 0.58 951 134 1085 752
~4.5 ~1.8 2.80 [28.6 |10.2 | 5.07 | 0.27 1451 76 1527 547

Note: The quantity k = rslPey, /( P02 PCCl4 )]O'5 plays the role of the rate constant of reaction (see below).

To analyze the reaction mixture, we used, for the
most part, the previously described procedure [1]. By
turning a heated corrosion-resistant six-way valve [5] at
the loop outlet, the reaction mixture was sampled and
the samples were directed to analysis using two paral-
lel-connected KhT-7 and KhT-8 chromatographs. On
combining two individual chromatograms to form a
whole, the ratio between the areas of common peaks in
either of them was taken into account.

Chromatographic analysis was somewhat modified
because it was necessary to monitor the presence of
perchloroethylene and hexachloroethane in the reaction
mixture and to study the reaction of CCl, oxidation in
the presence of methane. In the KhT-7 chromatograph,
the column with Porapak Q was replaced by a 3-m col-
umn with 20% SE-30 on Celite 545 (40—-60 mesh). On
this column, the reaction mixture was analyzed for the
chlorine derivatives of C; and C, under conditions of
temperature programming from 30 to 150°C. Light
gases were analyzed on the KhT-8 chromatograph at
room temperature. Unlike the procedure [1], both arms
of a thermal-conductivity detector were used. The sam-
ple was successively passed through columns with
Porapak Q (column length L = 1.5 m) and molecular
sieves 13X (L = 2 m), which were separated by a so-
called holdup volume. The presence of the holdup vol-
ume as a polyvinyl chloride tube (L = 40-50 m; diame-
ter, 2 mm) allowed us to separate in time signals from
both arms of the thermal-conductivity detector. Differ-
ence in sensitivity was controlled by comparing meth-
ane peak areas on either of the columns.

Having a combined chromatogram and measuring
the flow rate of light gases at the outlet of traps for
heavier components, we could determine the volume
velocities (V;) of the majority of reaction mixture com-
ponents at the outlet of the reaction loop. As previously
[1], the volume velocity of Cl, was determined by
iodometry. The previously described procedure [1] for
the determination of chlorine and hydrogen chloride
was found applicable to analysis for phosgene. Phos-
gene was determined from the amount of HCI formed
upon phosgene hydrolysis in traps with an aqueous
solution of potassium iodide. Yamada and Kanetaki [6]
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described a similar procedure for the determination of
phosgene in gas mixtures using a trap filled with an
aqueous alcohol solution. Under conditions of our
experiments, both of these analytical procedures for
phosgene were found equivalent. The presence of etha-
nol in a trap with an aqueous solution of potassium
iodide had no effect on the results of iodometric analy-
sis for chlorine. Carbonic acid had a minimum interfer-
ing effect on the results of hydrogen chloride titration
because, in the majority of experiments, the partial

pressure of carbon dioxide was low (P, <5 kPa). In

all of the experiments, material balances on CCl, and

oxygen were obeyed; deviations were no greater
than 5%.

To eliminate the effect of deactivation on the numer-
ical values of reaction rate parameters, the catalysts
were replaced by fresh portions after operation for 30—
35 h at 375°C or 10-12 h at 400°C. The kinetic experi-
ments could be performed for only ~2 h because of a
noticeable volatility of copper chloride under reaction
conditions at 425°C (Table 1).

RESULTS AND DISCUSSION

The rate of oxidative dechlorination of CCl, (ry) per
gram of the catalyst was calculated from the sum of the
rates of formation of carbon dioxide and phosgene. The
formation of hexachloroethane and tetrachloroethylene
(perchloroethylene), as well as the possible recombina-

tion products of ('ZCI3 and CCI2 radicals, was not
detected. This fact suggests the absence of conditions

for nucleophilic substitution like CCl; + CCl, =

C,Clg + CI" [7] from the reaction zone. Signs of the het-
erogeneous degradation of CCl, to carbon, which can
occur in some cases [8], were also absent. The thermal
stability of phosgene in the reaction zone was sup-
ported by the absence of carbon monoxide from the
products. As expected according to the stoichiometry of
reactions (I) and (II), the ratio between the volume rates
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Table 2. Effect of the specific surface area of the CuCl,—KCl catalyst (1 : 1) with a copper content of ~7 wt % on the rate
and the rate constant of the oxidative dechlorination of CCl, at 375 and 400°C

P;, kPa , 6 ! 6
Support rflszl;z:g L.°C | e s mol gﬁx;?l i{Pa‘O'S
cc, | o, | ¢, | co, [cocy| co, [coc,| = Ca
DN-2 diatomite 1.5| 375 13.2 | 19.3 | 2.80*% | 032 | 0.04 53 7 60 6.35
KSK-2 silica gel | 340 375 8.2 | 427 | 475 241 | 0.28 910 106 | 1016 118
KSKG silica gel | 350 375 145 | 40.2 | 4.80 2.10 | 0.27 | 777 100 877 79.3
DN-2 diatomite 1.5| 400 | 12.1 | 169 |2.63* | 0.60 | 0.12 96 19 116 13
KSK-2 silica gel | 340 400 7.9 | 12.1 | 4.56 2.25 | 0.31 973 134 | 1107 242

* Experiments with additional introduction of chlorine into the reaction zone.

Table 3. Dependence of the rate of CCl, oxidation at 375°C on the catalyst composition and the copper content of the catalyst

(support: KSK-2 silica gel)

. -1

Ratio Cu content, P;, kPa r;, mol gc, h 1 k% 106,

Catalyst between R ~
wt % mol g, h! kPa™0?
components CCl,| O, | Cl, |CO, |COCL,| CO, |COCL,| X Cat

CuCl,—KCl 1:1 1.75 21.8| 59357 |145] 045 | 138| 43 | 181 30.1
CuCl,—KCl1 1:1 7.0 581291390 |1.71] 0.54 | 385| 123 | 508 116
CuCl,-KCl-LaCl; |1:1:0.33 1.6 23.7 | 13.5 | 4.10 {2.20| 0.20 | 926| 84 [1010 114
CuCl,—KCl-LaCl; | 1:1:0.33 2.8 23.8 1169|641 |3.25] 045 |1611| 179 |1790 226

of product formation was obeyed with an average devi-
ation of ~6%:

2Veo,+ Veoa, = Va, (1

The interaction of CCl,, as well as other chlo-
romethanes [1, 2], with oxygen under conditions of
reaction (III) is a heterogeneous catalytic process. This
follows from the dependence of the rate of reaction on
the specific surface area (S,) of the support (Table 2).
This dependence and the effect of catalyst composition
on the rate of reaction (Table 3) can be characterized by
comparing the numerical values of reaction rate con-
stants obtained in various experiments. The rate con-
stants were calculated from exponential equation (2)
(see below), which describes the kinetics of reaction on
both of the catalysts. Comparatively moderate depen-
dence of catalyst activity on the specific surface area of
the support suggests that the working surface area of a
salt component of the supported system increases with
Sgp to a much lesser extent. The same character of the
dependence under consideration in the oxidation of
other chloromethanes [1, 2] is consistent with data on
the surface state of copper-containing salt melts in sup-
ported catalysts for hydrocarbon oxychlorination and
the Deacon reaction [9]. The low surface areas of salt
catalyst components were explained by the nonuniform
distribution of these components over the surface [9].
This makes it possible to practically exclude the partic-

ipation of small pores and a portion of medium pores of
the support in the formation of a supported system and
to explain different reaction rates on catalysts with
KSK-2 and KSKG silica gels (Table 2), which mainly
differ in pore diameter distributions [4].

The rate of reaction depends on not only the specific
surface area of the support but also the composition of
the salt catalyst. The introduction of 0.33 mol of lantha-
num chloride into an equimolar mixture of copper and
potassium chlorides increased the catalyst activity per
unit weight of copper by a factor of 4.4. However, the
catalytic activity of both of the salt systems was almost
proportional to the copper content of the system
(Table 3).

The kinetic experiments were performed on CuCl,—
KCI (1 : 1)/KSK-2 and CuCl,-KCIl-LaCl; (1 : 1 :
0.33)/KSK-2 catalysts with copper concentrations of
7.0 and 2.8 wt %, respectively. As in the oxidation of
other chloromethanes [1, 2], the small particle size
(0.25-0.5 mm) of the catalysts was responsible for the
occurrence of reaction in the kinetic region. The kinet-
ics of the interaction of CCl, with oxygen was studied
at 350-425°C. The partial pressures of CCl,, oxygen,
and chlorine were varied over the ranges of 0.6-25,
0.8-60, and 1-11 kPa, respectively. The partial pres-
sures of carbon dioxide varied from 0.2 to 4.5 kPa.

It is difficult to determine rate laws by directly eval-
uating orders of reaction with respect to reactants using
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Fig. 1. Kinetic orders of reaction with respect to Cl, on cop-
per-containing salt catalysts at reaction temperatures of (/,
3)350and (2, 4) 375°C: (1) P02 =16.5 and PCC14 =2kPa;

#)] P02 =20 and PCCl4 = 1.5 kPa; (3) P02 =17 kPa; and
(€)) PCC]4 =9 kPa.

a common method because the concentrations of reac-
tion mixture components are interdependent. This man-
ifests itself under any detectable change in the partial
pressure of one of these components. Thus, we addi-
tionally introduced chlorine into the reaction zone
along with changes in the relative residence time.

Common rate laws were observed in the oxidative
dechlorination reactions of CCl, on copper—potassium
catalysts without and with LaCl;. The kinetic order
with respect to chlorine was close to —0.5 (Fig. 1),
whereas the orders with respect to CCl, (Fig. 2) and
oxygen (Fig. 3) were positive and equal to ~0.5. Under
the test conditions, the kinetic orders were almost inde-
pendent of temperature and the partial pressures of
reactants. The initial copper species (salt or oxide) as a
constituent of the catalysts had no effect on the reaction
kinetics and mechanism (Table 4; Figs. 1-3); this fact
demonstrated the chemical lability of the copper com-
pounds under these conditions [1, 2]. On both of the
catalysts, experimental data were described by the
exponential equation

r = k(Peei,Po)" Pér. )

The apparent activation energy was 26.3 kcal/mol
(Tables 4, 5).

The selectivity of phosgene formation was almost
independent of the partial pressure of CCl, (experiment
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logr [mol ngEl h '] log (rPO'SClz) or log (r/PO'SOZ)

[mol gc! h™! kPa™03]
—2.5F o CuClL-KCI/KSK-2
0 CuCl,-KCl-LaCly/KSK-2
8 CuO-KCl-LaCly/KSK-2
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-3.5¢ 1-3.0
-4.0r 4-3.5
1
—4.5+ 1-4.0
1 1 1 1
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Fig. 2. Kinetic orders of reaction with respect to CCl, on
copper-containing salt catalysts at reaction temperatures of
(2,3)350and (1,4, 5)375°C: (1) Pc12 =6.2kPa; (2) P02 =

17 kPa; (3) P02 =17 and PClz =5kPa; (4) P02 =20 and
PC]2 = 6.2 kPa; and (5) P02 =20 and PC12 =4.2 kPa.

nos. 2, 3, and 5 in Table 5 and nos. 6-8 in Table 4). It
mainly depended on the ratio between the partial pres-
sures of oxygen and chlorine in the reaction mixture
(Fig. 4). As this ratio was decreased, the selectivity of
phosgene formation increased, whereas the overall rate
of reaction decreased. On the contrary, an increase in
this ratio resulted in an increase in the rate of reaction
and the predominant formation of carbon dioxide. An
increase in the temperature or the rate of reaction with
the use of a more active catalyst (Fig. 4) decreased the
selectivity of phosgene formation. This fact suggests
the successive conversion of CCl, into phosgene and
then into CO,.

Under the test conditions, variations in the Pq /Pg,

ratio did not change the chemical and phase composi-
tion of molten copper-containing salt systems. These

changes were observed only at low P, [2]. On this

basis, the dependence in Fig. 4 can be considered as a
consequence of competition between chlorine and oxy-
gen at the active sites of the catalyst. Moreover, cur-
rently available data on the structure of salt melts
allowed us to formulate a plausible hypothesis concern-
ing the nature of these active sites. Because the adsorp-
tion of oxygen at Cu?* ions is impossible [10], it is our
opinion that coordinatively unsaturated bivalent copper
ions [11, 12], which occur in equilibrium with coordi-
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log (rPO'SClz) or log (r/PO'SOZ)

logr [mol gcg! h7!] [mol geg! h! kPa=05]

0 CuClL-KCI/KSK-2
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25t 1-3.0
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Fig. 3. Kinetic orders of reaction with respect to O, on cop-
per-containing salt catalysts at reaction temperatures of (/,
5) 350, (2—4, 7) 375, and (6) 425°C: (1) Py, = 15 and

PC]2 = 3 kPa; (2) PCCl4 = ~9.5 and PClz = 4.8 kPa; (3)
PCCl4 =4 and PClz =5kPa; (4) Pg = 4 kPa; (5) PCCl4 =
15 kPa; (6) PClz =9 kPa; and (7) PCC14 = ~9 kPa.

natively saturated CuCli_ and CuzClé_ ions, can play

their role. Under this assumption, the accelerating
effect of lanthanum chloride in the catalyst can be
explained by the occurrence of lanthanum cations in the
outer sphere of coordinatively saturated copper ions.
Increased ionic potentials (the charge-to-radius ratios
of ions) of such counterions will facilitate a concentra-
tion of coordinatively unsaturated ions higher than that
in the CuCl,—KClI system.

The independence of reaction order with respect to
CCl, of the partial pressures of oxygen and chlorine, as
well as the independence of reaction orders with
respect to O, and Cl, of P, (Figs. 1-3), allows us to

assume that two types of active sites occur on the cata-
lyst surfaces. Univalent copper cations can be the sites
at which the dissociation of CCl, occurs. This hypothe-
sis is consistent with the dissociation of CCl, at various
surface defects of metals and metal oxides [13-16].
Lower valence cations most frequently play the role of
defects. This assumption is most consistent with the
quantum-chemical characteristics of the molecular
structure of CCl,, which explain the increased electron
affinity and dissociation of CCl, molecules through the
intermediate formation of anions [17]. According to
Bell et al. [15], the dissociative adsorption of CCl, is
characterized by a much greater affinity of the chlorine

atom to the metal cation than that in the CCl, radical.
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”coz/ T'cocl,
15+
10+
5 -
© 1 1 1 1
0 1 2 3 4

(Po,/Pci)"?

Fig. 4. Effect of the ratio between the partial pressures of
oxygen and chlorine in the reaction mixture on the ratio
between the rates of formation of carbon dioxide and phos-
gene at (/) 350 and (2, 3) 375°C on the copper—potassium
catalyst (/, 2) without and (3) with an additive of LaClj.

The laws found, the considerations concerning the
nature of active sites, and published data allow us to
formulate a simplified two-path reaction scheme for the
oxidative dehydrogenation of CCl,. This reaction
scheme includes the steps of the equilibrium dissocia-
tive adsorption of initial reactants and chlorine, the con-

version of the CCI3 radical into the more stable CCl,
radical [13, 18], and the oxidation of this latter to phos-
gene and then to carbon dioxide.

Stoichiometric
coefficients
I I
(1) 2Z + 0, = 2ZO 12 1
(2) 2Z + Cl, = 2ZCl 0 0
(3)2Y + CCl, = YCCL; + YCI 1 1
@) YCClL +Z —= YC'CL, + ZCl 1 1
(5)YC'Cl, + ZO —= YCOCL, + Z 1 1
(6) YCOCL, = Y + COCl, 1 0 V)
(7) YCOCL, + ZO —= CO, + Cl,+ 0 1
Y+7Z
(8) YC1+ZCl —= CL+ Y + Z 1 1
Reaction path I: CCl, + 1/20, =
COCl, + Cl,
Reaction path II: CCl, + O, = CO, +
2C1,
KINETICS AND CATALYSIS Vol. 50 No. 3 2009
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Table 4. Rates and rate constants of the oxidative dechlorination of CCl, on the (A) CuCl,—KCl-LaCl; and (B) CuO-KCI-
LaClj; catalysts (1 : 1: 0.33) supported on KSK-2 with a copper content of 2.8 wt %

Experi- C R P;, kPa r;, mol gén h! k%109,
ment 10. atalyst | T, °C mol gé:u bl a0
CCl | O, Cl, | CO, |COCl,| CO, |COCl,| X
1 A 350 4.6 77 | 20 1.0 | 0.20 326 63 389 92
2 A 350 37 | 614 | 4.1 20 | 022 677 78 755 102
3% B 375 0.6 | 213 2.1 09 | 0.07 478 37 515 206
4 B 375 2.0 | 271 4.2 2.1 0.20 660 61 721 202
5 B 375 | 16.0 | 146 | 4.1 22 | 0.19 | 1488 | 155 | 1643 219
6* A 375 1.5 | 206 | 6.1 0.8 | 0.10 432 48 480 217
7 A 375 | 180 | 168 | 62 29 | 031 | 1366 | 160 | 1526 218
8 A 375 23.8 16.9 6.4 33 0.45 | 1611 172 1783 225
9 A 375 47 | 416 | 54 29 | 033 | 1168 97 | 1265 211
10 A 375 40 | 573 6.1 3.0 0.24 | 1230 100 1330 215
11 A 400 | 145 | 122 | 77 3.8 | 040 | 1750 | 190 | 1940 406
12 A 425 3.7 4.5 9.4 4.6 0.71 1045 161 1206 912
13 A 425 1.8 | 41.6 | 89 4.3 0.21 | 2473 | 122 | 2595 900

* Experiments with the additional introduction of chlorine into the reaction zone.

Table 5. Rates and rate constants of the oxidative dechlorination of CCl, on the CuCl,—KClI catalyst (1 : 1) supported on
KSK with a copper content of ~7 wt %

Experi- | 5 o P;, kPa r;, mol g(_lzllt h! ix 100,
mentno. | mol g, h™! kPa™03
cc, | o, | ¢, | co, |coc,| co, |coc,| =
1 325 17.8 22.5 1.57 0.74 0.36 237 74 311 19.5
2% 350 1.0 16.9 4.53 0.14 0.06 67 27 94 48.9
3* 350 1.9 17.3 5.7 0.19 0.08 83 36 119 49.6
4 350 10.0 14.5 1.83 0.92 0.21 374 87 461 51.8
5% 350 12.4 16.2 5.04 0.44 0.15 220 77 297 47.0
6 350 12.2 39.6 3.14 1.46 0.22 493 74 567 45.7
T* 375 11.6 2.2 4.95 0.34 0.31 139 125 264 116
8 375 8.5 15.1 3.05 1.47 0.27 650 121 771 119
9% 375 8.8 184 | 11.2 0.84 0.26 323 103 426 112
10 375 9.1 45.0 5.10 2.53 0.28 968 108 1076 120
11 400 7.9 12.1 4.56 2.25 0.31 973 134 1107 242

* Experiments with additional introduction of chlorine into the reaction zone.

KINETICS AND CATALYSIS  Vol. 50  No.3 2009
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Reaction scheme (IV) implies the occurrence of two
types of active sites: Z (coordinatively unsaturated ions
of bivalent copper) and Y (univalent copper ions).

As a result of this study, we found the rate laws and
proposed a mechanism of the reaction. However, they
should be tested experimentally under conditions of the
oxidative chlorination of methane. Under these condi-
tions at minimum partial pressures of Cl, in the reaction
mixture, changes in the chemical and phase composi-
tions of the catalysts and their catalytic properties can
occur [2].
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