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Abstract: Alumina supported CuCl,, the basic catalyst for ethylene oxychlorination, has
been investigated by UV-Vis spectroscopy, EPR, EXAFS and XANES in a wide range
(0.25-9.0 wt%) of Cu concentration. We have evidenced that, at low Cu content, the forma-
tion of a surface aluminate species takes place. The formation of this surface copper alumi-
nate stops at 0.95 wt% Cu / 100 m? at higher Cu concentrations excess copper chloride
precipitates directly from solution during the drying step forming an highly dispersed
CuCl,'H20, phase, overlapping progressively the surface aluminate. Depletion tests and IR
spectroscopy of adsorbed NO have demonstrated that the latter is the only active phase. A
complete catalytic cycle has then been performed on CuCl,/Al,O; catalyst. EPR, XANES
and EXAFS, have been used to demonstrate that the ethylene oxychlorination reaction:
CoHy + 2HCI + %2 O, ® CyH4Cl, + H,0 follows a three steps mechanism: (i) reduction of
CuCl; to CuCl (2CuCl; + CoHs ® CyH4Cl, + 2CuCl), (ii) oxidation of CuCl to give an
oxychloride (2CuCl + %2 O, ® Cu,OCl,) and (iii) closure of the catalytic circle by re-
chlorination with HCI, restoring the original CuCl, (Cu,OCl; + 2HCI ® 2CuCl;, + H,0).
Finally, we have shown that time resolved, in situ, spectroscopy is a very promising tech-
nique to investigate the interplay between catalyst activity and oxidation state of copper.
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1. Introduction

Nowadays, almost all the world production of PV C is obtained by the polymerization of vinyl chlo-
ride (VCM), which is produced using ethylene, oxygen and chlorine as reagents following the scheme
represented in Figure 1. Production of VCM is based on cracking of 1,2-dichloroethane (EDC), which
initsturn is produced by two parallel processes, oxychlorination:

CoHs + 2HCI + 120, ® C,HLCly + H,O (1)
and direct chlorination:

C,Hs+ Clo ® CoH4Clo (2)
The oxychlorination reaction is particularly important on the industrial scale because it allows the re-
cycle of HCI produced by the cracking of 1,2-dichloroethane (Figure 1). Reaction (1) is performed at
490-530 K and 5-6 atm. using both air and oxygen in fluid or fixed bed reactors [1,2]. Commercial
catalysts are produced by impregnation of g-alumina with CuCl, (4-8 wt% Cu) following the incipient
wetness method. Other chlorides, (mainly akaline or akaline earth chlorides) in a variable concentra-
tion [3,4], are also added in order to improve the catalytic performances making the catalyst more suit-
able for the use in industrial reactors|[3,4].
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Figure 1 Schematic representation of the industrial production of VCM.

In this paper we will deal with the base catalyst (i.e. without additives) for the oxychlorination reac-
tion only. Due to its relevant industrial impact, several papers have been devoted to its study [5-23].
From these studies, the existence, on base catalyst, of two different Cu compoundsis clearly emerging.
It has been hypothesized that the first family, prevailing at low Cu concentration, could result from the
interaction between CuCl, and the Al,O3 carrier, while the second family, prevailing at high Cu con-
centration, could be the product of the surface precipitation of Cu compounds from the impregnating
solution. The identification of the nature and the range of existence of Cu species has been achieved
only very recently [24-26]. This goal was accomplished only after a complete study on the effects that
aging and thermal treatments have on the catalysts as a function of Cu loading. The only species pre-
sent at low Cu loading is a surface copper aluminate phase where Cu(l1) occupies the octahedral cati-
onic vacancies of g-alumina. For loading higher than 0.95 wt%Cu/100m’g™* (corresponding to 1.6 Cu
Wt% for the 168 m’g™* gralumina used in this study), an amorphous, highly dispersed, CuCl, phase is
also present. In a successive work [27], we have studied the interaction of the base catalyst with ethyl-
ene showing that only CuCl;, is reactive to this reagent. In the present paper, after a brief summary of
the previous works, the separate interaction with oxygen and hydrochloric acid will be investigated.
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This study allows us to demonstrate the existence of athree-step catalytic cycle. Finally, we will report
preliminary results of atime resolved X-ray absorption experiment where the three reagents are simul-
taneously fed to the catalyst simulating the real industrial conditions.

2. Experimental
2.1. Materials

Several CuCly/alumina samples (in the 0.035-9.0 wt.% range) were prepared by impregnation of g
alumina (Condea Puralox SCCa 30/170, surface area: 168 m?g™, pore volume: 0.50 cm®gY) with an
aqueous solution of CuCl,H,O following the incipient wetness method [24]. After impregnation, the
samples were dried at room temperature (RT) under a dry air flow for 1 hour and then kept at RT.
Characterization of samples has been performed 1 hour after impregnation. In the following, the cop-

per content, is used to identify the samples: i.e. Cu9.0 indicates the sample containing 9.0 wt% Cu.

2.2. Methods

A Perkin-Elmer Lambda 15 spectrofotometer, equipped with an integrating sphere, was used to per-
form the UV-Vis DRS measurements in the range 12500-50000 cm™. EPR spectra have been measured
at liquid nitrogen temperature on a Varian E 109 spectrometer equipped with a dual cavity and operat-
ing in the X band. Varian Pitch was used as a reference for the calibration of g values. Before cooling,
samples were evacuated at RT up to 10° Torr (1 Torr 133.3 Pa), in order to eliminate the excess of war
ter always present on the as prepared samples. Before cooling, samples were evacuated at RT up to 10
®Torr (1 Torr 133.3 Pa).

Conventional X-ray absorption measurements have been carried out using synchrotron radiation of
the EXAFS13 station at LURE (Orsay, France) during experiment CK017-00 [28]. All details concern-
ing the data acquisition have been reported in ref. [27]. c(K) extraction and EXAFS data analysis have
been performed using programs developed by Michaowicz [29], following standard procedures [30],
as described in detail in ref. [31]. The Cu-Cl and Cu-O phase shift and amplitude functions have been
extracted from anhydrous CuCl, (4 equivalent chlorine atoms at 2.26 A [32]) and from CuO, (4
equivalent oxygens at 1.85 A [33]) model compounds assuming arbitrarily a relative Debye-Waller
factor s of 4.0 and 5.0 102 A, respectively. Dispersive X-ray absorption measurements have been per-
formed at the 1D24 beamline [34] of the ESRF facility during experiment CH-1061 [35].

3. Results and discussion

3.1. On the presence of two copper species

The first step on the understanding of the reaction mechanism is the knowledge of the number and
the kind of species present in reaction ambient. To answer to this question we have coupled UV-Vis
and EPR spectroscopy on the whole set of catalysts.

The UV-Vis range reported in Figure 2a can be divided into two parts: 10000-22000 cm™ and
22000-50000 cm™. In the first range, a d-d band with a maximum at about 13000 cm™, characteristic
of Cu(ll) ions in octahedral complexes [36], is observed. In the second range, a wide and complex ab-
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sorption with a charge transfer (CT) character is found. This absorption is fully located in the UV part
of the spectra for low copper loaded samples (blue spectra). For high Cu concentrated samples (red
spectra) it covers the visible part al'so. The intensity of the d-d transition increases with Cu content, but
the trend is far to be linear, showing a sharp increase between 1.4 and 2.3 wt% Cu. This behavior can
be attributed to an abrupt change in the ligand sphere [24]. In the CT region only one band is observed
on samples with low Cu loading, in the 40000-43000 cm™ range (samples Cu0.25 - Cul.4), typical of
Cu®*O*® Cu*O" CT. While samples with Cu concentration higher than 2.3 wt%, show anew CT band
with maximum in the 28000-31000 cm™ range (typical of Cu**CI'® Cu*Cl CT), which develops pro-
gressively as copper concentration increases. It is worth underlining that the simultaneous presence on
high Cu loaded samples of both CT bands, indicates the co-presence of two different Cu(ll) species.
The comparison of the results concerning the d-d and CT regions suggests that the first shell ligands of
Cu(Il) species present in the 0.25-1.4 wt.% samples and those formed starting form Cu2.5 sample are
different. The species present at low Cu concentration are characterized by an high frequency (40000-
43000 cm™) CT transition and by a low intensity d-d band typical of an octahedral species containing
chemically equivaent ligands. The species dominating at high Cu concentration show an additional
low frequency (28000-31000 cm™) CT transition and a high intensity d-d band. Similar features char-
acterize the UV-Vis spectrum of CuCl,.2H,0 (black curvein Fig. 2a).
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Figure 2: Part (&) UV-Vis DRS spectra of from top to bottom: CuCl,H,O (black), Cu9.0, Cu4.6,
Cu2.3 (red) Cul.4, Cu0.5 and Cu0.25 (blue). Part (b): LNT EPR spectra of all samples. Cu content in-
creases, from bottom to top. The amplitude of the EPR signal of all samples has been multiplied by
different factors for graphical reasons.

A further proof of the existence of two kinds of copper species arises from the study of the progres-
sive evolution of the EPR signal (Figure 2b), as a function of the Cu loading. Even from a superficial
investigation, it is evident that spectra of low loaded samples are typical of Cu(ll) ionsin axial symme-
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try (O = Gy © g~ and g,z © gy) [5-10]. For samples Cu0.25, Cu0.5 and Cul.4, the splitting into quar-
tets, due the hyperfine interaction between the unpaired electron and the copper nucleus (both ®*Cu and
®Cu nuclei have a 3/2 nuclear spin [37]), is clearly visible only in the parallel component, while the
perpendicular one exhibits only shoulders (samples Cu0.25, Cu0.5) or is completely unresolved (sam-
ple Cul.4). Moving to high loaded samples, any vestige of the hyperfine structure is progressively lost,
being totally absent for Cu9.0. This sample exhibits a broad EPR spectrum with a slope typical of an
isotropic g tensor (Ow = Gy = Gz ° Oiso) [5-10]. We can so conclude that, in agreement with the EPR
data reported in the literature, we have observed (upon increasing the copper loading) the progressive
overshadowing of the axial signal observed on low Cu concentrated samples by a broad EPR signal
attributed to a different family of Cu(ll) species probing either a symmetrical magnetic environment or
a strongly broadened one, again with axial symmetry. A systematic simulations of the whole set of
spectraisin progress.

On the basis of EXAFS (vide 3.5 section) and solubility measures, not reported for brevity, the two
species have been ascribed to a superficial Cu aluminate, where the Cupric cations are located on su-
perficial vacancies of alumina, and an extremely dispersed phase of CuCl; [24,25]. The former is the
only species present at low load of Cu and the latter start to be present after the complete saturation of
g-alumina surface sites at about at 1.6 wt%.

3.2. Hypothesis on the reaction steps

Some authors [38-43], hypothesizing CuCl, as the active phase, proposed that the overall oxychlo-
rination reaction (1) is a cycle based on the following three steps:

2CUCl, + CoHy ® CoHCl, + 2CuCl, (3)
2CuCl + 0, ® Cu,0Cl,, (4)
Cu,0Cl, + 2HCl ® 2CuCl, + H,0. (5)

Since quoted references just hypothesize the three steps, without reporting any experimental evidence,
the next sections we will overcame this lack. Obviously the working catalyst undergoes simultaneously
to the three different reactions described in equations (3-5) and the validity of our approach is subordi-
nated to the assumption that the actual reaction path can be really divided into the three sub-steps.

3.3. Determination of the active phase

Hypothesis (3-5) holds only if cupric chloride is the active phase. To demonstrate this thesis ethyl-
ene has been feed at 500 K on Cu0.25 and Cu5.0 and catalysts, the former contains only the Cu alumi-
nate phase, the latter containing CuCl, aso. The effect of this treatment has been monitored on both
catalysts by IR spectroscopy of NO dosed at LNT, which is able to discriminate between Cu?* and Cu*
species [31].

On sample Cub.0 (Figure 3a) before interaction with ethylene (red line in Figure 3a) a single com-
ponent at 1885 cm™ strongly characterize the spectrum, this band from literature data is ascribed to
Cu(ll)...NO complexes [31]. The exposure of sample to ethylene causes a remarkable decrease of cu-
pric cations detected by NO adsorption (blue line in Figure 3a) and the appearance of a new doublet at
1813 and 1717 cm™ ascribed to a Cu(l)...(NO), complex. This spectroscopic features are attributed to
the reduction of CuCl, phase, following the reaction (3), owing to the fact that sample Cu0.25 (con-
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taining only the Cu aluminate phase) shows an IR spectrum insensitive to the interaction with C;H,4
(Figure 3Db).
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Figure 3: Part (a): IR spectra of NO on Cub.0 before and after interaction with ethylene at 500 K red
and blue curves respectively. Part (b) as part (a) for Cu0.25 catalyst.

The definitive evidence that CuCl; is the only active phase is given by depletion tests, where ethyl-
ene is sent on the sample in absence of O, and HCI reactants. In such a way the only chlorine source,
available for the C,H,4 conversion into C,H4Cl», is on the catalyst itself. The ethylene conversion ob-
tained on Cu9.0, Cu4.6 and Cul.4 catalysts are reported in Figure 4 (full symbols) as a function of the
number of pulses. We observe that only high loaded catalysts are active, while Cul.4 catalyst has a
null activity. The activity per pulse of both Cu9.0 and Cu4.6 is reduced by increasing the number of
pulses due to the progressive consumption of chlorine. It is worth noticing that the increment of con-
version measured by moving from Cu4.6 to Cu9.0 catalyst is higher than directly proportional to the
increment of copper. This can be explained by the fact that the fraction of Cu forming the surface alu-
minate is inactive: this means that the fraction of active copper species in samples Cu4.6 to Cu9.0 is
only 3.1 and 7.5 wt% Cu respectively. By re-plotting the activity curves of samples Cu4.6 to Cu9.0,
renormalized by factors 1/3.1 and 1/7.5, we see that they overlaps rather well, see Figure 4 (open sym-
bols), giving afurther proofs of the validity of our hypothesis.

In section 3.4 we will show that the catalysts exhibit a very high dispersion of the active phase,
while in section 3.5 we will prove that the reduction (3) holds for all the CuCl, phase (both surface and
bulk sites).



Int. J. Mol. Sci. 2001, 2 236

18 |
[ |
) Ll
@) .l
Ek o
J3 "
— [ |
S =
% [ |
O u o00?®
T . 00"”'
®) ik o"..
_I.. ©©©@@@@@©©©©@©@
o0 T T A A AAAA .
0 10  Pulses 20

Figure 4. Ethylene conversion to 1,2-dichloroethane versus the number of pulseson 9.0, 4.6 and 1.4 wt%
samples; (M, ® and 4 symbols respectively). Open symbols (| Pand O refersto 9.0 and 4.6 wt% |oaded
samples normalized by “active’” Cu concentration, see text.

3.4. Quantitative determination of surface copper sites by CO chemisorption

With the aim to quantify the amount of surface active copper sites on Cu9.0 and Cu 4.6 catalysts we
have performed chemisorption measurements. Due to the strong affinity of carbon monoxide with Cu(l)
sites [27,31,44,45], CO has been chosen as molecule to be used in chemisorption experiments. As a con-
sequence, chemisorption measurements have been performed on the catalysts before reduction in ethyl-
ene, see equation (3). The validity of reaction (3) will be demonstrated in section 3.5.

The adsorption isotherms of samples Cu9.0 and Cu 4.6 are reported in Figure 5a. The amount of phy-
sisorbed CO per unit surface area has been estimated to be 0.00275 cm® m, on the basis of chemisorption
measurements performed on the bare Al,O3; support [27]. The absorption due to Cu(l)...CO adduct has
thus been obtained by subtracting from the total absorption the contribution of physisorption: 0.00275
cm® m? multiplied by the surface area of the sample. The curves reported in Figure 5a represent the cor-
rected isotherms obtained on catalysts Cu9.0 and Cu4.6.

The isotherms show a slow increase of adsorbed volume with pressure. This does not allow to evaluate
the adsorption volume correspondent to g = 1 by the usually adopted back extrapolation to O pressure and
makes necessary to analyze the isotherms with a proper model of the adsorption process [27,47]. The
Langmuir equation, has given reliable results (Figure 5b) and was thus adopted to process the experimen-
tal data. The equation is able to linearize the data from 80-150 to 600 Torr for all catalysts. On these sam-
ples, having a large surface heterogeneity as probed by IR experiments [27], CO occupies first the sites
able to give a stronger interaction (low Pco down deviation of the experimental data), while at higher
pressure CO covers progressively the weaker and more uniform sites. In conclusion the volume of ad-
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sorbed CO correspondent to g = 1 (hereinafter V,,,) can be evaluated by linearizing the adsorption iso-
therm with the Langmuir equation in the 150-600 Torr range. The knowledge of Vm allows to calculate
the number of Cu(l) ions exposed to the surface (Cu(l)s), then the dispersion (D):
D = Cu(l)s/ Cu(l)or, (6)
where Cu(l): represents the number of the Cu(l) ionsin the sample. A further evaluation leads to the
estimation of the surface area of CuCl (Scyc):
Scucr = Cu(l)s acuc, (7)
where acyq (11.64 A? as estimated from the chemical density r cuc) is the average area per Cu(l) at the
surface of CuCl. Table 1 summarizes the results obtained on Cu9.0 and Cu4.6 catalysts. Both samples ex-
hibit a high dispersion (0.455, 0.381). Even higher D values (0.715 and 0.468) are obtained by dividing
Cu(l)s by the fraction of copper in the CuCl phase, which is the only one contributing significantly to the
chemisorption process. These results quantify the very high Cu dispersion.
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Figure5. Part a volumetric data of CO adsorbed at RT on Cu9.0 and Cu4.6 catalysts previously reduced
with ethylene at 500 K. Part b: Corresponding Langmuir plots.

Table 1. Volume of CO adsorbed at 308 K and 500 Torr and results of static-volumetric measure-
ments of CO adsorption on CuCl,/g-Al,O3 catalysts after reduction in ethylene at 500 K.

Sample Adsorbed volume Surfacearea Adsorbed volume Vi, D Scucl

CmSg—l m29—1 Cm3m—2 CmSg—l ng—l
Cu4.6 6.83 161 0.0424 7.4 0.455 23.1
Cu9.0 9.38 142 0.0660 12.1 0.381 37.9
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3.5. Spectroscopic demonstration of the hypothesized reaction steps

In order to demonstrate the reaction path (3-5), the oxidation and the coordination state of the Cu
species present on catalyst have been followed during the successively feeding the three reagent, with
EPR, XANES and EXAFS techniques.

Being the electronic configuration of Cu(l) and Cu(l1) ions d'® and d® respectively, only the latter is
involved in EPR spectroscopy and thus the integrated value of EPR signal can be considered propor-
tional, as afirst approximation, to the amount of isolated Cu(ll) [46,48]. Figure 6 reports the integrated
area of the EPR signal measured on catalyst Cu7.5 after activation at 500 K and along the catalytic
path foreseen by equations (3-5). The integrated value obtained from the first spectrum has been arbi-
trarily set to 1.0. The evolution of the integrated EPR signal can be summarized as follows: (i) interac-
tion with ethylene causes a strong decrement; (ii) interaction with O, yields to a value even higher than
the original one; (iii) finally, interaction with HCI, bring back the signal to a value very close to the
original one.

1 4
S
¢ / /
2 | . /
£ T,
nd @)
Q. +

0

Catalyst treatment

Figure 6. Integrated signal extracted from the EPR spectra collected at 77 K on Cub5.0 catalyst along
the catalytic path. Sample activated at RT, at 500 K and after interaction with C,H,4, O, and HCI. The
value obtained on the catalyst activated at RT has been arbitrarily set tol1.0.

As extensively discussed by Leofanti et al. [27], 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(l) species at 4-6 eV below that measured for Cu(ll) 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.

Parts @) to c¢) of Figure 7 report the progressive evolutions undergone by the XANES spectrum of
the Cu7.5 catalyst following the sequence described by equations (3-5). Interaction with ethylene im-
plies a red shift of the edge from » 8984 eV to »8979 eV (Part @), while an opposite shift is observed
after interaction with O, (Part b). Interaction with HCI does not modify appreciably the edge position
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but causes a modification of the near edge features, both of white line intensity and first oscillation
shape.

If the re-chlorination experiment is performed at higher temperature (600 K) the XANES spectrum
of the catalyst becomes very close to that of anhydrous CuCl, model compound (Figure 6d).

a) b) C) d)

Normalized nx

+ C2H2
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* C2H4

8975 9000 8975 9000 8975 9000 8975 9000
Energy (eV)

Figure7. Parts a-c): Evolution of the XANES spectra of the Cu7.5 catalyst, aong the catalytic path at
500 K. In particular. Parts a) effect of exposure to C,H,. Part b): effect of exposure to O.. Part c): ef-
fect of exposure to HCI. Part d) compares the spectrum of the catalyst after a successive interaction
with HCl at 600 K (dashed line) with that of bulk anhydrous CuCl, model compound.

EXAFS spectroscopy has been a key technique in the determination of presence of O or Cl in the
first coordination sphere of copper species present in the CuCl,/Al,O3 catalyst along the interaction
with reagents [24-27]. In fact, the Cu-O contribution (magenta bars) gives rise, in the phase uncor-
rected FT, to a peak in the 1.5 A zone. This can be easily noted in Figure 8a for the Cul.4 sample
which has only oxygen atomsin itsfirst coordination shell. While Cu-Cl (blue bars) resultsin a peak at
around 1.9 A. Moreover, the Cu-O phase is shifted of about p, with respect to the Cu-Cl one, along
nearly all the k region of interest, which makes easier the recognition of the two contributions
[24,25,31].

The EXAFS data analysis on sample Cul.4 can be performed in a straightforward manner, since
only one Cu phase is present on it. The numerical values obtained for the coordination number of
Cu(ll) ions (N) and Cu-O bond length were as follows; N=4.8(+0.5), r(Cu-0)=1.94(x0.02) A, which
together with EPR and UV-Vis data (Section 3.1), allow us to demonstrate that in the low concentra-
tion samples copper is present as a surface Cu aluminate species formed as a consequence of the occu-
pancy from the Cu(ll) cations of some octahedral vacancies of alumina surface, where a coordination
sphere is formed by five oxygen atoms. The unreactive character of this phase (Section 3.3) will allow
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us to fix the Cu aluminate parameters for samples containing both phases (e.g. Cu7.5) along the whole
catalytic cycle. Since for Cu7.5 catalyst two phases are present, a reliable EXAFS data analysis must
be done using two different models: the former for the copper aluminate phase (already determined)
and the latter for the active phase. The structural data obtained from this approach are summarised in
Table 2, while corresponding fits are reported (in R space) in Figure 8.

Table 2. Filtering ranges and EXAFS results for first coordination sphere of the g-Al,O3 supported
CuCl; catalysts: Dk (interval of k-space to R-space FT); DR (R-space interval selected to perform the
first shell-filtered Back FT into k-space); R (bond distance); N (coordination number); s (relative De-
bye-Waller factor); DE (energy shifts). Non optimized parameters can be discriminated by the absence
of the corresponding error bars.

Catalyst Dk(AY) DR(A) scatering  R(A) N s (10°A) DE (eV)
atom
Cul4 3.34-1431 1.07-1.84 Cu-O 194+001 498+025 58+0.6 -1%2
Cu7.5 2.93-14.09 0.92-230 Cu-O 1.94 1.07 5.8 -1
activated Cu-Cl  225+0.02 3.15 7061 -1%2
Cu7.5 2.93-14.09 0.90-234 Cu-O 1.94 1.07 5.8 +3+2
+CoH, Cu-Cl  225+0.02 3.15 84+13 -1%2
Cu7.5 2.93-14.09 0.84-234 Cu-O 1.94 1.07 5.8 1
+O; Cu-O 1934002 17+03  73#1 1
Cu-Cl 2264002 20+03 56+1 -1#2
Cu7.5 2.93-14.09 0.90-230 Cu-O 1.94 1.07 5.8 -1
+HCl Cu-Cl 224002 3.15 741 -1%2

Asdiscussed in detail in Refs. [27,48], when more than a Cu phase is present on the samples, the N
values obtained from the EXAFS fit (Table 2) are not the true coordination numbers but are only pro-
portional to them. The proportionality constant is the inverse of the relative fraction of the phase. The
activated Cu7.5 catalyst has 1.6 Cu wt% as surface copper aluminate and the remaining 5.9 Cu wt% as
dispersed copper chloride, resulting in a relative percentage of 21% and 79% respectively [24-27].
Copper ions in the surface aluminate phase exhibit a first coordination shell formed by 5 oxygens.
Copper ions of the dispersed copper chloride phase have a first coordination formed by 4 chlorine at-
oms. The EXAFS signal of the activated Cu7.5 catalyst before and after exposure to ethylene have
been successfully modeled (Figure 7b and 7¢) 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% (Nc¢y.ci = 3.15, instead of 4) of the copper
chloride phase, optimizing only four parameters (two DE, the Rcy.c) and Scu.ci: second and third cata
lyst in Table 2). The same approach holds for the EXAFS data analysis of the catalyst after interaction
with O, and HCI.
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Figure 8. Modulus and imaginary parts of the phase-uncorrected, k®-weighted, FT of first shell
EXAFS data: experimental (dotted black) best fits (full lines). Part a: sample Cul.4 (only aluminate
phase). Part b activated Cu7.5 catalyst. Parts c,d,e): sample Cu7.5 the aong the catalytic path.

These overall experimental features concord with the hypothesised reaction path (3-5). For the in-
teraction with ethylene, the first step (3) predict the reduction of CuCl, to CuCl. EPR and XANES
show that Cu changes its oxidation state from +2 to +1 (Figures 6 and 7 respectively). Moreover,
EXAFS obtains afirst coordination shell compatible with the CuCl structure (Table 2). For the interac-
tion with oxygen, the second step (4) predict the oxidation of CuCl, to Cu,OCl,. The opposite change
of oxidation state is confirmed by EPR and XANES, while EXAFS shows the insertion of oxygen at-
oms in the first coordination shell. This last evidence proves the formation of an oxychloride phase.
For the final step, the equation (5) hypothesises the rechlorination of the oxychloride phase resulting in
the restoration of CuCl,, demonstrating the closure of the catalytic cycle. XANES spectrum shows a
remarkable similarities with those of anhydrous CuCl, model compound. EXAFS data confirm this

similarities, showing the disappearance of the contribution of oxygen in the first shell of the Cu in the
dispersed phase.

3.6. Future developments

In order to obtain some information about the kinetic of the catalytic cycle in conditions as close as
possible to the true catalytic conditions in the industrial reactors, a time resolved, in situ experiment
has been conceived. We have located an ad hoc designed reactor inside the experimental hutch of the
D24 dispersive EXAFS beamline of the ESRF, where the three reagents have been feed simultane-
oudly to the catalyst together with N, carrier gas (in the same percentage than that used in the fixed bed
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reactors). The overall pressure was 1 atm. In such conditions we were potentially able to acquire a
XANES spectrum at the Cu K-edge in less than 1 s. The temperature of the catalyst was increased
from 350 K (a temperature when the catalyst is not active) to 630 K by 12 Kmin™ ramp. In situ
XANES spectra alows us to monitor the average oxidation state of copper as a function of the tem-
perature in conditions close to the reaction one [49,50]. Figure 9 shows the spectra obtained on Cu5.0
catalysts. part (@) raw XANES data, part (b) corresponding derivative spectra. Comparison with the
results obtained under static conditions on samples exhibiting a well defined oxidation state (Figure 7)
allows to affirm that the catalyst undergoes a complete Cu(ll) ® Cu(l) reduction in the investigated
temperature range. The change of the oxidation state of copper is particularly evident in the first de-
rivative spectra where the progressive growing of the strong Cu(l) peak at 8982 eV (blue arrow) is ac-
companied by the parallel decrement of the 8986-8992 Cu(ll) doublet (red arrow).
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Figure 9. Time resolved X-ray absorption experiments. Part a): raw XANES spectra. Part b): corre-
sponding first derivative.

A detailed analysis of the whole set of spectra, accompanied by the combined catalytic activity fol-
lowed in situ by measuring the gas output with a mass spectrometer, will allow to get important infor-
mation on the interplay between catalyst activity and oxidation state of the active phase.

4. Conclusions

Depletion test and spectroscopy of adsorbed NO have show that the active phase of ethylene oxy-
chlorination base catalyst is a highly disperse copper chloride. XANES, EXAFS, EPR have alowed to
demonstrate that the ethylene 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 oxy-
chloride (being Cu,OCl, a good candidate); (iii) closure of the catalytic circle by re-chlorination with
HCI which restores the original CuCl..
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