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In a study on oxychlorination of ethylene using KCl-promoted CuCl,/Al,O; catalyst having
a composition similar to that of a commercial catalyst, steady-state catalyst composition
was determined over a wide range of temperature after identifying the surface copper
species by X-ray photoelectron spectroscopy (XPS). The data show a marked shift in the
steady-state catalyst composition at about the same temperature at which structural change
had been previously reported for similar catalysts. This is confirmed in a separate study of
the CuCl,—ethylene reaction which is considered to be the key intermediate step in the

overall oxychlorination reaction network.

1. Introduction

KCl-promoted CuCl,catalysts are used in oxy-
chlorination of hydrocarbons. The study of these cata-
lysts has evoked considerable interest in characteriza-
tion [ 1-4], salt-support interaction [ 5-7] and kinetics
of oxychlorination [8-13]. Structural change is re-
ported in KCI-CuCl,/ fumed silica catalyst [14] and
in KCI-CuCl,/Al, O3 catalyst [15]. In general, oxy-
chlorination of hydrocarbons on CuCl,-based cata-
lysts occurs by a cyclic mechanism involving CuCl,
which is constantly regenerated in situ. Hence, the
composition of the catalyst is expected to change
significantly with temperature during the reaction.
Any structural change in the catalyst may also be
reflected in its temperature—composition behaviour.
A study of this aspect of the oxychlorination catalyst is
particularly important with reference to the commer-
cial oxychlorination of ethylene (to produce dich-
loroethane, a valuable intermediate in the balanced
vinyl chloride monomer process) in a fixed-bed reac-
tor, because of the presence of a large temperature
gradient in such reactors [ 16]. The catalyst in different
temperature zones in the reactor may be structurally
different and may behave differently with regard to
reaction kinetics. The redistribution of copper in the
catalyst during oxychlorination is rarely reported in
literature. Even less attention has been given to the
study of any possible relation between composition
and the structure of the catalyst. This paper examines
the change in copper distribution during oxychlorina-
tion of ethylene over a wide range of temperature
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in the light of the reported structural change in the
catalyst.

Oxychlorination of ethylene was carried out on
a catalyst similar to that used in oxycholorination of
methane, except that the K/Cu ratio in case of the
former is considerably smaller. In this work, the stable
intermediate copper species were first identified by
X-ray photoelectron spectroscopy (XPS) after expo-
sing the catalyst to oxychlorination. The steady-state
solid composition is then determined in separate ex-
periments. The reaction of copper (II) chloride with
ethylene, which is the main component reaction of the
oxychlorination reaction network, is also carried out
on the same catalyst. Both sets of the composition
data show a dramatic change in the pattern of copper
distribution at the temperature at which the structural
change had been previously reported.

2. Experimental procedure

2.1. Sample preparation

Commercial Al,O3 (Harshaw, Al-111-61 E), crushed
and sieved to a particle diameter of 0.5 mm, was chosen
as the support. The pellets were then activated in air at
823 K for 12 h. An aqueous solution of CuCl,-2H,0
and KCl (both B.D.H. Analar grade) was used to im-
pregnate the support by the incipient wetness method.
The sample was dried at 393 K for 8 h in air and
stored in a desiccator. It has 18% wt/wt copper (II)
chloride and 2% wt/wt KCI on y-Al,O3, which cor-
responds to the commercial Stauffer-C catalyst [16].
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2.2. Technique

A vacuum Generator’s ESCALAB MKII spectrometer
with MgK, radiation (1253.6eV) was used for
measurement of copper state spectra. The X-ray anode
was operated at 10 kV, 10 mA, and the vacuum in the
analysis chamber was ensured to be better than
5% 10”8 mbar. The catalyst sample, which had been
collected under an inert atmosphere after the reaction,
was dusted on to double-sided adhesive tape and
mounted on a sample holder. The catalyst sample was
transferred to the fast-entry lock of the spectrometer
and was kept overnight in the preparation chamber
before being transferred to the analyser chamber for
XPS analysis. C(1s) BE at 285¢V from pump oil
contamination was used as a standard for the correc-
tion of the charging effect. The data were collected and
analysed on an Apple Ile (48k) microcomputer inter-
faced with the spectrometer.

An adiabatic fixed-bed differential reactor was used
for carrying out the overall oxychlorination reaction.
Spatial isothermality was ensured by keeping the gas
phase conversion below 5%. Attainment of a constant
bed temperature indicated that steady- state had been
attained. It was found that 4-5h exposure of the
catalyst to the reactants was sufficient to establish the
steady-state. The analysis of the used catalyst for cop-
per species was carried out by a standard method
based on quantitative conversion of CuCl to CuCl, by
ferricammonium sulphate [ 17]. However, because the
target chemical was lodged within the pores of the
alumina support, the mixture was slightly warmed to
hasten the reaction.The total amount of cupric chlor-
ide was then estimated gravimetrically as equivalent
silver chloride after correcting for chlorides not con-
taining copper. The balance copper was distributed in
the light of the XPS analysis. The catalyst composition
was not allowed to change during discharge before
subsequent analysis. This was ensured by carefully
transferring the catalyst in the presence of 99.999%
pure nitrogen (IOLAR-1, India). The effluent gas was
analysed chromatographically [ 18] to ensure low gas-
phase conversion.

A pulsed micro-catalytic reactor was employed for
studying the CuCl,—ethylene reaction using 10%
ethylene in helium. The pulse size was 0.5 — 1.0 cm?.
The product was analysed by an on-line gas
chromatograph equipped with a flame ionization de-
tector using a stainless steel SE-30 on chromosorb
column, 3 mm diameter and 12 m long. A new sample
of catalyst was taken for each pulse.

3. Results and discussion

3.1. Identification of copper species by XPS
The XPS of the used catalyst between 925 and 950 eV
given in Fig. la, shows Cu(2p;,,) photoelectron line
with a strong satellite structure indicating the absence
of CuO and Cu,O [19]. In any case, formation of
Cu,O under the present conditions is unlikely. If that
were to happen, chlorine would be a coproduct. But
no free chlorine is detected in the present study. As the
line shape of this photoelectron line indicates the
presence of at least two copper species on the surface
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Figure I (a) Cu (2p,,) photoelectron spectrum with satellite struc-
ture of the catalyst run at 513 K. (b) Synthesized Cu(2p,,) photo-
electron lines showing contributions from Cu™ and Cu?" species.

TABLE I Line positions and full-width at half-maxima (FWHM)
of synthesized lines of Fig. 1b

Identified species Line position FWHM
(V) (eV)
Cu* (CuCl) 932.7 1.6
Cu?*(CuO) 933.8 34
Cu?*(CuCl,) 935.0 22

of this catalyst, deconvolution of the peak due to
different copper species was essential. Kaushik [20]
has recently reported binding energy (BE) and full-
width at half-maxima (FWHM) values for different
copper standards and his data are used as a starting
point in peak synthesis and their fitting to the ob-
served Cu(2p;,,) envelope. Line positions and FWHM
values for fitted photoelectron lines are given in Table I
and different lines are shown in Fig. 1b. The synthesis
of these photoelectron lines is carried out after linear
background subtraction using a symmetrical line
shape with a flat tail on a VGS-1000 data system.

Fontana et al. [21], who investigated the CuCl,—
CuCl-KCl phase diagram, reported no binary or ter-
nary phase under the conditions used in the present
study. The presence of these double salts in the Cu?*
state is expected to exhibit satellites which will differ in
intensity from that of CuO and CuCl, and hence
fitting of the photoelectron line envelope and satellite
intensity composition corresponding to (CuO + CuCl,)
intensity will not be possible in such a case. Our recent
study has shown that the intensities of CuO and
CuCl, are 41% and 61% of the main line intensity
[19]. Strohmeier et al. [22] have also shown that
Cu?” from CuAl,O, appears at different FWHM and
satellite intensity ratios. The formation of copper
aluminate is quite unlikely at the temperatures of the
present investigation [23]. Thus Table I and Fig.
1 together indicate the presence of CuCl, CuO and
CuCl, on the catalyst.

3.2. Temperature—composition behaviour
Fig. 2 is a ternary diagram showing the steady-state
catalyst composition obtained by chemical analysis.
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Figure 2 Ternary distribution of copper species in the bulk at
various steady states.
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Figure 3 Effect of temperature on Cu®/Cu?* based on bulk
composition.

Each point on the line corresponds to a steady-state
value reached as a result of oxychlorination under
isothermal conditions. The initial composition in each
case is 100% CuCl, represented by the apex. At first
glance, it is clear that the reaction causes redistribu-
tion of copper, whose pattern changes with temper-
ature. Up to about 509 K, there is no net increase in
the CuCl content and CuO is formed only at the
expense of CuCl,. Above this temperature, there is
a gradual change until about 561 K, beyond which
CuCl is formed exclusively at the expense of CuCl,,
leaving CuO substantially constant.

It is convenient to represent the distribution of
copper by the ratio CuCl/(CuCl, + CuO). This is
plotted against temperature in Fig 3. Curve A refers to
the data obtained for the overall oxychlorination reac-
tion in the continuous flow reactor, and curve B refers
to the data obtained for the CuCl,—ethylene reaction
in the pulsed reactor. The curves appear to merge up
to about 510 K and thereafter a sudden change in the
pattern of distribution begins to occur, which is shown
by both the curves. We have observed that change in
pulse residence time has no significant effect (not
shown here) on the general shape of curve B except
that a higher residence time has resulted in a steeper
change at the same temperature of 510 K. It appears,

therefore, that both the CuCl,—ethylene reaction and
the overall oxychlorination reaction occur somewhat
slowly up to a temperature of about 510 K beyond
which the rate in each case picks up rather quickly.
This leads to the belief that some physical change
rendering the catalyst more active may be occurring
on the surface at this temperature. Indeed, literature
evidence, based on differential scanning calorimetry
[14], suggests that at about 513 K, all the crystalline
phases disappear in KCI-CuCl, catalysts. Further, an
endothermic DTA peak has also been reported for
K Cl1-CuCl, catalysts at about 515 K [15]. The sudden
change in the pattern of copper distribution observed
in the present work seems to reflect the chemical side
of this physical behaviour. However, it must be noted
that the catalyst used in the present study has a low
K/Cu ratio compared to the catalysts used in the
above cited studies. It was pointed out by Heinemann
[24] that the initial presence of some CuCl together
with CuCl, on the alumina support is necessary in
order to avoid long induction times in oxychlorina-
tion of ethylene. Thus, the observed temperature—
composition behaviour corroborates with the literature
evidence, and considering all available information
including the present study, it is quite reasonable
to conclude that a threshold temperature of about
510 K exists for vigorous oxychlorination reaction to
set 1n.

4. Conclusions

1. XPS analysis of reacted CuCl, oxychlorination
catalyst has indicated the presence of CuCl, CuO and
CuCl, compounds of copper.

2. Oxychlorination of ethylene, or even exposure of
the catalyst to ethylene alone, is found to cause redis-
tribution of copper, which is found to be a strong
function of temperature.

3. A sudden change in the pattern of copper redis-
tribution has been observed at a temperature at which
structural change had been previously reported for
similar catalysts.
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