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Abstract

Doped CuCl,/Al,O3 is an industrial catalyst used to produce dichloroethane, key intermediate
of the polyvinyl chloride (PVC) chemistry. Using in situ and operando XAS techniques,
combined with laboratory techniques, we succeeded in understanding the nature of the active
phase and the role played by most used additives for fluid and fixed beds technologies (LiCl,
KCI, CsCl, MgCl,, LaCl3). Moreover we were able to quantify relative fraction, reducibility
and dispersion of Cu-phases combining different spectroscopic techniques with catalytic tests
in a pulse reactor. EXAFS and XANES highlighted that all additives contribute more or less
efficiently in increasing the fraction of the active species (supported CuCl;). EXAFS directly,
UV-Vis and IR spectroscopies indirectly proved the formation of mixed salts, when KCI or
CsCl are added, so displacing the rate determining step from the CuCl oxidation to the CuCl,
reduction. Fully oxidized catalyst is inactive, so copper in the working catalyst, exhibits a /11
mixed valence state. Combining the ethylene conversion, measured with a pulse reactor, with
XANES spectra collected after interaction with C,H,, we could differentiate the ability of
doped samples to be reduced by ethylene. We obtained slightly different results explainable by
the different dispersion of the active phase, measured by CO chemisorption.

1. Introduction
Oxychlorination reaction is largely employed in the modern chemical industry, one of its main
application is the production of 1,2-dichloroethane (EDC), a key intermediate in the production
of polyvinyl chloride (PVC).[1] Almost all the world production of PVC is based on the
polymerization of vinyl chloride monomer (VCM) which, in its turn, is produced by cracking
of EDC (1)

CoH.Cl, — C2H3C| + HCI (1)
For the production of EDC, two parallel processes are possible: direct chlorination (2) and
oxychlorination (3):

CoH4 + Cly = C,HJC (2)

C2H4 + 2HCI + ]/202 —> C2H4C|2 + HQO (3)
The latter gives two main advantages both from the economic and environmental point of view:
it uses cheap and abundant feedstock and it incorporates the recycling of waste hydrogen
chloride produced in cracking EDC (1). Thus it reduces consumption of raw materials and exit
of useless products in agreement with the modern requests of chemical industry [2; 3; 4].
Oxychlorination reaction (3) is performed at 490-530 K and 5-6 atm. using both air and oxygen
in fluid or fixed bed reactors. The catalysts used in industrial reactors are based on CuCl,
supported on y-alumina with the addition of other chlorides which have the function to improve
catalytic performances and suitability for industrial conditions [2; 3; 4; 5; 6; 7; 8]. Typical
additives (or dopants) are alkaline or alkaline earth chlorides: KCI is always present in fixed
bed technologies, sometimes together with CsCl, NaCl or LiCl [9; 10; 11; 12], while MgCl, is
the most used in fluid bed processes, occasionally in co-presence of LiCl or LaCl; [13; 14; 15].
After many year of research on the subject, important steps in understanding this complex
system have been made, even if only the behavior of base catalyst (containing only CuCl,
without additives) has been mainly discovered. Leofanti et al. [16; 17; 18] have shown that two
copper phases are present: an inactive Cu-aluminate where copper ions filled the vacancies of
v-Al;03, and the active highly dispersed CuCl, appearing when Cu loading is increased. Further
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studies:[19; 20; 21] evidenced that the active copper chloride phase follows a three steps redox
mechanism: chlorination of ethylene by reduction to CuCl (4); oxidation to an oxychloride (5)
and re-chlorination with HCI (6), closing the catalytic cycle.

2CuCl, + Co,Hs — C,H4CI, + 2CuCl (4)
2CuCl +% 0, — Cu,0Cl, (5)
Cu,OCl, + 2HCI — 2CuCl, + H,0 (6)

Successively,[21] the Cu" «> Cu' transformation in the base catalyst was monitored with an
operando XANES experiment studying the dependence as a function of the temperature and it
was found that the rate determining step of the overall process is the CuCl oxidation (5).

In this work we resume the results of an extended analysis to a larger class of doped catalysts
(KC|3/CUC|2/Y-A|203, MgCI2/CuCI2/y-AI203, CSC|/CUC|2/Y-A|203, LiC'/CUC'z/Y-AbOg,
LaCl3/CuCly/y-Al,03) [22; 23], where the operando XANES study was coupled with in-situ
static XANES/EXAFS on different steps of the reaction mechanism. Catalyst activity in pulse
reactor, CO chemisorption, IR and UV-vis spectroscopies also supported x-ray experiments for
a full characterization and an improved understanding of the role the additives on the
oxychlorination reaction.

2. Synthesis, Experimental and Methods

All samples have been prepared by impregnation of a y-alumina (Condea Puralox SCCa 30/170,
surface area: 168 m°g™, pore volume: 0.50 cm®g?) with the aqueous solution of the
corresponding chlorides following the incipient wetness method as described elsewhere.[16]
After impregnation, the samples were dried at 373 K under a dry air flow for 3 hours and then
kept at RT. Thin self supported pellets of all catalysts were prepared. Following the
nomenclature already used in the previous papers,[16; 17; 18; 19; 20; 21; 24; 25] samples will be
labeled according to wt.% content of the different metals (Cu and additive). The amount of
copper has been fixed to 5 wt.%, while for the doped samples, an atomic ratio of Cu to dopant
metal was equal to 1:1 has been adopted.

The XANES experiments in operando conditions have been performed at the 1D24 dispersive
EXAFS beamline[26] of the ESRF facility, by feeding a cell containing the sample with a diluted
mixture of the three reagents (CoHs: HCI : O,: N2 =100 : 36.1 : 7.6 : 180), representative of the
fixed bed process. During the experiment the temperature was increased from 373 to 623 K, kept
constant at 623 K for 10 min, and then decreased again to 373 K. In both ramps a speed of 12 K
min™ has been adopted, while each XANES spectrum has been obtained by integrating for 30 s
resulting in one spectrum each 6 K. The gas output was analyzed by a Balzers Quadstar 422
quadrupole mass spectrometer.

In situ XAS measurements were carried out using synchrotron radiation of the EXAFS13 station
at LURE (Orsay, France). Both EXAFS and XANES were measured in transmission mode using
air filled ionization chambers. The sampling step was 2.0 and 0.5 eV/point respectively and the
integration time was 2 s/point. Extracted y(k) have been averaged before the EXAFS data
analysis as detailed elsewhere.[27] EXAFS data analysis has been performed using the Arthemis
software.[28] For each sample, the averaged k®y (k) function was Fourier transformed in the Ak =
2.0-13.0 A interval. For the reduction study, an equilibrium pressure of C,H, of 200 Torr was

dosed twice on the catalysts at 500 K for 5 minutes, with an intermediate evacuation. In both in
situ and operando set ups the sample was hosted in the ad hoc conceived XAFS cell described
elsewhere [29]

3. Results and Discussion

3.1. Determination of the fraction of active copper phase.

The static XAS study was performed on all the catalysts: the undoped CuCl, supported on y-
alumina and the whole series of doped samples. All samples underwent an activation treatment
useful to remove possible extra phases (for example crystalline paratacamite Cu,(OH)3Cl) and
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end up in a configuration were only Cu-aluminate and anhydrous supported CuCl, are present
as shown in previous studies [16; 17; 18; 19; 20].

XANES and EXAFS spectra were acquired and treated separately. Both can give qualitative
indications on the differences between the various samples by a visual comparison of the
related spectra. It is possible to be more accurate and determine quantitatively the fraction of
the different phases present in the samples if a proper reference spectrum for each independent
pure phase is available [21; 22; 30; 31; 32; 33]. In our case Cul.4 sample and anhydrous CuCl,
were used as model compounds of surface Cu-aluminate and of dispersed anhydrous CuCl,
phases, respectively.

XANES spectra, reported in Figure la, show a progressive shift from the Cu5.0 spectrum
toward the spectrum of anhydrous supported CuCl, as a function of the dopant used; this
suggest an increase of the fraction of CuCl, active phase and a consequent reduction of the Cu-
aluminate with the inclusion of additives. k*-weighted, Fourier Transform moduli of the
EXAFS spectra are reported in Figure 1d; the shape and intensity of the first shell signal show a
trend similar to the XANES case. In both cases K3.1Cu5.0 and Cs10.4Cu5.0 curves are more
similar to the undoped one, Li0.5Cu5.0 shows an intermediate behavior, while Mg1.9Cu5.0 and
Lal10.9Cu5.0 are closer to the curve related to anhydrous supported CuCl, phase.

PLEASE INSERT HERE FIGURE 1

For a quantitative analysis, all XANES spectra were simulated by a linear combination of the
two spectra corresponding to the pure phases. The only free parameters were the amplitudes
factors of the two spectra: x4 and Xc;, corresponding to fraction of Cu-aluminate and supported
CuCl, respectively. Despite the two parameters were treated separately and no constrictions
were adopted, the sum of the two optimized fractions were always very close to the value
expected (100%) and the difference from it was used to estimate the error bars on the results
obtained. The complete results are reported in Table 1 (Colum 2, 3) together with the quality of
the simulation represented by the Riacior. The contribution to the overall XANES signal of the
fraction of each phase calculated multiplying the reference spectrum of the pure phase for the
corresponding amplitude factor (xa or Xcy) is reported in Figure 1b and 1c, respectively.

In the case of the EXAFS spectra a first shell fit was performed, coordination numbers, Debye-
Waller factors and bond length were fixed to the values obtained from the fit of the pure phase
spectra. It is possible to easily distinguish the two phases because in the case of Cu-aluminate
the first shell is represented by 5 oxygens at a distance of 1.96A, while in the case of anhydrous
CuCl, the main contribution comes from 4 Cl atoms at a distance of 2.28A. Only one parameter
was free (X)) while the other fraction was fixed so that the sum of the two fraction is 100% (Xc;
= 1 - Xa1). The complete results are reported in Table 1 (Colum 5, 6) together with the Rsactor,
indicator of the good quality of the fits. The single contributions of Cu-O and Cu-ClI paths to
the complex first shell EXAFS signal, keeping into account the optimized fraction of the two
phases present in the samples, is reported in Figure 1le and 1f, respectively.

PLEASE INSERT HERE TABLE 1

The quantitative analysis of XANES and EXAFS spectra confirmed the behavior suggested
from their qualitative observation and the results obtained from the two techniques applied to
the same sample are always very similar and have absolute differences lower than 10%. The
progression shown by the curves of Cu5.0, K3.1Cu5.0, Cs10.4Cu5.0, Li0.5Cu5.0, Mg1.9Cu5.0,
and Lal0.9Cu5.0 samples, in the following order, results into increasing values of the
calculated fraction of supported CuCl, phase. This behavior is explained considering that, in
the case of doped samples, both Cu®* and dopant cations present in the preparation solution
compete for the saturation of the surface aluminate phase. If dopant cations have higher
chemical affinity for the vacancies, the ratio between the two Cu species will change and the
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fraction of the active CuCl, phase will increase. The dopant cations remaining in solution after
saturation of surface cationic vacancies, could precipitate as separate chlorides or form of a
mixed salt with CuCl,. The latter case would result into a modification of the chemical nature
of active phase and consequently of the catalytic performance. After an accurate observation of
the EXAFS second shells signals, combined with UV-vis and IR spectroscopic studies, the
formation of KyCuCl,.4 and CsxCuCl,.x was found in the case of K- and Cs-additives [23].

3.2. Reducibility of the active copper species by interaction with C,H,; and with the reaction
feed (C,H4, O, and HCI) at reaction temperature.

To study the effect of additives on copper reducibility two different approaches were carried out:
a static EXAFS/XANES experiment by sending ethylene at 500 K, and an operando XANES
experiment by sending the appropriate C,H4, O, and HCI mixture while progressively changing
temperature from 373 to 623 K and down to 373 K.

The results of the operando experiment are reported in Figure 2 for the undoped Cu5.0 sample. A
big modification of both the XANES spectrum and its derivative corresponding to a reduction of
the sample is clearly visible during heating run, while for all the cooling run an almost stable
situation persists meaning that, in presence of reagent flux, the stable form of the active phase is
CuCl. To perform a quantitative analysis the spectra of two model compounds for Cu" and Cu'
were needed. For each spectrum of the operando experiment it was evaluated the amplitude of
the shift at half of the edge jump and the intensity maximum of the derivative then divided by the
same values measured between the two references [29]. In this two parallel ways the fraction of
Cu" over total copper was evaluated at each moment of the chemical process see bold an solid
lines in Figure 2c. The scattered dots represent O, conversion, used to measure the activity of the
sample, see Eq. (3). O, conversion and Cu" reduction start almost together when a cut off
temperature, peculiar of each sample, is reached.

PLEASE INSERT HERE FIGURE 2

Repeating the same procedure for each doped sample and the results are reported as insets in
Figure 3. Two main groups can be divided depending on their behavior, K3.1Cu5.0 and
Cs10.4Cub5.0 start their activity at higher temperatures, firstly they consume O, and after 20-50
K also reduction is visible, meaning that the catalysts is already working when the fraction of Cu'
is below the XANES detection limit. They don’t reach a complete reduction during the heating
run and partially reoxidize during the cooling run. Summarizing, for K- and Cs-doped samples,
the rate-determining step of the overall oxychlorination reaction is the reduction of the active
phase, see Eq. (4). Conversely, Mg1.9Cu5.0 and Lal0.9Cu5.0 samples, behaves similarly to the
undoped one, reaching an almost complete reduction by increasing the temperature and keeping
the reduced state in the cooling run. For these samples the rate-determining step of the overall
oxychlorination reaction is the oxidation, see Eq. (5). Finally, Cu5.0 and Li0.5Cu5.0 samples
seems to represent intermediate cases.

PLEASE INSERT HERE FIGURE 3

The behavior found in the operando experiments (insets in Figure 3) is confirmed by the static
XANES spectra acquired after a reduction in ethylene at 500K, reported in the main parts of
Figure 3. The scattered curve represents the activated sample, while the colored solid line refer to
the sample contacted with C,H,4 at 500 K. In all frames, also reported as gray dashed line is the
spectrum of Cu' model compound. Is it evident that the spectra of K3.1Cu5.0 and Cs10.4Cu5.0
don’t show any shift in the edge position because at this temperature their reduction is still not
started at 500 K, while the spectra of Cu5.0, Li0.5Cu5.0, Mg1.9Cu5.0 and La10.9Cu5.0 have a
lower edge energy with respect of activated ones resulting in a percentage of reduction of 35%,
25%, 50% and 55% respectively. These values were calculated by the edge energy position with
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the same method adopted for operando experiment. If the fraction of non active Cu-aluminate is
considered (see Section 3.1), Cu5.0, Mg1.9Cu5.0 and Lal0.9Cu5.0 samples show, under the
adopted conditions, similar values of reduction of the active phase around 50%. Li0.5Cu5.0
reaches a reduction of about 30% so it is intermediate between the two families of additives. The
incomplete reduction of the samples makes more delicate the accurate simulation of the spectra
by linear combination of reference spectra as done in the case of the activated catalysts discussed
so far. Difficulties came from the simultaneous presence of three different copper phases (Cu-
aluminate, CuCl, and CuCl) and by the fact that CuCl bulk cannot be used as reference spectrum
because we are dealing with highly dispersed CuCl nanoparticles[19].

Also the static EXAFS spectra were acquired and confirmed this trend. Both K3.1Cu5.0 and
Cs10.4Cub5.0 catalysts are almost unaffected while remaining catalysts exhibit a decrease of the
first shell EXAFS signal intensity due to an higher heterogeneity of the first shell Cu-Cl
distances in reduced CuCI[34]. As in both phase and amplitude, the Cu-ClI contribution in CuCl,
is almost undistinguishable form that in CuCIl, EXAFS fit is not able to discriminate between
CuCl, and CuCl. Consequently, in this specific case, only qualitative information can be
extracted from EXAFS.

4. Conclusions

As proved by a previous study, the undoped CuCl,/y-Al,O3 catalysts for oxychlorination reaction
is formed by two Cu-phases: the inactive Cu-aluminate and the active supported CuCl, [16]. In
the present contribution, we investigated the role played by dopants on the relative fraction and
the reducibility of the active phase. A quantitative analysis of EXAFS and XANES of activated
samples in static conditions allowed us to prove that all dopants contribute more or less
efficiently in increasing the fraction of the active copper species, reaching a value of almost
100% in the case of MgCl, or LaCls additives. The different efficiency is proportional to the
ability of the corresponding cations to compete with Cu?* in the occupancy of octahedral surface
vacancies of alumina. A qualitative look of the in situ and in operando XANES spectra indicates
that addition of MgCl,or LaCl; does not affect the reducibility of the active CuCl, phase while
KCI and CsCl addition decrease the reducibility because of the formation of mixed salts
CuKCl,+x and CuCs,Cl,. The behavior of Li-doped sample is intermediate between the two
cases.
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Figure 1. Parts (a) and (d) XANES and Moduli of k*-weigted, phase uncorrected, FT of the
EXAFS spectra of all activated samples compared with reference spectra of pure Cu-aluminate
phase and pure CuCl, supported phase. Parts (b), (c), (e) and (f) Contributions to XANES and
EXAFS spectra of the fraction of Cu-aluminate and CuCl, phases present in each sample, the
percentages of the two phases were evaluated by a fit of the experimental spectra, numerical
values are reported in Table 1.
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Figure 2. Part (a): operando XANES spectra (top) and corresponding derivative (bottom),
acquired by increasing the temperature from 373 to 623 K, Part (b) as part (a) during the
cooling step from 623 down to 373 K. Each spectrum corresponds to a step in T of 6 K. In red
and blue are evidenced the first and last spectra. Part (c) Fraction of Cu" over total copper
evaluated by position of the edge (continuum grey line) and by intensity of the maximum of
derivative (dashed grey line), dots indicates the quantity of O, converted measured by mass
spectrometer.
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Figure 3. Main parts: XANES static spectra of doped samples before (grey scattered curves)

and after (colored solid lines) reduction by ethylene at 500K compared with a spectrum of pure
Cu' chloride (dashed grey line; same curve in all frames). The insets show the results of
operando experiments reporting the evolution of the Cu" fraction along the heating and cooling
runs estimated from the edge shift (bold colored line) and from the intensity of the maximum of
the first derivative (full colored line) together with the catalyst activity (scattered dots).
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Table 1. Relative fractions of the Cu-aluminate (x5) and supported CuCl, (x.) phases present
in the different catalysts and reported in percentage. Columns 2-3: as determined by the linear
combination of the XANES spectra of Cul.4 and CuCl, model compounds. Columns 5,6: as
determined via a standard two-phases Cu-O and Cu-Cl EXAFS fit of the first shell in the 1.0-
2.3 A range, fixing the sum of fractions to unit. Also reported are the indexes of the goodness
of the fits (Rractor)” for XANES (column 4) and Ryactor from FEFF code for EXAFS (column 7).
Last three columns reports the results of operando XANES experiment, fraction of Cu'" at the
end of the heating run (623 K) and at the end of the cooling run (373 K), and the temperature of
starting of reduction and of oxygen conversion in the heating run.

XANES linear comb. fit EXAFS 1% shell fit Operando XANES
Samples %Cu" %CU" Tred/Toz
100 Xy 100 X Riac 100 Xz 100 Xo Reeer 623K 373K (K)
Cub.0 35.8+0.2 63.8+0.6 0.13 32+3 68+7 0.003 O 0-20 480/480

K3.1Cu5.0 24.2+0.1 759+04 0.06 20+1 80+5 0.033 35 70 480/520
Cs10.4Cu5.0 22.3+0.2 78.2+0.8 0.05 14+1 86+5 0.038 45 100 560/580
Li0.5Cu5.0 19.7+0.3 79.7+1.0 0.04 15+1 85+5 0.014 25 0-10 500/550
Mg1l.9Cu5.0 4.0+0.2 96.4+4.0 0.002 9+1 91+5 0.012 0 10 490/480
Lal0.9Cu5.0 1.7+0.3 989+6.0 0.001 3+0.3 97+8 0.005 0-10 0-10 510/520
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