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A complete catalytic cycle was performed on CuCl,/Al,O3
catalyst for ethylene oxychlorination at 500 K. X-ray absorp-
tion near-edge spectroscopy, extended X-ray absorption fine struc-
ture, electron paramagnetic resonance, and IR of adsorbed CO
were used to demonstrate that the ethylene oxychlorination reac-
tion, C;H4 4+ 2HCI + 1/2 0, — C,H4Cl; + H,0, follows a three-
step mechanism: (i) reduction of CuCl, to CuCl (2CuCl; +
C,Hy4 — C,H4Cl, + 2CuCl), (ii) oxidation of CuCl to give an
oxychloride (2CuCl + 1/2 O, — Cu,0Cl,), and (iii) closure of the
catalytic circle by rechlorination with HCI, restoring the origi-
nal CuCl,; (CuyOCl; + 2HCI — 2CuCl; + H,0). The dispersing/
sintering effect of the different reagents on the active phase has
been also investigated.  © 2002 Elsevier Science

Key Words: Al,Osz-supported CuCl,; ethylene oxychlorination;
IR spectroscopy; EPR; XANES; EXAFS.

1. INTRODUCTION

Nowadays, almost all the world’s production of vinyl
chloride is based on cracking of 1,2-dichloroethane, which
in turn is produced by catalytic oxychlorination of ethylene
with hydrochloric acid and oxygen (1) following the reac-
tion path

C,Hy4 +2HCI + 1/2 0O, - GH4Cl, + H,0. [1]

The reaction is performed at 490-530 K and 5-6 atm
(1 atm ~ 1.01 x 10° Pa) using both air and oxygen in fluid or
fixed-bed reactors (2). Commercial catalysts are produced
by impregnation of alumina with CuCl, (4-8 wt% Cu).
Other chlorides (mainly alkaline or alkaline earth chlo-
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rides) in a variable concentration (1, 3) are also added in
order to improve the catalytic performances, making the
catalyst more suitable for use in industrial reactors (1, 3, 4).

This paper represents the last part of a series devoted to
the investigation of the base catalyst (i.e., CuCl, supported
on y-alumina) (5-8). The first works (5-7) were devoted to
a study of the catalyst before interaction with reagents. It
was demonstrated that two copper species are present on
the catalyst activated in N; flux at the reaction temperature
(500 K), just before reagent feeding. The former is a surface
Cu aluminate phase where Cu(II) occupies the octahedral
cationic vacancies of y-alumina and the latter is an amor-
phous, highly dispersed CuCl, phase. The copper surface
aluminate phase is the only one present on the low loaded
samples. At a concentration higher than 0.95 wt% Cu per
100 m? of support, it coexists with the CuCl,, which is the
only active phase.

The oxychlorination reaction [1] has been supposed to oc-
cur in three subsequent steps (8-14): (i) reduction of CuCl,
into CuCl by ethylene, (ii) reoxidation of CuCl by oxygen,
and (iii) closure of the loop, by restoration of the original
CuCl,, with HCl, as described in Egs. [2]-[4]:

2CuCl, + CHy — C,H,Cl, +2CuCl, 2]
2CuCl +1/2 0, — Cu,OCL, 3]
Cu,0Cl, + 2HCI — 2CuCl, + H,0. [4]

Step [2] has recently been the object of work devoted to
the study of the interaction of the catalysts with ethylene
(8), which has demonstrated its effective occurrence. Con-
versely, no experimental evidence of steps [3] and [4] has
been reported up to now. The present work is devoted to the
study of the interactions with O, and HCI. However, some
results obtained on the catalyst after exposure to ethylene
are also be reported, for better understanding.

0021-9517/02 $35.00
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2. EXPERIMENTAL

A CuCl/Al,O3 catalyst (Cu 7.5 wt%, hereafter labe-
led Cu7.5) was prepared by impregnation of y-alumina
(Condea Puralox SCCa 30/170; surface area, 168 m> g,
pore volume, 0.50 cm?® g~!) with an aqueous solution of
CuCl, following the incipient wetness method (5). The
treatment temperature, for both sample activation and in-
teraction with reagents, was 500 K. The interaction with
HCl was further investigated at 600 K.

For IR measurements, performed at room temperature
(RT), a thin, self-supporting wafer of the catalyst was pre-
pared and activated under dynamic vacuum at 500 K for
2 h, inside an IR cell designed to allow in situ temperature
treatments, reagent dosage and evacuation, and CO dosage.
The IR spectra were recorded at 2-cm™! resolution on a
BRUKER Fourier transform IR (FTIR) 66 spectrometer
equipped with a mercury cadmium telluride cryodetector.

Electron paramagnetic resonance (EPR) spectra were
measured atliquid nitrogen temperature (LNT) on a Varian
E 109 spectrometer equipped with a dual cavity and oper-
ating in the X band. Varian Pitch was used as a reference
for the calibration of g values. Before cooling, the samples
were evacuated at RT up to 1073 Torr (1 Torr &~ 133.3 Pa).

X-ray absorption measurements were carried out using
synchrotron radiation of the EXAFS13 station at LURE
(Orsay, France) during experiment CK017-00 (XAFS13,
D42, September 11-15, 2000). All details concerning data
acquisition have been reported in Ref. (8). x (k) extraction
and extended X-ray absorption fine structure (EXAFS)
data analysis were performed using programs developed
by Michalowicz (15), following standard procedures (16), as
described in detail in Ref. (17). The Cu—Cl and Cu-O phase
shift and amplitude functions were extracted from anidrous
CuCl, [four equivalent chlorine atoms at 2.26 A (18)] and
from Cu,O [four equivalent oxygens at 1.85 A (19)] model
compounds assuming arbitrarily a relative Debye-Waller
factor o of 4.0 and 5.0 x 1072 A, respectively. The fitting
of the EXAFS data was performed in k-space on the ky (k)
function, as described in Ref. (15). The fits reported here-
after (vide infra Figs. 5b and 6b) correspond to the mini-
mized functions.

3. RESULTS

3.1. IR Study of Adsorbed CO at RT

CO is an excellent probe molecule for surface Cu(I)
sites because its interaction is normally rather strong
(20). In contrast, its interaction with Cu(II), sites is very
weak (21) and can be considered, as a first approxi-
mation, negligible in RT experiments. In the case of
the CuCl,/Al, O3 catalysts, as demonstrated in Ref. (8),
Cu(I)- - -CO species are the unique adducts observed on
dosing CO at RT, being carbonyl adducts formed on the
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FIG. 1. IR spectra collected on dosing CO (40 Torr) at RT on Cu7.5
catalyst along the catalytic path foreseen in Egs. [2]-[4]. Activated sample
(a) and after interaction with C,H, (b), O, (c), and HCI (d). These data
mirror the number of surface Cu™ ions.

support (AI**...CO and AI-OH- - -CO) observed at LNT
only. As a consequence, the intensity of the C-O stretch-
ing band, at a given Pco, can be roughly correlated to the
amount of Cu(I) sites available at the surface of the cata-
lysts (8).

Figure 1 shows the IR spectra of CO dosed at RT (Pco =
40 Torr) on a Cu7.5 sample along the catalytic path foreseen
in Egs. [2]-[4]. Interaction with C;Hy, step 1, causes a strong
increase in the C-O stretching band (compare Figs. 1a and
1b). Interaction with oxygen, step 2, causes the opposite
reaction (Fig. 1c vs Fig. 1b), while interaction with HCI,
step 3, results in restoration of the initial spectrum (Fig. 1d
vs Fig. 1a).

3.2. EPR Study

Because the electronic configurations of Cu(I) and Cu(II)
ions are d'° and d°, respectively, only the latter is involved
in EPR spectroscopy and thus the integrated value of the
EPR signal can be considered proportional, as a first ap-
proximation, to the amount of isolated Cu(II) (8, 22, 23).

Figure 2 reports the integrated area of the EPR signal
measured on catalyst Cu7.5 after activation at RT, at 500 K,
and along the catalytic path foreseen in Egs. [2]-[4]. The
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FIG. 2. Integrated signal extracted from the EPR spectra collected

at 77 K on Cu7.5 catalyst along the catalytic path. Sample activated at
RT, at 500 K, and after interaction with C;H4, O,, and HCI. The value
obtained on the catalyst activated at RT was arbitrarily set to 1.0. These
data qualitatively mirror the number of Cu®* ions.

integrated value obtained from the first spectrum was arbi-
trarily set to 1.0. The evolution of the integrated EPR signal
can be summarized as follows: (i) activation at 500 K im-
plies a partial decrement of the signal; (ii) interaction with
ethylene causes a further decrement; (iii) interaction with
O, yields to a value even higher than the original one; and
(iv) finally, interaction with HCI brings the signal back to a
value very close to the original one.

3.3. XANES Study

As extensively discussed in (8), XANES spectroscopy is
sensitive to both oxidation and coordination states of Cu.
The position of the Cu k-edge is mainly determined by the
oxidation state of copper, occurring for Cu(I) species at
4-6 eV below that measured for Cu(II) species. A varia-
tion of the coordination sphere results in a less relevant
edge shift and in a consistent modification of the near-edge
structures.

Figures 3a—3c show the progressive evolutions undergone
by the XANES spectrum of the Cu7.5 catalyst following the
sequence described in Egs. [2]-[4]. Interaction with ethy-
lene implies a redshift of the edge from ~8984 to ~8979 eV
(Fig. 3a), while an opposite shift is observed after inter-
action with O, (Fig. 3b). Interaction with HCl does not
modify appreciably the edge position but causes a modifi-
cation of the near-edge features, both of white-line intensity
and first-oscillations shape.

If the rechlorination experiment is performed at a higher
temperature (600 K) the XANES spectrum of the catalyst
becomes very close in appearance to that of the anhydrous
CuCl, model compound (Fig. 3d). A so-remarkable simi-
larity between the two spectra shown in Fig. 3d indicates
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that treatment in HCI at 600 K removes, at least partially,
Cu?* ions from the y-Al, O3 surface. This fact can be poten-
tially confirmed by EXAFS (vide infra Fig. 6 and Table 1);
however, due to its very low Debye—Waller parameter, the
Cu—Cl shell dominates the EXAFS signal and, so, the frac-
tion of Cu®* ions remaining on the y-Al, O3 surface cannot
be quantitatively determined.

3.4. EXAFS Study

EXAFS spectroscopy has been a key technique in the de-
termination of the substitution of O with Cl (or vice versa)
in the first coordination sphere of copper species present in
the CuCl,/Al,O5 catalyst during aging, heating, and inter-
action with ethylene (5-8). In fact, the Cu-O contribution
gives rise, in the uncorrected FT phase, to a peak in the
1.5-A zone, while Cu—Cl results in a peak at around 1.9 A.
Moreover, the Cu—O phase is shifted to about 7, with re-
spect to the Cu—Cl phase, along nearly all the k region of
interest, which makes easier the recognition of the two con-
tributions (5, 6).
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FIG. 3. (a—c) Evolution of the XANES spectra of the Cu7.5 cata-

lyst along the catalytic path at 500 K. (a) Effect of exposure to C;Hy;
(b) effect of exposure to Oy; (c) effect of exposure to HCl. Dashed and
solid lines refer to the sample before and after the treatment respectively.
(d) The spectrum of the catalyst after successive interaction with HCI at
600 K (dashed line) compared with that of the bulk anhydrous CuCl,
model compound.
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TABLE 1

Filtering Ranges and EXAFS Results for First Coordination Sphere of the y-Al,O3-Supported CuCl, Catalysts ¢

Catalyst Ak (A1 AR (A) Scatter R(A) N o (1072A) AE (eV) P
Cul.4° 3.34-14.31 1.07-1.84 Cu-0 1.94 £0.01 4.9840.25 58406 —142 5% 107
Cu7.5 activated 2.93-14.09 0.92-2.30 Cu-0 1.94 1.07 5.8 -1 6 x 1073
Cu-Cl 2.25+0.02 3.15 7.0+1 —1+2

Cu7.5 + C,H, 2.93-14.09 0.90-2.34 Cu-0 1.94 1.07 5.8 +342 7 %1073
Cu-Cl 2.25+0.02 3.15 84413 —1+2

Cu7.5+ 0, 2.93-14.09 0.84-2.34 Cu-0 1.94 1.07 58 -1
Cu-0 1.93 +0.02 17403 73+1 —142 2% 1073
Cu-Cl 2.26 4+ 0.02 20+03 56+1 —142

Cu7.5+HCI 2.93-14.09 0.90-2.30 Cu-0 1.94 1.07 58 -1 8 x 1072
Cu-Cl 2.2440.02 3.15 74+1 —1+2

Cu7.5+HCl at 600 K 2.93-14.09 0.90-2.30 Cu-Cl 2.26 +0.02 4.0 42407 —2+2 1x 107

2 Ak, Interval of k-space to R-space FT; AR, R-space interval selected to perform the first shell-filtered back FT into k-space; R, bond distance;
N, coordination number; o, relative Debye—Waller factor; AE, energy shifts. Nonoptimized parameters can be discriminated by the absence of the

corresponding error bars. The last column reports the quality factor of the fit (p) computed as detailed in Ref. (15b).
b The fit of the Cul.4 catalyst, containing only the surface Cu aluminate phase, has been reproduced from Ref. (8) for comparison.

Figure 4a reports the evolution of the modulus of the FT
of the x (k) function along the foreseen catalytic path. The
effect of interaction with ethylene is discussed in Ref. (8),
to which the reader is directed for details. Here only the FT
(solid line curve in Fig. 4a) is reported in order to appreciate
the effect of the subsequent interaction with O, (dashed line
curve). Besides an overall increase in the EXAFS signal,
the relative increase in the low-R component in the first
shell around copper is evident. The subsequent interaction
with HCI has the opposite effect, causing an increase in the
high-R component, to the detriment of the low-R one.
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FIG. 4. (a) Evolution of the modulus of the phase-uncorrected, k3-
weighted FT of the EXAFS function along the catalytic path. (b) The
Cu7.5 catalyst after interaction with HCl at 600 K (dotted line) compared
with the bulk anhydrous CuCl, model compound (solid line).

As in the case of the XANES spectrum (Fig. 3d), if the
rechlorination experiment is performed at a higher temper-
ature (600 K), the FT of the EXAFS spectrum of the catalyst
also becomes close in appearance to that of the anhydrous
CuCl, model compound (Fig. 4b).

4. DISCUSSION

It has already been proved (8) that interaction with ethy-
lene causes reduction of the CuCl, phase to CuCl following
reaction [2], while the Cu aluminate phase does not parti-
cipate in the process and remains unchanged. It has been
also shown that the interaction of dispersed CuCl, with
ethylene results in CuCl particles characterized by an even
higher dispersion.

4.1. Interaction with O,

The results reported in Section 3 give direct evidence of
the oxidation of Cu(I) to Cu(II) as an effect of the exposure
of the catalyst to O,. In fact, (i) IR spectroscopy singles out
asignificant decrease in the C-O stretching band, attributed
to the Cu(I)---CO adducts (Fig. 1c vs Fig. 1b), (ii)) EPR
spectroscopy shows an increase in the integrated area of the
Cu(II) signal [the decrease in the EPR signal observed in
the activation of the catalyst at 500 K is explained in Ref. (8)
in terms of a partial Cu(Il) - Cu(I) reduction caused by
the thermal treatment], and (iii) XANES data (Fig. 3b)
are characterized by a blueshift of 5 eV. In particular,
XANES testifies to the nearly complete (both surface and
bulk) Cu(I) - Cu(Il) oxidation. It can be concluded that
the copper species present on the catalyst after interaction
with oxygen are in the oxidation state 42, which is in
agreement with the reaction path hypothesized in Eq. [3].

Proof of the insertion of oxygen ligands in the first coordi-
nation shell of copper is supplied by EXAFS spectroscopy.
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From a first view of the data reported in Fig. 4a (dashed line
vs solid one), the relative increase in the low-R tail of the
first shell peak (around 1.45 A without phase correction)
is evident. It can so be qualitatively concluded that inter-
action with O, results in a relative increase in the Cu-O
contribution with respect to the Cu—Cl one.

To obtain quantitative results, a detailed EXAFS data
analysis must be done. To explain the procedure followed
to analyze the spectrum of the oxidized catalyst, a sum-
mary of the analogous analysis done on the activated cata-
lyst, before and after interaction with C;Hy (8), is useful.
According to Refs. (5-7), the activated Cu7.5 catalyst has
1.6 Cu wt% as surface copper alumnate and the remaining
5.9 Cu wt% as dispersed copper chloride, resulting in rela-
tive percentages of 21 and 79 %, respectively. Copperionsin
the surface aluminate phase occupy the octahedral cationic
vacancies of y-alumina and exhibit a first coordination
shell formed by five oxygen ligands located at 1.94 A (8).
The results are reported in the first row of Table 1 for
comparison. Copper ions of the dispersed copper chloride
phase are supposed to have a first coordination close to
that observed for bulk chloride in diffraction studies [i.e.,
four chlorine atoms at 2.26 A (18)]. The EXAFS signal of
the activated Cu7.5 catalyst before and after exposure to
ethylene has been successfully modeled (8) as the sum of
21% (Ncy—o =1.07, instead of 5) of the EXAFS signal of
the surface Cu aluminate phase and of 79% (N¢y—c1 = 3.15,
instead of 4) of the copper chloride phase, optimizing only
four parameters (two AE, the Rey—c1, and ocy—cp: second
and third catalysts in Table 1).

The same procedure was applied to the catalyst after in-
teraction with O,, by supposing that 21% of the overall
signal was still coming from the unperturbed Cu aluminate
phase and that the remaining 79 % was coming from a chem-
ically undefined oxychloride showing both Cl and O atoms
in the first coordination shell of copper. The optimization
of the EXAFS data based on this model requires the simul-
taneous refinement of eight parameters (R, N, o, and AE
for both the Cu—O and the Cu—Cl shells of the oxychloride
phase). [Once determined for in the Cul.4 catalyst (8), the
structural parameters (R, N, o) of the Cu aluminate phase
were kept fixed along the catalytic path of the Cu7.5 cata-
lyst. In the cases where the copper present on the sample
was in the oxidation state +2 (after activation and interac-
tion with O, and HCI), the x (k) extraction was done using
the same Ey as was used for the Cul.4 catalyst: this allowed
us to fix also AE to—1 eV. Only in the case of Cu7.5 catalyst
after interaction with C,H4 was AE optimized because, in
that case, the catalyst was the Cu-K edge 5 eV downward
shifted and a different Ey had to be adopted. A difference
of 4 eV (the expected value being 5 eV) was found in that
case for the AE value of the Cu aluminate phase.] With
2AKAR/w close to 10 (Table 1), an eight-parameter fit is
allowed (16). The quantitative result of the fit is reported in
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FIG.5. (a) Catalyst Cu7.5 after interaction with O,: raw EXAFS

spectrum and corresponding first-shell filtered signal, superimposed on
its theoretical simulation. (b) k*-weighted, phase-uncorrected FT of both
experimental and theoretical curves (modulus and imaginary parts).

Table 1, while the quality of the fit can be seen in Figs. 5a and
Sbinthe k and Rspaces, respectively. With Cu, OCl, the ten-
tative oxychloride used in Eq. [3], the quantitative EXAFS
results are compared with the structural data available in
the literature for bulk Cu,OCl,, where copper has a first
coordination shell formed by two oxygen atoms at 1.94 A
and two chlorine atoms at 2.29 A (24). The Cu-O distance
obtained in the EXAFS fit (1.93 £ 0.02) is very close to the
crystallographic value, while the Cu—Cl distance is 0.03 A
less (2.26 + 0.02) (see Table 1). Coming to N, values of
1.7+ 0.3 and 2.0 £ 0.3 have been obtained from the fit for
oxygen and chlorine, respectively. As discussed in detail in
Ref. (8), when more than a Cu phase is present on the sam-
ples, the N values obtained from the EXAFS fit are not
the true coordination numbers but are only proportional to
them. The proportionality constant is the inverse of the rel-
ative fraction of the phase. In the present case the constant
is 1.27 for the oxychloride phase, resulting in estimated true
coordination numbers of 2.2 + 0.4 and 2.5 0.4 for oxygen
and chlorine, respectively. Even if slightly overestimated,
the obtained coordination number for oxygen and chlorine
are, within the error bars, compatible with the bulk struc-
ture of Cu, OCl,. However, the formation of other Cu oxy-
chlorides of different stoichiometry can not be safely ruled
out owing to the average nature of the data determined by
EXAFS spectroscopy and to the relative high error bars
associated with the coordination numbers.

Using EXAFS the insertion of oxygen atoms into the
first coordination shell of copper atoms of the active phase
is thus evident. This is direct proof that an oxychloride, as
foreseen in Eq. [3], has been formed in the active phase of
the catalyst. Cu,OCl, is a good candidate, being that both
bond distances and coordination numbers obtained in the
EXAFS fit are compatible with the crystallographic values.
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The effect of exposure to O on the dispersion of the ac-
tive phase can be monitored using EXAFS. The interaction
with O, results in an overall increase in the EXAFS signal,
moving the magnitude of the first shell peak (Fig. 4a) from 4
to 5 A~4. The increase is justified by a decrease in the ocy—c
Debye-Waller factor from 8.4 to 5.6 x 1072 A (Table 1),
which can be interpreted as a sintering caused by interac-
tion with O,, opposite the desegregation induced by C,Hy,
evidenced by the increase in ocy—c; from 7.0 to 8.4 x
1072 A (8).

4.2. Interaction with HCI

The results reported in Section 3 can be used to demon-
strate the fact that the oxidation state of copper does not
change on exposure to HCIL. The XANES data of the Cu7.5
catalyst after interaction with O, and HCI, reported in
Fig. 3c, show that no measurable edge shift occurs on in-
teraction with HCI, indicating that the oxidation state of
copper species still remains +2. The substantial invariance
of the integrated intensity, detectable on both IR (Figs. 1a
and 1d) and EPR (Fig. 2) data, confirms that we are dealing
with cupric ions.

The change caused by interaction with HCI concerns the
coordination sphere of Cu: the phenomenon is pointed out
by an alteration in the near-edge structure, particularly in
the 8990-9010 eV range. A more consistent proof comes
from EXAFS.

In this case, following the hypothesis that all the active
phase is again in the form of anhydrous CuCl,, the EXAFS
signal has been simulated in terms of two components only:
21% of surface aluminate and 79% of CuCl,. All parame-
ters of the first contribution have been fixed (N¢y—o = 1.07,
AE=-1¢eV, Roy-0=1.94 A, and ocy—=5.8 1072 A);
the same holds for N¢y—cj =3.15. So the fit runs only on
the remaining parameters of the copper chloride phase
(AE, Rey—c1, and ocy—cy)- The three-parameter fit (Table 1)
yields, within the experimental error, the expected Rey—c
distance (2.24 + 0.02 vs 2.26 A), and reasonable values for
both AE and ocy—¢) parameters, supporting the validity of
our hypothesis. The dispersion of the CuCl, particles ob-
tained by interaction with HCl is still rather high, being the
optimized ocyc of 7.4 x 1072 A, a value to be compared
with 7.0 x 102 A of the activated sample. We can conclude
that the final product is anhydrous CuCl,; thus the final step
(Cu,OCl; 4+ 2HCI — 2CuCl, 4+ H,O) of the catalytic cycle
has been proven.

If the temperature of interaction with HCl is increased
from 500 to 600 K, a remarkable sintering effect is obtained
onthe CuCl,. Infact, the intensity of the EXAFS signal dou-
bles, as a consequence of a strong decrease in the static part
of the Debye—Waller factor (see Fig. 4). Moreover, XANES
data (vide supra Fig. 3d and related comments) indicate that
treatment in HCl at 600 K partially removes Cu?* ions from
the y-Al, O3 surface. Both phenomena make the XANES
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FIG. 6. As for Fig. 5 for catalyst Cu7.5 after interaction with HCI at
600 K.

(Fig. 3d) and the EXAFS (Fig. 4b) spectra of the catalyst
nearly identical to that of anhydrous CuCl, model com-
pound. On these bases, a single shell fit has been performed
on the EXAFS data (last catalyst in Table 1), obtaining the
expected Rey—cy distance (2.26 4 0.02 A) and an optimized
ocuct of 4.2 x 1072 A, very close to the value adopted for
the bulk (4.0 x 102 A). The quality of the fit can be seen in
Figs. 6a and 6b for the k and R spaces, respectively. We have
tried to quantify the fraction of Cu’* ions still present on
the y-Al,O3 surface by adding the Cu-O contribution of
the copper aluminate phase to the previous fit, as was done
for the sample after interaction with ethylene and oxygen.
Since the fit did not improve significantly, we must conclude
that the fraction of copper on the alumina surface is below
the detection capability of the technique, since the Cu—Cl
shell dominates the EXAFS signal.

According to the increased size of the CuCl, crystals sup-
ported on y-alumina, a second shell signal is now well visible
in the 2.5-3.5 A region of the FT of the EXAFS spectrum
(see Fig. 4b).

These findings imply that the Cu?* ions of the surface
aluminate phase, which has been proved to be inactive in
the ethylene conversion at 500 K (6), can be converted
into the active CuCl, phase on interaction with HCI at
600 K. The following path can be hypothesized:

(>Al-0),Cu +4HCl — CuCl, +2(>Al-Cl) + 2H,0. [5]

Notwithstanding this fact, the amount of surface Cu’* sites
of the CuCl, phase is reduced by the sintering process.
So, the overall effect on the catalyst activity cannot be
foreseen.

5. CONCLUSIONS

XANES, EXAFS, EPR, and IR of adsorbed CO have
allowed a demonstration of the fact that the ethylene
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oxychlorination reaction can be performed at 500 K in three
separate steps: (i) reduction of CuCl, to more dispersed
CuCl particles; (ii) oxidation of CuCl to give an oxychloride
(Cu, OCl, being a good candidate), with a partial sintering
of the copper involved in the transformation; and (iii) clo-
sure of the catalytic circle by rechlorination with HCI, which
restores the original CuCl,. By increasing the reaction tem-
perature, the rechlorination involves also the Cu?* of the
surface aluminate phase and leads to a severe sintering of
the CuCl, particles.
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