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a  b  s  t  r  a  c  t

The  behaviour  of  1,1,2,2-tetrachloroethane  and  trichloroethene  in chlorination  reactions  where  the  sup-
ply of  chlorine  is  varied,  either  by  change  in  chlorocarbon:  Cl2 feed  ratio  or  the quantity  of supported
copper(II)  chloride  catalyst  or by the use of  an anhydrous  hydrogen  chloride/dioxygen  feed  as  the  source
of chlorine,  i.e. oxychlorination  conditions,  is described.  Depending  on  the  exact  conditions  used,  the
products  are  trichloroethene,  pentachloroethane  or tetrachloroethene.  The  products  and  the  conditions
under  which  they  are  observed  are  both  in  harmony  with  a previously  proposed  reaction  scheme  in
eywords:
hlorination
xychlorination
ehydrochlorination
eterogeneous catalysis

which  there  is interplay  between  heterogeneous  and  homogeneous  reactions.  It is possible  to  define
sets  of  reaction  conditions  which  lead  to improvements  in  selectivity  towards  the formation  of either
CHCl=CCl2 or  CCl2=CCl2 without  significant  formation  of oligomeric  species.

© 2013 Elsevier B.V. All rights reserved.
opper(II) on attapulgite

. Introduction

The term Industrial ecology [1], though controversial [2], encap-
ulates an approach which emphasizes the connectivity among
ifferent large scale chemical processes, for example in which the
aste product of one process could act as the feedstock for another.

he concept is well exemplified by anhydrous hydrogen chloride.
his is a major waste product from the industrial synthesis of
ryl isocyanates for polyurethane production; it is potentially also

 feedstock for chlorohydrocarbon synthesis, via its oxidation to
ichlorine, the Deacon reaction [2]. Waste HCl from polyurethane
roduction can be used for the catalysed oxychlorination of ethene
o give 1,2-dichloroethane and thence by dehydrochlorination,
inyl chloride [2,3]; this system has been examined in detail [4–7].
ctive catalysts have been developed for the purpose [8–15]. How-
ver the fraction of waste HCl available that can be used for this
utlet is limited increasingly by the mis-match between increasing,
ear-on-year tonnage of polyurethanes produced and the capacity
f HCl to be used in the (mature) market for PVC [3]. For this rea-

on there has been recent activity designed to improve the classical
eacon reaction [16–19,4,20–22] to oxidize HCl to Cl2, using new
atalysts [23–28] developed from work announced previously by

∗ Corresponding author. Tel.: +44 141 330 4372; fax: +44 330 4888.
E-mail address: David.Lennon@glasgow.ac.uk (D. Lennon).

926-860X/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2013.11.030
Sumitomo [29]. Moreover, Over and Schomäcker have considered
the stability of Deacon catalysts and identify promising catalyst
materials for the Deacon process [30].

An attractive possibility to utilize unwanted HCl would be
in syntheses of poly-chlorinated hydrocarbons under oxychlo-
rination conditions. In Part 1 of this series of two papers,
we reported the results of a study designed to establish a
reaction scheme connecting 1,1,2,2-tetrachloroethane with hex-
achloroethane, trichloroethene and tetrachloroethene. That work
included experiments performed under static and continuous flow
conditions, with aspects of the study examining the influence
of a commercial oxychlorination catalyst (CuII/KCl/attapulgite).
Pathways for the chlorination and dehydrochlorination reactions
involved were proposed [31], the reaction conditions being either
homogeneous flow conditions in which dichlorine is the initiator
for dehydrochlorination of CHCl2CHCl2, or heterogeneously in the
presence of the conventional copper(II)-supported Deacon catalyst.
Although the results were broadly consistent with earlier studies
[32,33], conditions for selective formation of either CHCl=CCl2 or
CCl2=CCl2 have been defined more precisely, bearing in mind the
need to avoid the formation of oligomeric side-products. Specifi-
cally, the proposed reaction scheme identified pentachloroethane

as a reaction intermediate. A role for Lewis acid site promoted
chemistry was  also considered [31].

The reactions reported in the initial study, Part 1: reaction path-
ways [31], were investigated under conditions where the dichlorine

dx.doi.org/10.1016/j.apcata.2013.11.030
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2013.11.030&domain=pdf
mailto:David.Lennon@glasgow.ac.uk
dx.doi.org/10.1016/j.apcata.2013.11.030
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Fig. 1. The dehydrochlorination ((1) and (4)) and chlorination ((2) and (3)) pro-
50 I.W. Sutherland et al. / Applied Ca

n the feed was insufficient for chlorination to be complete (a
hlorocarbon: Cl2 ratio of 3:1 was used). The present work, Part
, builds on the previous study and examines (i) the effects of oper-
tion under chlorine-rich conditions (a chlorocarbon: Cl2 ratio of
:3 is used) and (ii) the effect of alteration of the chlorine supply
hen operating under oxychlorination conditions.

. Experimental

Details of the flow apparatus, on-line analyses and the proto-
ols used for flow experiments have been described previously
31]. Feedstocks were those used for experiments carried out
nder chlorine-lean conditions [31] with the addition of anhy-
rous hydrogen chloride (Linde, 99.5%), and dioxygen (BOC, 5%
2/N2). Pressure was limited via a pair of mercury-filled lutes to
nsure that the reactor pressure did not exceed 0.5 bar g. Reaction
ata are reported as feed conversions, product yields and selec-
ivities, defined according to standard practice [34]. Carbon mass
alances were determined in all chlorination/dehydrochlorination
eactions; they are reported explicitly when they contain features
f note The analytical procedure described previously [31] to obtain
hlorine mass balances (relative error ± 10%) was used to measure
ields of Cl2 from the catalytic oxidation of HCl to Cl2.

The catalyst under consideration here is the same commercial
rade oxychlorination catalyst [35] as examined in Part 1 [31].
riefly, the catalyst comprises copper(II) chloride supported on the
lay mineral, attapulgite, that is doped with a promoter, KCl. Prior
o use, it was calcined at 673 K in flowing N2 for 4 h and is charac-
erized by a BET surface area of 71.6 m2 g−1 and a pore volume of
.25 cm3 g−1 [31].

The experiments reported in Part 1 [31] established the
mportance of certain reaction pathways accessible at elevated
emperatures even in the absence of a catalyst. A mixing vessel,
acked with quartz beads (diameter 2 mm),  was fitted within the
urnace immediately before the reactor. This arrangement ensured
omplete mixing and thermalization of the reactant gases. Simi-
ar measurements are undertaken here and, as before, the catalyst

as replaced with ground quartz. These experiments, which ensure
omparable contact times, are useful in defining non-catalytic
athways. Previously we have referred to non-catalyst assisted
rocesses as being ‘homogeneous’ [31], however we  acknowl-
dge that the quartz does provide some form of ‘hold-up’ in
he hot zone, which could possibly influence reaction probabili-
ies. Thus, these type of reactions could more correctly be called
quasi-homogeneous’, however, for completeness and additionally
ecognising the caveat described above, we will continue to use the
erm ‘homogeneous’ in this context.

. Results and discussion

The results from the previous study [31] establish the reac-
ion pathways connecting 1,1,2,2-tetrachloroethane with tri- and
etrachloroethene under chlorine-lean conditions (3:1 chlorocar-
on: Cl2 mol  ratio). One of the reaction parameters that potentially
ight control the selectivity of the system is the chlorine sup-

ly. Although radical chlorinations, for example chlorination of
,1,2,2-tetrachloroethane to give pentachloroethane, appear to be
isfavoured kinetically compared with dehydrochlorinations, for
xample 1,1,2,2-tetrachloroethane to trichloroethene, increasing
he chlorine supply might reverse this situation. To test the role
f the supply of chlorine on reaction selectivity and outcomes, the

ffect of increasing the relative chlorine concentration was  exam-
ned. Specifically, the chlorocarbon feed (CHCl2CHCl2 or CHCl=CCl2)
o dichlorine mol  ratio was changed from 3:1 (i.e. chlorine-lean), as
sed in our previous study [31], to 1:3, i.e. a chlorine-rich regime.
cesses that connect CHCl2CHCl2 with CHCl=CCl2 and CCl2=CCl2. Possible oligomer
formation ((5) and (6)). A pathway for reaction (5) is identified in Section 3.1.1. A
pathway for reaction (6) is inferred in Section 3.1.2.

Nitrogen was  used as a carrier gas for the chlorocarbon and a
diluent for the feedstream to give a total volumetric flow rate of
25 ml  min−1. The chlorination and oxychlorination roles of the cop-
per(II)/KCl/attapulgite catalyst were then examined over a range of
conditions that have direct connectivity with an industrial process,
as they potentially constitute external control parameters.

The changes in conditions have an implication for the reaction
scheme that was reported earlier [31], notably an increased role for
the chlorination route occurring via CHCl=CCl2 (reactions (1) then
(2) in Fig. 1) compared with the direct chlorination of CHCl2CHCl2
(reaction (3) in Fig. 1). They have also allowed clarification of
conditions under which oligomerization, with its undesirable envi-
ronmental and economic effects (reactions (5) and (6)), may  occur.

3.1. Reactions under chlorine-rich conditions

3.1.1. 1,1,2,2-Tetrachloroethane with dichlorine (1:3 mol  ratio)
under homogeneous conditions, i.e. in the absence of CuII catalyst

The temperature relationships for mean conversions of
CHCl2CHCl2 and mean carbon mass balances for 1,1,2,2-
tetrachloroethane + 3Cl2, total volumetric flow 25 ml  min−1, are
contained in Fig. 2(a) and (b), respectively.

The reaction profile is similar to that observed under chlorine
lean conditions in that CHCl=CCl2 is the only product observed,
however, mean conversions of CHCl2CHCl2 at a given tempera-
ture, Fig. 2(a) are higher than those observed under a chlorine-lean
regime [31]. The most significant difference is that the carbon
mass balance shows a significant deficit (ca. 20%) at 623 K and
above, Fig. 2(b). It is suggested that, when conversion of CHCl2CHCl2

becomes significant, the high concentration of carbon-centred radi-
cals present, leads to the chlorine atom initiated formation of
dimeric and oligomeric species, which being relatively involatile,
results in the carbon mass imbalance observed. These results
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ig. 2. Temperature relationships for (a) mean conversions of CHCl2CHCl2 and (b) me
otal  volumetric flow rate 25 cm3 min−1, over the temperature range 523–653 K. Erro
t  10 min  intervals.

ndicate that, in order to avoid oligomer formation, the process
hould be operated at low conversions and/or low temperatures
nder chlorine-rich conditions. Mean yields of CHCl=CCl2 are 28.8%
t 623 K rising to 78.1% at 653 K. Corresponding mean yields under
l-lean conditions are 25.9% and 57.3% [31].

.1.2. Trichloroethene with dichlorine (1:3 mol  ratio) under
omogeneous conditions, i.e. in the absence of CuII catalyst, and
nder heterogeneous conditions, in the presence of
uII/KCl/attapulgite catalyst (200 mg)

In the absence of a catalyst and under Cl-lean conditions, no
eaction between CHCl=CCl2 and Cl2 is observed up to 623 K [31].
ig. 3 presents the corresponding CHCl=CCl2 conversion plot for
he homogenous chlorination of CHCl=CCl2 in excess Cl2 (1:3 ratio
f reactants). Conversion commences above 523 K and a conver-
ion of ca. 26% is observed at 653 K with CHCl2CCl3 and CCl2=CCl2
dentified as products. This comparison between chlorine-lean [31]
nd chlorine-rich conditions (Fig. 3) indicates that direct chlorina-
ion of CHCl=CCl2 (reaction (2)) is possible without a catalyst and
roviding excess Cl2 is present.

Under chlorine-lean conditions and in the presence of the
II
u /KCl/attapulgite catalyst, Part 1 reported CCl2=CCl2 to be the

ole product from the reaction of CHCl=CCl2 and Cl2. This lead to
he deduction that, providing a chlorination catalyst was  present,
hlorination of CHCl=CCl2 was a significant route in the formation

ig. 3. The conversion of CHCl=CCl2 as a function of temperature for the reaction
f  CHCl=CCl2 and Cl2 (1:3 mol ratio) in the absence of a catalyst, i.e. homogeneous
onditions. Total volumetric flow rate 25 cm3 min−1, over the temperature range
23–653 K. Error bars are standard deviations on the mean values of four to five
easurements conducted at 10 min  intervals.
bon mass balance, both in the absence of catalyst or support, for 1:3 CHCl2CHCl2:Cl2,
are standard deviations on the mean values of four to nine measurements conducted

of chlorinated reaction products [31]. Data for the corresponding
chlorination of trichloroethene occurring over 200 mg  of catalyst
in a chlorine-rich regime (trichloroethene + 3Cl2, total volumetric
flow 25 ml min−1, WHSV = 0.39 h−1) are given in Fig. 4(a)–(d).

As with the homogeneous case, the products are identified as
CHCl2CCl3 and CCl2=CCl2 but the conversion of CHCl=CCl2 is sub-
stantial already at 573 K, Fig. 4(a); at this temperature and above,
deficiencies in C mass balances are significant (≥20%), Fig. 4(b). It is
possible that the catalyst may have a positive effect in promoting
the chlorination of CHCl=CCl2, as a result the concentration of rad-
ical species in the reactor rises and oligomerization of CHCl=CCl2,
reaction (5) in Fig. 1, is increased. In addition, it is also possible
that the heterogeneous reaction is taking place via organic species
adsorbed on the catalyst surface. In the latter case, oligomers could
additionally form in addition to the intended chlorination reac-
tion. The selectivity to CHCl2CCl3 passes through a maximum at
563 K (Fig. 4(c)), which corresponds with an increased selectivity
to CCl2=CCl2 with increasing temperature (Fig. 4(d)). This profile
indicates CHCl2CCl3 to be an intermediate under these conditions,
with reaction (2) preceding reaction (4) (Fig. 1).

Effects of excess Cl2 (Cl-rich conditions) are manifest by, onset
of reaction at a lower temperature (573 vs. 653 K in the Cl-lean
case [31]) and the fact that both homogeneous and heterogeneous
pathways operate.

3.1.3. 1,1,2,2-Tetrachloroethane with dichlorine (1:3 mol  ratio) in
the presence of CuII/KCl/attapulgite catalyst (200 mg)

The mean feedstock conversions for the chlorination of 1,1,2,2-
tetrachloroethane over 200 mg  of catalyst in the presence of
excess Cl2 (1,1,2,2-tetrachloroethane + 3Cl2, total volumetric flow

25 ml  min−1, WHSV = 0.42 h−1) is shown in Fig. 5. The extent of
conversion is rather similar to its equivalents under chlorine-lean
conditions [31].

Table 1
CHCl2CHCl2 + 3Cl2: Mean valuesa of yields and selectivity with respect to the for-
mation of CHCl=CCl2, CHCl2CCl3 and CCl2=CCl2 obtained using 200 mg  of catalyst at
653  Kb.

Product yield (%) Selectivity (%) wrt

CHCl=CCl2 CHCl2CCl3 CCl2=CCl2 CHCl=CCl2 CHCl2CCl3 CCl2=CCl2

45.1 (1.2) 11.2 (0.8) 8.1 (0.8) 64.4 (1.9) 16.0 (1.3) 11.5 (1.1)

a Determined from five measurements; standard deviations in parentheses.
b CuII/KCl/attapulgite catalyst; mol ratio CHCl2CHCl2:Cl2 = 1:3; total volumetric

flow 25 ml  min−1, WHSV = 0.42 h−1.
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ig. 4. Temperature relationships for (a) mean conversion of CHCl=CCl2, (b) mean ca
ith  respect to CCl2=CCl2, for 1:3 CHCl=CCl2:Cl2 over 200 mg catalyst, total volum

rror  bars are standard deviations on the mean values of four or five measurement

Table 1 presents the product distributions at 653 K, which

re also rather similar to those observed under chlorine-lean
onditions [31]. Below 623 K, CHCl=CCl2 is the only observable
nsaturated product; a small quantity of CHCl2CCl3 is observed at

ig. 5. Temperature relationship for mean conversions of CHCl2CHCl2 for
:3CHCl2CHCl2:Cl2 over 200 mg  of catalyst, total volumetric flow rate 25 cm3 min−1,
HSV = 0.42 h−1; over the temperature range 523–653 K. Error bars are standard

eviations on the mean values of five measurements conducted at 10 min intervals.
ass balance, (c) mean selectivity with respect to CHCl2CCl3 and (d) mean selectivity
flow rate 25 cm3 min−1, WHSV = 0.39 h−1; over the temperature range 523–653 K.
ucted at 10 min  intervals.

623 and 653 K. At the latter temperature CCl2=CCl2 is observed also
(ca. 8% yield). No increase in CHCl2CCl3 is apparent with increas-
ing temperature, since dehydrochlorination (reaction (4)) is facile
under these conditions.

3.2. Catalytic conversion of hydrogen chloride to dichlorine

The Deacon reaction may  be described in terms of the following
reaction steps

2 CuIICl2 → 2 CuICl + Cl2 (7)

2 CuICl + 1/2 O2 → CuII
2OCl2 (8)

CuII
2OCl2 + 2 HCl → 2 CuIICl2 + H2O. (9)

Overall, this leads to the following chemical equation,

2 HCl + 1/2 O2 → H2O + Cl2. (10)

Firstly, conversion of HCl to Cl2 was  tested over three masses of
catalyst, 200, 500 and 1000 mg  and at two  temperatures, 623 and

653 K, Fig. 6(a) and (b). No conversion of HCl to Cl2 was observed
below 623 K and the yield at that temperature over 200 mg  catalyst
was minimal, Fig. 6(a). This is consistent with previous work using
similar KCl-doped Deacon catalysts [16,17].
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ig. 6. Variation of dichlorine yield (%) from the Deacon reaction (feed mol ratio of 

23  K, (b) at 653 K, demonstrating approximate linear dependence.

Fig. 6 also shows an approximately first order dependence
f dichlorine yield on catalyst mass at both temperatures and
stablishes that, under the flow conditions used here, that the cat-
lyst can adequately recycle HCl in situ to produce dichlorine for
ubsequent reaction with a chlorocarbon. Further, comparing the
ichlorine yields for 200 mg  of catalysts (ca. 7% and 22% at 623 and
53 K, respectively, Fig. 6) with the conversion values for the chlo-
ination of CHCl2CHCl2 over the same mass of catalyst (30% and
0% at 623 and 653 K, respectively, Fig. 5) suggests that the Deacon
rocess is relatively slower than the chlorination reactions. This

mplies the possible presence of chlorine concentration gradients
long the length of an oxychlorination reactor. Further kinetic stud-
es are required to test the validity of this hypothesis but are beyond
he scope of the current work.

.3. Oxychlorination reactions

This section examines the oxychlorination of CHCl2CHCl2 over
00 and 1000 mg  of catalyst in the presence of an HCl/O2 feed. The
onditions chosen enable two hypotheses to be tested: (a) that oxy-
hlorination is an analogue of chlorination, with Cl2 being supplied
ia the Deacon reaction (reaction (10)) rather than directly in the
eactant feedstream and (b) that oxychlorination proceeds via a
athway where molecular chlorine is not an intermediate.

.3.1. Consideration of HCl as a reagent
Flowing CHCl2CHCl2 plus anhydrous HCl (no O2) over 500 mg

atalyst for 200 min  while ramping the catalyst bed temperature
rom 523 to 653 K resulted in no conversion of CHCl2CHCl2 (not
hown); there was no evidence for product formation or for devi-
tion from 100% carbon mass balance. Thus, it is concluded that
i) HCl alone does not behave as a reagent for chlorination under
hese conditions, (ii) tetrachloroethane does not dehydrochlorinate
nd (iii) that the equilibrium favours the reagents. Results pre-
ented below indicate molecular chlorine to be an intermediate in
he molecular transformations associated with the oxychlorination
rocess.

The conversion level of HCl to Cl2 over a catalyst loading of
00 mg  is too low to initiate reaction (Section 3.2), therefore 500
nd 1000 mg  charges of catalyst were used. With reference to
ig. 6, this will provide information on how, under oxy-chlorination
onditions, catalyst mass can affect chlorine concentration in the

eaction zone. The relative O2 concentration in the feed is, in prin-
iple, another variable that could be investigated, however, in
rder to ensure that explosive mixtures were not encountered, this
arameter was restricted in the studies reported here.
l:O2) as a function of catalyst mass; total volumetric flow rate 25 cm3 min−1; (a) at

3.3.2. Oxychlorination of 1,1,2,2-tetrachloroethane (mol ratio
CHCl2CHCl2:HCl:O2 = 3:2:4) over CuII/KCl/attapulgite, catalyst
loadings of 500 or 1000 mg

The mean conversion of CHCl2CHCl2 with change in temper-
ature for the oxychlorination of 1,1,2,2-tetrachloroethane over
500 mg  catalyst (3CHCl2CHCl2 + 2HCl + 4O2, total volumetric flow
25 ml  min−1, WHSV = 0.17 h−1) is shown in Fig. 7(a). In con-
trast to the chlorination reaction using Cl2 (described in Section
3.1.3), there is no evidence for the chlorination of CHCl2CHCl2 or
CHCl=CCl2; the latter was  the sole identified product at 623 and
653 K; this establishes dehydrochlorination (reaction (1), Fig. 1) to
be the only reaction pathway accessible under these conditions.
Whilst oxygen is primarily associated with the moderation of local
chlorine supply via Eqs. (7)–(9), a possible role for oxygen-initiated
dehydrochlorination cannot be excluded.

The behaviour observed resembles the homogeneous chlori-
nation reactions; the lack of conversion at 573 K indicates that
the Deacon reaction is inoperative; therefore no Cl2 is present for
the radical initiation step. The lack of any observable chlorination
product at higher temperatures could indicate a restricted chlo-
rine supply under these conditions. As shown below, extending the
catalyst bed should enable some chlorination to be observed.

The carbon mass balance for the 500 mg  catalyst run is effec-
tively complete, which indicates that there is no significant
oligomerization or, crucially, combustion. On a small, laboratory
scale at least, it is possible to operate CHCl2CHCl2 oxychlorination
for significant periods of time (ca. 24 h) without any significant loss
of material to environmentally undesirable side reactions.

The differences in behaviour that result from a change in
chlorine supply brought about by a change in catalyst mass
are illustrated well by comparison of the mean feed conver-
sion, Fig. 7(b) (3CHCl2CHCl2 + 2HCl + 4O2, total volumetric flow
25 ml  min−1, WHSV = 0.08 h−1 over 1000 mg  of catalyst) compared
with Fig. 7(a), and by the product yields and selectivities given in
Table 2.

Doubling the mass of catalyst to 1000 mg results in higher con-
version of CHCl2CHCl2 at 623 K, although CHCl=CCl2 remains the
sole identified product (Table 2). At 653 K feed conversion is almost
complete, Fig. 7(b), and the dehydrochlorination/chlorination
chemistry, depicted in Fig. 1, is fully developed (Table 2). As a
consequence, the yield of CHCl=CCl2 is smaller than that using
500 mg  catalyst. The yield of CCl2=CCl2 is comparable with that
observed using 500 mg  catalyst under Cl2-rich conditions (Section

3.1.3, Fig. 6 and Table 1). In both situations, some conversion of
CHCl=CCl2 to CHCl2CCl3 and thence to CCl2=CCl2 is likely to occur.
The oxychlorination sequence observed over 1000 mg  of catalyst
(Table 2) is rationalized as follows. As the reactant gases move
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Fig. 7. Temperature relationships for mean conversions of CHCl2CHCl2 under oxychlorination conditions for 3:2:4 mol  ratio CHCl2CHCl2:HCl:O2: (a) over 500 mg catalyst,
(b)  over 1000 mg  catalyst, total volumetric flow rate 25 cm3 min−1,  WHSV = 0.17 and 0.08 h−1, respectively; over the temperature range 523–653 K. Error bars are standard
deviations on the mean values of five measurements conducted at 10 min  intervals.

Table 2
3CHCl2CHCl2 + 2HCl + 4O2: Mean valuesa of yields and selectivities with respect to the formation of CHCl=CCl2, CHCl2CCl3 and CCl2=CCl2 obtained under oxychlorination
conditions using 500 or 1000 mg of catalyst at 623 and 653 Kb.

Catalyst mass (mg) Temp (K) Product yield (%) Selectivity (%) wrt

CHCl=CCl2 CHCl2CCl3 CCl2=CCl2 CHCl=CCl2 CHCl2CCl3 CCl2=CCl2

500 623 17.0 (0.5) – – 100 – –
500  653 74.3 (1.8) – – 100 – –
1000  623 24.9 (0.7) – – 100 – –
1000  653 64.3 (0.9) 6.1 (0.5) 20.8 (0.7) 70.5 (1.0) 6.7 (0.6) 22.8 (0.8)

a
i
(
C
t
d
i

1
f
t
a
w
d

T
S

a Determined from five measurements; standard deviations in parentheses.
b CuII/KCl/attapulgite catalyst; feedstock mol  ratio CHCl2CHCl2:HCl:O2 = 3:2:4.

cross the catalyst bed, HCl is converted to Cl2, which can then
nitiate the dehydrochlorination of CHCl2CHCl2 to form CHCl=CCl2
reaction (1)). This is adsorbed at the catalyst surface and forms
HCl2CCl3 via heterogeneous chlorination (reaction (2)), possibly
hrough reaction with CuCl2. Surface catalytic or chlorine-initiated
ehydrochlorination of CHCl2CCl3 leads to CCl2=CCl2, reaction (4)

n Fig. 1, cf. [31].
In a study of this reaction, 3CHCl2CHCl2 + 2HCl + 4O2, over

000 mg  catalyst for an extended time, 18 h at 653 K, the mean
eed conversions were in the range 90–92% with no evidence for

he C mass balance deviating from 100%. The products observed
re CHCl=CCl2 (yield 65–72%) and CCl2=CCl2 (yield 20–23%). There
as no evidence for the minor product, CHCl2CCl3; presumably its
ehydrochlorination was rapid and complete under the conditions

able 3
ets of conditions required to observe the individual chlorination and hydrochlorination 

Reaction Reaction conditions a

1. CHCl2CHCl2 → CHCl=CCl2 + HCl CHCl2CHCl2, Cl2 (1:3)
CHCl2CHCl2, HCl, O2 (3:2:4)

2.  CHCl=CCl2 + Cl2 → CHCl2CCl3 CHCl=CCl2, Cl2 (1:3)
CHCl=CCl2, Cl2 (1:3)

3.  CHCl2CHCl2 + Cl2 → CHCl2CCl3 + HCl CHCl2CHCl2, Cl2 (1:3)
CHCl2CHCl2, HCl, O2 (3:2:4)

4.  CHCl2CCl3 → CCl2=CCl2 + HCl CHCl=CCl2, Cl2 (1:3)
CHCl=CCl2, Cl2 (1:3)
CHCl2CHCl2, Cl2 (1:3)
CHCl2CHCl2, HCl, O2 (3:2:4)

5.  CHCl2=CCl2 → Oligomer formation CHCl2CHCl2, Cl2 (1;3)
CHCl=CCl2, Cl2 (1:3)

6.  CCl2=CCl2 → Oligomer formation CHCl=CCl2, Cl2 (1:3)?
CHCl2CHCl2, Cl2 (1:3)

a Mol  ratio presented in parentheses.
b A possible initiator/catalyst.
of the experiment. This set of measurements indicates sustained
yields of unsaturated C2 chlorocarbons to be attainable via the
oxy-chlorination process.

3.3.3. 1,1,2,2-Tetrachloroethane with dichlorine and a dioxygen
co-feed (mol ratio CHCl2CHCl2:Cl2:O2 = 3:1:4) in the presence of
CuII/KCl/attapulgite catalyst

The final reaction examined involved addition of an O2 co-feed
to a flow of 3CHCl2CHCl2:Cl2, i.e. chlorine-lean conditions, over
500 mg  of catalyst. It might be expected that any HCl produced

from chlorination of CHCl2CHCl2 would be oxidized to Cl2 thus
increasing the chlorine supply. This expectation was  realized. Chlo-
rination of CHCl2CHCl2 over 500 mg  catalyst and in the presence of
O2 (3CHCl2CHCl2 + Cl2 + 4O2, total volumetric flow 25 cm3 min−1,

processes and formation of oligomer species.

Initiator/catalyst Temperature (K)

Cl2
CuII/KCl/attapulgite

573–653
623–653

Cl2
CuII/KCl/attapulgite

573–623
573–653

CuII/KCl/attapulgite
CuII/KCl/attapulgite

623–653
653

Cl2?b

CuII/KCl/attapulgite
CuII/KCl/attapulgite
CuII/KCl/attapulgite

623–653
573–653
653
653

Cl2?b

CuII/KCl/attapulgite
623–653
573–653

CuII/KCl/attapulgite
CuII/KCl/attapulgite

573–653
653
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Fig. 8. Temperature relationships for (a) mean conversions of CHCl2CHCl2, (b)
mean selectivity with respect to CHCl=CCl2 and (c) mean selectivity with respect
to  CHCl2CCl3, for feed mol ratio 3:1:4 CHCl2CHCl2:Cl2:O2 over 500 mg  catalyst, total
volumetric flow rate 25 cm3 min−1, WHSV = 0.17 h−1; over the temperature range
5
m

W
m

y
t
(
s
E
t
b
c
p
l
C

23–653 K. Error bars are standard deviations on the mean values of five measure-
ents conducted at 10 min  intervals.

HSV = 0.17 h−1) resulted in mean feed conversions and product
ean selectivities shown in Fig. 8.
At 573 K dehydrochlorination of CHCl2CHCl2 (conversion = 5.7%)

ields CHCl=CCl2 as the sole reaction product. At 623 K selectivity
o CHCl=CCl2 is decreased by the additional formation of CHCl2CCl3
Fig. 8(b) and (c)). At 653 K CCl2=CCl2 is also observed in the product
tream, occurring via the dehydrochlorination of CHCl2CCl3. (Fig. 1,
q. (4)). There is no observable carbon mass deficiency over this
emperature range. This indicates minimal oligomeric formation
ut also that there is no chlorine-initiated oxidation. The data indi-

ate that the chlorine supply must be increased within the reactor,
resumably via the operation of the Deacon reaction on the cata-

yst (Eqs. (7)–(9)), converting HCl produced from the formation of
HCl=CCl2 from CHCl2CHCl2 (Fig. 1, Eq. (1)) to Cl2.
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4. Summary of the reactions

A range of reaction conditions, variation of reactant mole
ratios, temperature and homogeneous (Cl2) or heterogeneous
(CuII/KCl/attapulgite) catalyst, has been used in the study of the
three reaction types, dehydrochlorination, chlorination (includ-
ing oxychlorination) and oligomer formation, which are shown
in Fig. 1. Although formation of CHCl=CCl2 can be achieved with
high selectivity, this is not the case for formation of CCl2=CCl2
where its precursor, CHCl2CCl3, is normally a co-product. How-
ever, in both cases, conditions can be found where oligomerization,
as evidenced by a deficiency in carbon mass balance, is absent
or minimized. Sets of conditions which lead to, at least pre-
dominantly, the individual reactions (1)–(6) (Fig. 1) are given in
Table 3.

The reactions are summarized in turn:
Reaction (1): Dehydrochlorination of CHCl2CHCl2 to give

CHCl=CCl2: This reaction is initiated homogeneously by Cl2,
the selectivity with respect to CHCl=CCl2 being 100% at 573 K.
Selectivity decreases at higher temperature due to material loss as
a result of oligomerization (reaction (5)) but this can be avoided
by working under chlorine-lean conditions [31]. In the presence
of the CuII catalyst, selectivity to CHCl=CCl2 decreases due to
chlorination reactions (reactions (2) and (3)). In contrast, under
chlorine-lean conditions the heterogeneous catalyst has little or
no effect on mean selectivity with respect to CHCl=CCl2 formation
[31]. The use of an HCl/O2 feed and the CuII catalyst results in
behaviour that is highly selective towards CHCl=CCl2 formation at
623 and 653 K; conversion of the CHCl2CHCl2 feed is substantial
at the latter temperature (mean yield of CHCl=CCl2 is 74.3%). The
favourable selectivity of the oxychlorination reaction is attributed
to a restricted chlorine supply that results from the Deacon
reaction being relatively slow.

Reaction (2): Chlorination of CHCl=CCl2 to CHCl2CCl3: This reaction
is observed only under chlorine-rich conditions. In the presence of
the CuII catalyst, CHCl2CCl3 yields are reasonable although HCl loss
from CHCl2CCl3 to give CCl2=CCl2 is a competing process, which is
observed at 573 K and above. Yields of the latter are substantial at
653 K.

Reaction (3): Chlorination of CHCl2CHCl2 to CHCl2CCl3: Under
chlorine-rich conditions and in the presence of the CuII catalyst,
the mean selectivity with respect to CHCl2CCl3 is moderate. Loss
of HCl to give CCl2=CCl2 is observed at 653 K. However the major
product at 623 and 653 K is CHCl=CCl2 (reaction (1)). It appears
that under this regime, there is competition between Cl2 catal-
ysed dehydrochlorination and CuII catalysed chlorination then
dehydrochlorination. A similar competitive situation exists when
HCl/O2 feedstock is used instead of Cl2.

Reaction (4): Dehydrochlorination of CHCl2CCl3: The final out-
come of the processes described above is CCl2=CCl2, which is the
thermodynamic sink of the whole system [31]. It is accessible via
the intermediate, CHCl2CCl3, which in turn may  involve the start-
ing materials, CHCl2CHCl2 or CHCl=CCl2 (Fig. 1). Chlorination of
CHCl=CCl2 over the CuII catalyst results in high conversions at
653 K but a decrease in selectivity to CCl2=CCl2 as CHCl2CCl3 is co-
produced. Most seriously, loss of material is substantial, reactions
(5) and (6). CHCl2CCl3 is observed as a product in the oxychlori-
nation of CHCl2CHCl2 provided conditions favour the presence of
chlorine in the reaction zone.

Reactions (5) and (6): Deficiencies in carbon mass balances are
attributed to the loss of CHCl=CCl2 and/or CCl2=CCl2 with subse-
quent oligomerisions. For convenience in Fig. 1 they are regarded

as separate reactions, although it as likely that both depend on the
presence of high concentrations of C-centred radicals formed under
conditions of substantial feedstock conversions and high concen-
trations of Cl. As such, the reactions are more likely to occur under
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hlorine-rich conditions. For example, in the homogeneous reac-
ion of CHCl2CHCl2 with 3Cl2, loss of material is substantial at
23 and 653 K, the sole identified product being CHCl=CCl2. Loss
f carbon in the reaction CHCl=CCl2 + 3Cl2 at 573 K and above in
he presence of CuII catalyst, could indicate the occurrence of both
eactions (5) and (6). Interestingly, there is no evidence for carbon
oss in the oxychlorination reactions studied, presumably as the
oncentrations of radical species are likely to be smaller.

. Conclusions

The relevance of relative chlorine supply in reactions con-
ected with the synthesis of trichloroethene and tetrachloroethene
ver a commercial grade oxychlorination catalyst has been
tudied under homogeneous and heterogeneous conditions. The
ain conclusions from this investigation can be summarized as

ollows.

Homogeneous processes are active at elevated temperatures,
with increasing chlorine concentration seen to display a pro-
motional effect. However, high conversions are linked to mass
imbalances as a consequence of radical-mediated, oligomer-
forming reactions.
Product distributions indicate competition between chlorination
and dehydrochlorination reactions. One of the roles of the catalyst
is to facilitate surface chlorination reactions.
The catalyst supports the Deacon process, i.e. the interconversion
of hydrogen chloride to dichlorine. From comparisons between
dichlorine yields and chlorination conversions at fixed tempera-
ture and contact times, it is deduced that the Deacon process is
slow compared to the main organo-chlorine transformations.
For temperatures up to 653 K, HCl alone does not act as a reagent
for chlorination. However, in the presence of the catalyst, the
Deacon process provides an in situ source of dichlorine.
Under Deacon conditions, catalyst mass and reaction tempera-
ture are seen to moderate chlorine supply, which in turn may
perturb product distributions. For instance, low catalyst mass and
intermediate temperatures (i.e. 623 K) favour high selectivity to
trichloroethene.
The product distribution upon co-feeding oxygen in a chlorine-
lean feedstream indicates that the Deacon reaction can
supplement local chlorine supply by converting HCl pro-
duced from the formation of CHCl=CCl2 from CHCl2CHCl2 to
Cl2.
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