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Pd/Cu-MCM-41 catalysts for the hydrodechlorination of CF3OCFCICF,Cl to CF3OCF=CF, were prepared.
Palladium- and copper-containing samples (Pd/Cu=1 molar ratio) were synthesized by adding Pd?* and
Cu?* during the formation of MCM-41, and then the slurries were aged by microwave-hydrothermal
treatment. The effect of the silica source (silicates or TEOS) and total metal loading (2.4 and 4.0 wt.%)
on the chemical-physical properties and catalytic performances was studied. Bimetallic silicate-derived
samples show features similar to those of the pristine MCM-41, regardless of the total metal content.

{fsﬁ‘;vgiﬁi; Conversely, the long-range order of the mesoporous structure dgcreases for TEOS-derived catalysts, and
Copper large metal contents seem to alter the structure for these materials.

MCM-41 During template removal by thermal treatment, palladium and copper are on the surface of MCM-41
Silicate particles, forming Pd;_xCu,O solid solutions whose composition is silica source-dependent. The amount

TEOS of copper in Pd;_,Cu,O is greater for TEOS-derived samples.

Hydrodechlorination After reduction, both Pd- and Cu-enriched alloys were found by XRD in silicate-derived samples, while
XPS measurements indicated that the surface of the catalyst is enriched with copper. XRD and XPS anal-
yses on TEOS samples indicated that the surface Cu/Pd ratio is closer to 1, and fcc PdCu alloys with
a high copper content were identified. The composition of metallic particles modifies the selectivity,

TEOS-derived catalysts being more selective to the target CF; 0CF=CF,.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

CF30CF=CF,, perfluorovinylether, is currently produced by a
commercial process based on dechlorination withZn[1,2]. This pro-
cess produces large amounts of ZnCl,, a salt that must be disposed
of after the proper work-up. Catalytic hydrogen-assisted gas-phase
dechlorination of CF30CFCICF,Cl over metal-supported catalysts
may lead to a new sustainable process [3]. Bimetallic Pd/Cu cat-
alysts on active carbon are promising catalysts for this process [4].
Nevertheless, the microporous texture of the support can signifi-
cantly limit possible applications of the catalytic system because
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of the reduced mass transfer. Supports with larger pores will over-
come the drawbacks. In particular, MCM-41 silicate mesoporous
materials with large specific surface area and appreciable resistance
to acids [5] are promising alternatives [6,7].

Bimetallic Pd/Cu catalysts are used in hydrodechlorination reac-
tions [8-14] since the combination of both metals gives rise to
catalysts capable of anchoring chlorinated reagents with a tailo-
red hydrogenating activity. Hydrodechlorinating performances are
strongly related to the Pd-Cu interaction and the size of metallic
particles, both features being determined by synthesis and acti-
vation procedures [8,10,13]. Thermodynamically stable PdCu alloy
crystalline structures depend on the atomic percentage of Pd and
Cu and the temperature [15,16]. However, the actual distribution of
Pd and Cu on the catalysts is controlled by the synthesis [13,17-20],
reduction treatments, and particle sizes [10,20-24].Inimpregnated
catalysts, the type of salts used and the order ofimpregnation deter-
mine the interaction between Pd and Cu [13,17-20]. Moreover,
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the Pd/Cu ratio governs the effect of the reduction temperature on
the nature of the surfaces exposed by Pd and Cu and the sintering
processes [25].

When dealing with MCM-41 materials containing Cu and Pd,
the main drawback to be avoided is the segregation of large Cu
[26-32] and Pd [33-39] oxide or metallic particles during the cat-
alyst preparation, which is well-known to be dependent on the
incorporation method. In bimetallic Pd/Cu-MCM-41 catalysts, we
observed that the nature and size of active species depend on the
synthesis procedure, namely co-impregnation of PdCl, and CuCl,
and addition of Pd and Cu during the MCM-41 synthesis as cations
or as preformed nanoparticles [6,7]. Moreover, the nature of the
silica source (sodium silicate or TEOS) changes the properties of
impregnated catalysts [6]. The formation of bimetallic Pd/Cu par-
ticles with controlled composition and size is the key aspect in
achieving high yields in the hydrodechlorination, thus the synthetic
procedure of Pd/Cu-MCM-41 materials should be optimized fur-
ther. In this work, we gained insight into the effect of the silica
source (silicates and TEOS) and metal loading (2.4 and 4.0 wt.%)
on the chemical-physical properties and performances of Pd/Cu-
MCM-41 catalysts prepared by adding the active species during
the MCM-41 synthesis. For comparison purposes, pure MCM-41
supports and monometallic Pd- and Cu-MCM-41 samples prepared
with silicate and TEOS were studied.

2. Experimental
2.1. Catalyst preparation

Pure MCM-41 supports were synthesized following the proce-
dures reported by Beck [40] and Cassiers [41] using sodium silicate
and TEOS, respectively, as the silica source. Cetyltrimethylammo-
nium bromide (CTAB) was used as the structure-directing. The
compositions of the gels were: 1.0 Si0,:0.55 CTAB:0.14 H,S04:73
H,0 and 1.0 Si0,:0.25 CTABr:0.20 TMAOH:35 H,O0 for silicate-
derived and TEOS-derived synthesis. Slurries were hydrothermally
treated in a Milestone StartSYNTH microwave oven for 7 hat 125 °C,
then filtered, washed, and dried. The template was removed at
540°C for 6h in static air. More details about the syntheses can
be found elsewhere [6]. Supports were named sil or TEOS.

Pd and Cu were incorporated during the course of the MCM-
41 synthesis by adding an acidic PdCl, and CuCl, aqueous solution
(Pd/Cu=1/1 molar ratio, pH=1) to the template solution. The pH of
the final mixture was 6.2. After this, syntheses proceeded as for pris-
tine MCM-41. Slurries were microwave-hydrothermally treated as
for the pure MCM-41. Two different total metal loadings were
used: 2.4wt.% and 4.0 wt.%. Monometallic catalysts were also pre-
pared with a Pd and Cu loading of 2.4 and 1.5 wt.%, respectively.
The CuCl, solution was not acidified for the preparation of the
monometallic catalyst. Catalysts were labeled xPd-sil, xPd-TEQOS,
xCu-sil, xCu-TEOS, xPdCu-sil, and xPdCu-TEOS, where x denoted the
metal loading, i.e. 2.4PdCu-sil.

2.2. Characterization techniques

Small-angle XRD measurements were carried out in a Philips
PW1710 diffractometer with a Bragg/Brentano geometry and
equipped with a proportional detector, using Ni-filtered Cu Ka radi-
ation (A =1.5418 A). For all catalysts, the diffraction pattern in the
1.6-15°26 range was collected with a step size of 0.1° and time
per step of 10s. Wide-angle diffractograms were collected over the
31-45 and 37-52°26 ranges, 0.08° step size, and 500s counting
time in a PANalytical X'Pert diffractometer equipped with a copper
anode and a fast X’Celerator detector. HRTEM images were acquired
via a TEM/STEM FEI Tecnai F20 working at 200 kV. Samples were

prepared by dispersion of the powder in ethanol and deposition on
a holey-carbon film supported with a titanium grid.

N, adsorption/desorption isotherms at —196 °C were performed
in a Micromeritics ASAP 2020 instrument. Samples were previ-
ously outgassed for 30 min at 150°C and 4Pa, then heated for
120 min at 350°C. Specific surface area values were obtained by
the multi-point BET equation in the 0.05-0.2 p/p° range. The pore
size distribution was calculated using the NLDFT-statistic method.

Temperature programmed reduction (TPR) analyses were car-
ried outin a Thermo Scientific TPDRO 1100 working with a 5% H, /Ar
reduction mixture. Pelletized catalysts (60-80 mesh) were heated
up to 550°C (rate: 10°Cmin~') and kept at this temperature for
30 min.

X-ray photoelectron spectroscopy measurements (XPS) were
performed using a multitechnique system SPECS 150 equipped
with a dual Mg/Al X-ray source and a hemispherical PHOIBOS
150 analyzer operating in the fixed analyzer transmission (FAT)
mode. Spectra were obtained using a monochromatic Al Ko radia-
tion (hv=1486.6 eV) operated at 200 W and 12 kV. The pass energy
for the element scan was 30eV, with a pressure in the analyzing
chamber lower than 5-10~7 Pa. Spectral regions corresponding to
C1s, 0 1s, Cu 2p, Pd 3d, and Si 2p core levels were analyzed. Casa
XPS software (Casa Software Ltd., UK) was used for data treatment.
Spectra were corrected by referencing the XPS C 1s binding energy
(284.6eV) [42]. Before XPS analyses, samples reduced under the
same conditions as for catalytic tests were refreshed under a 5%
H,/Ar mixture at 330°C in the pre-treatment chamber.

DRIFTS experiments were carried out in a Shimadzu
IRPrestige-21 spectrophotometer, equipped with an in situ
high-temperature/high pressure SpectraTech cell and a liquid
nitrogen-cooled MCT detector. The sample holder, a ceramic
crucible containing a heating resistor and a thermocouple, was
placed inside a dome with CaF, windows. The spectral resolu-
tion was 4cm~!, and 40 scans were added. Gas flow rates were
60 mL/min. Reduced samples (under the same conditions as for
catalytic tests) were treated in H, at 330°C for 15min, then in
Ar for 10min at 300°C, and lastly cooled down in Ar to 30°C.
Background spectra of the samples in Ar were taken from 200°C
to 30°C, at 50°C intervals. A flow of 5% CO/He was introduced at
30°C and the sample spectrum was collected. Then the CO was
removed by an Ar flow and the sample temperature was raised
from 30°C to 200°C, at 50 °C intervals, for collecting the respective
DRIFT spectra. The results presented herein are difference spectra,
where the background spectra of the sample in Ar served as the
reference.

2.3. Catalytic tests

Catalytic tests were carried out with pelletized (60-80 mesh)
samples reduced ex situ with a pure H, flow at 330°C for 1h [6,7].
Once loaded into the reactor, catalysts were treated in a Ny /H, gas
mixture at the reaction temperature, in order to ensure the com-
plete reduction of the metallic species. The hydrodechlorination of
CF30CFCICF,Cl was performed in a down-flow Hastelloy® tubular
reactor equipped with an internal thermocouple. The reactor was
inserted into an electric oven. A mixture of CF3OCFCICF,Cl, H, and
N, was fed to the reactor. N, flow (inert) was calculated to obtain a
feeding gas mixture containing 19% (v/v) CF3OCFCICF, Cl. The liquid
CF30CFCICF,Cl reagent was introduced by a perfusion pump, then
evaporated in a pre-heated mixer maintained at 80°C. Catalytic
tests were performed at 250°C and 1 atm, with a 10-s contact time
and CF30CFCICF,Cl/H, molar ratio equal to 1. Tests took approxi-
mately 50 h. Reaction products were sampled after a water scrubber
(HCI was the only restrained product) by an automatic looped-
valve, and were analyzed by a TCD-equipped gas chromatograph.
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Fig. 1. Low angle diffraction patterns of bimetallic catalysts and MCM-41 materials (a) and wide angle diffraction patterns of mono- and bimetallic catalysts (b). The arrow

indicates the shoulder due to a Pd;_,Cu,O phase with a larger Cu content.

3. Results and discussion
3.1. Catalyst characterization

The chemical-physical characterization of samples was per-
formed after the template removal by calcination at 540 °C and after
activation in H,.

XRD patterns in the low-angle region of calcined samples pre-
pared from silicates and TEOS are shown in Fig. 1a. Diffraction
patterns of silicate-derived samples display the (100), (110), (200),
and (210) peaks of the hexagonal array of parallel mesopore cylin-
ders. The addition of Cu and Pd metal precursors during the
synthesis does not significantly alter the crystallinity of the MCM-
41 structure as previously reported by us for low-loaded Pd/Cu
samples [6]. Conversely, a broad peak due to the (100) plane and
a bump in the 3-5°20 range are observed for TEOS-derived sam-
ples. Moreover, in these samples, peak positions are altered by the
presence of copper and palladium cations. Reflections shift toward
lower °26 values with increases in the total metal content. This
behavior has been previously associated with the inclusion of cop-
per and palladium cations in the MCM-41 framework by Balsamo
etal.[31] and Papp et al. [34]. In the present work we observed that
most of the Pd and Cu species during the template removal were
present as oxides on the external surface of MCM-41 particles (see
below).

Diffraction patterns of calcined samples were also recorded in
the 31-45°26 range to study the formation of copper and/or pal-
ladium phases (Fig. 1b). Patterns of monometallic 2.4Pd-sil and
2.4Pd-TEOS samples display the (101) and (110) reflections of PdO
at 33.7 and 41.9°26, respectively. They are slightly shifted toward
higher °26 values in bimetallic catalysts due to the incorporation
of Cu?* into the PdO lattice; PdO and CuO may form homogeneous
Pd;_xCuxO solid solutions up to an “x” value 0of 0.725 [43]. The asym-
metric shape of the (101) peak indicates the presence of Pd;_,CuxO
solid solutions with a different substitution degree. In particular, a
shoulder at high °26 is clearly observed for TEOS-derived samples,
which may be ascribed to the inclusion of a large amount of Cu?* in
the PdO structure [43]. The total metal content does not appear to
play a significant role in the type of crystalline phases formed with
TEOS-derived samples, whereas it affects silicate-derived ones.

Indeed, small amounts of segregated CuO are observed in the pat-
tern of the 2.4PdCu-sil sample [44], while the (101) and (110) peaks
are shifted toward higher values for the 4PdCu-sil sample.

Theseresults seem to indicate that after the template removal by
calcination at high temperature, most of the palladium and copper
species are on the external surface of MCM-41 particles and form
Pd;_,CuxO solid solutions whose composition mainly depends on
the silica source. In particular, the copper content in Pd;_,CuyO is
greater for TEOS-derived samples.

Specific surface area values and mesopore diameters are sum-
marized in Table 1. Sggr values of pristine MCM-41 material
prepared from silicates (sil) and 2.4PdCu-sil catalyst are similar
(1164 and 1161 m2 g1, respectively). Sger decreases slightly in
the 4PdCu-sil catalyst (1002 m2 g-1), which contains the highest
total metal content. Sger values are lower for TEOS-derived sam-
ples than those of silicate-derived ones. The metal loading seems
to have a greater effect on the surface area, the Sggr value of the
4PdCu-TEOS is quite low (781 m2g~1). N, adsorption/desorption
isotherms of pure MCM-41 materials and bimetallic catalysts, with
the exception of 4PdCu-TEOS, are classified as Type IV (not shown),
which is characteristic of MCM-41 mesoporous materials [45,46].
They show a steep capillary condensation step on uniform cylin-
drical mesopores in the 0.35-0.45 p/p° range which is followed
by a plateau. Moreover, an adsorption at high p/p°® values and a
hysteresis loop above 0.4 p/p® are observed. These are related to
the presence of secondary mesopores formed by the aggregation
of particles. DFT pore size distribution curves display the expected
peak in the 3.5-4.5 nm range with the maximum at around 4 nm
(Table 1).In the isotherm of the 4PdCu-TEOS sample the adsorption
due to ordered mesopores is lower and the plateau is not clearly
observed. DFT analysis confirms that the total volume adsorbed in
the 4.3 nm mesopores is lower in comparison to other samples, and
that 6-7 nm pores are also present in this sample. The presence of
large copper and palladium oxide particles may be responsible for
the change in the sample textural properties [31,34].

Temperature programmed reduction profiles of mono- and
bimetallic catalysts are shown in Fig. 2. Reduction profiles of
monometallic palladium samples display a negative peak due to the
decomposition of palladium hydride: the minimum of the peak s at
around 90 and 77 °C for 2.4Pd-sil and 2.4Pd-TEOS, respectively. The
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Table 1
Specific surface area (Sger) and mesopore diameter (Dpeso ) Values of silicate- and TEOS-derived supports and bimetallic catalysts.
sil 2.4PdCu-sil 4PdCu-sil TEOS 2.4PdCu-TEOS 4PdCu-TEOS
Sper (M2 g~ 1) 1164 1161 1002 1089 1008 781
Dieso (Nm) 4.2 4.0 4.1 4.0 43 43

reduction of palladium may occur as soon as the sample is in contact
with Hy, and it is not possible to measure it [47]. Reported results
suggest that a lower amount of hydride is formed in TEOS-derived
samples.

The shape of monometallic Cu catalyst profiles depends on the
silica source. The 1.5Cu-TEOS profile displays a H, consumption
peak with maximum at around 260 °C and two shoulders at lower
temperatures (195 and 240 °C). Otherwise, two overlapping H, con-
sumption peaks at around 236 and 310°C are recorded for the
1.5Cu-sil sample. Larger copper particles in the silicate-derived
sample than in the TEOS-derived one may explain the higher reduc-
tion temperatures [26].

Reduction profiles of bimetallic samples show a broad H,
consumption peak for all the materials. The maxima of the H,
consumption are recorded at 120-145 °C for silicate-derived sam-
ples and at 150-190°C for TEOS-derived ones. The increase in the
total metal loading only leads to a slight shift of the peak toward
higher temperatures. The absence of the hydride decomposition
peak for bimetallic samples may be related to the smaller size of
Pd-Pd ensembles by Cu dilution. It is known that copper reduction
can take place at lower temperatures in bimetallic catalysts, due
either to H, spillover from Pd® to CuO [47-49] or to the formation
of Pd{_xCuxO species [50]. The difference in reduction temperatures
among silicate- and TEOS-derived samples may be explained by the
Cu content in the Pd;_,CuxO mixed oxide as previously reported
[51]. Indeed, diffraction data indicate that a larger amount of Cu
is introduced in PdO for 2.4PdCu-TEOS and 4PdCu-TEOS samples,
thusincreasing the reduction temperature. However, the role of the
particle size may not be ruled out.

Reduced catalysts were characterized by XRD, XPS, CO-DRIFTS,
and HRTEM. The diffraction patterns of reduced samples in the
37-52°20 range are displayed in Fig. 3. The patterns of monometal-
lic 2.4Pd-sil and 2.4Pd-TEOS catalysts show the (111) and (200)
diffraction lines of the face-centered-cubic (fcc) Pd metallic phase.
Peak positions do not depend on the sample, but they are broader
and less intense for 2.4Pd-TEOS, thus suggesting a lower crys-
tallinity. In both silicate- and TEOS-derived samples, the presence
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Fig. 2. TPR profiles of silicate- and TEOS-derived bimetallic and monometallic
(inset) catalysts.

of copper in catalysts makes the (111) and (200) reflections of Pd®
shift toward higher °26 values, confirming the replacement of Pd
by smaller Cu atoms in disordered PdCu fcc alloys [52]. Moreover,
peaks become less intense and broader, thus indicating the forma-
tion of smaller palladium/copper crystallites [ 17].In the 2.4PdCu-sil
sample, the (111) peak is actually made of two overlapping peaks
at around 40.34 and 40.98°26, due to the formation of alloys with
different Pd and Cu content. The cell parameters of the disor-
dered fcc PdCu alloy were calculated: 0.388 nm for the 40.34°26,
and 0.381 nm for the 40.98°26 peaks; they are smaller than those
obtained for the 2.4Pd-sil sample (0.389 nm). The amount of Pd
in the alloys has been estimated to be 96 and 72 mol.%, assum-
ing that PdCu solid solutions follow Vegard’s law [15]. Two Pd-rich
alloys have been also observed in the 4PdCu-sil sample, which
contain around 94 and 73 mol.% Pd. However, the intensity of the
peak at lower °26 values decreases. In addition to reflections of the
fcc PdCu alloy, a peak is clearly recorded at 43.10°26 in silicate-
derived catalysts. This has been attributed to the (110) reflection
of the body-centered-cubic (bcc) 8 PdCu alloy previously observed
in some catalysts [19,24,53,54], which coexists with the PdCu fcc
phase [15,16]. A peak at around 78.06°26, due to the (211) peak of
the bcc phase, is further evidence of its formation.

The diffraction patterns of TEOS-derived catalysts display two
overlapping peaks at around 40.82 and 42.05°26. These may be
attributed to fcc PdCu alloys with 78 mol% and 38 mol% Pd con-
tent. It would appear that the higher incorporation of Cu?* into
the PdO lattice which was observed in XRD patterns of calcined
samples might be conducive to the inclusion of Cu in the fcc PdCu
alloy during the reduction process. However, it should be stressed
that the peak at around 42.05°26 may be also attributed to the
CusPd tetragonal phase, which has been observed for instance in
Pd/Cu-Al,03 catalysts [10].
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Fig. 3. XRD patterns in the 37-52°26 range of reduced palladium-containing
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Fig. 4. HRTEM bright-field and STEM-HAADF images, STEM-EDS maps and particle size distribution histograms of reduced 4PdCu-sil (a) and 4PdCu-TEOS (b) catalysts.

Particle size distributions and compositions for all bimetallic
catalysts were studied using HRTEM bright field images, STEM-
HAADF images, and EDS line profiles and maps. Representative data
of 4PdCu-sil and 4PdCu-TEOS samples are shown in Fig. 4. Spheri-
cal metallic particles are mainly present on the external surface of
the MCM-41 support. A broad particle size distribution is observed,
regardless of the silica source. For silicate-derived catalysts, the par-
ticle size increases as the total metal loading increases; it varies
from 2 to 15 and 2 to 25nm for 2.4PdCu-sil and 4PdCu-sil sam-
ples, respectively. Nevertheless, the average particle sizes do not
change very much: they are centered at around 4 and 5 nm for 2.4
and 4wt.% loaded samples. The formation of large particles may
be related to the sintering that takes place during calcination. EDS
maps and line profiles confirm the formation of bimetallic particles
but copper and palladium content was not consistent, from parti-
cle to particle, in relation to the size. Indeed, it appears that smaller
particles are mainly made of copper.

Table 2
XPS parameters of mono- and selected bimetallic catalysts.

The average particle size increases in samples prepared from
TEOS; likewise for silicate-derived catalysts, the higher the metal
loading is, the larger the metallic particles are. In 2.4PdCu-TEOS
samples, most of the particles are in the 7-20 nm range. The 4PdCu-
TEOS catalyst contains three particle size distributions in the 5-11,
12-19, and 20-25 nm ranges. EDS analyses also confirm the pres-
ence of bimetallic particles in these materials.

Cu 2p and Pd 3d core-level XPS spectra of monometallic (2.4Pd-
sil and 1.5Cu-sil) and 4wt.% loaded bimetallic (4PdCu-sil and
4PdCu-TEOS) reduced catalysts were measured. XPS parameters
are summarized in Table 2. In the Cu 2p core-level 1.5Cu-sil,
4PdCu-sil and 4PdCu-TEOS samples show a doublet correspond-
ing to 2p3;; and 2pyj, orbitals. BEs values and the absence of
bands corresponding to the characteristic satellites of Cu2* indi-
cate that copper is present as Cu® and/or Cu* [55,56]. In 1.5Cu-sil
sample, the 2p3), peak is at 932.2 eV, with a FWHM of 3.5 and a
spin-orbit coupling energy of 19.5eV. XPS spectra of bimetallic

Catalyst BE (eV) Cu FWHM (eV) Cu BE (eV) Cu FWHM (eV) Cu BE (eV) Pd FWHM (eV) Pd BE (eV) Pd FWHM (eV) Pd Cu/Pd molar
2p3p 2p3p 2pip 2pip 3ds)2 3ds)2 3dsp2 3dsp2 ratio

4PdCu-sil 931.8 3.6 951.3 3.6 335.1 2.8 340.3 2.8 1.30

4PdCu-TEOS  931.7 3.4 951.2 3.4 334.9 2.8 340.1 2.8 1.08

1.5Cu-sil 932.2 3.5 951.9 3.5

2.4Pd-sil 335.0 2.0 340.2 2.0
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particles evidence a shift in BE values toward lower eV and higher
FWHM values that may be ascribed to the Pd-Cu interaction
[17,20]. Pd 3d core-level XPS spectra of reduced catalysts show the
characteristic doublet attributed to Pd 3ds, and Pd 3d3), in metal-
lic palladium at 335.0-334.9 eV. No differences in BEs are observed
among mono- and bimetallic catalysts, in agreement with previous
results [17,48]; nevertheless, FWHM values are higher for bimetal-
lic than for monometallic samples, a characteristic that may also
be related to the Pd-Cu interaction [47]. Surface Cu/Pd atomic ratio
values have been calculated for 4PdCu-sil and 4PdCu-TEQS samples
(Table 2). The surface Cu/Pd molar ratio is 1.30 for 4PdCu-sil and
1.08 for 4PdCu-TEOS. The higher copper content in the surface of
the silicate-derived sample might be related either to copper rich
particles, as evidenced by HRTEM/EDS, or to the segregation of cop-
per to the surface of bimetallic particles due to its higher mobility
and lower surface energy [8]. Moreover, it should be considered
that, depending on the crystalline phase present on the surface,
the amount of exposed Cu atoms may change, thus affecting the
measured Cu/Pd ratio [19].

Fig. 5A and B show CO-DRIFTS spectra under CO and Ar flow,
at room temperature, on monometallic samples and bimetallic
reduced catalysts at the highest metal content (4PdCu-sil and
4PdCu-TEOS). The spectra of all the samples under CO atmosphere
show the typical IR bands at 2175 and 2115 cm™!, corresponding
to the maxima in the vibration-rotational spectrum of gaseous CO
[57,58]. The presence/absence of IR bands due to the interaction of
CO with palladium and copper species under CO atmosphere and
their evolution after Ar and heat treatment depend on the studied
samples.

No bands caused by the interaction between Pd and CO are
observed in Pd silicate-derived samples, whereas, in the 2.4Pd-
TEOS spectrum, weak bands at 2000-1850 cm~! can be seen. These
bands may be attributed to the bridged CO species adsorbed on the
Pd? surface. After the removal of CO by Ar stream, these bands are
preserved after heating at 150 °C (not shown).

In the spectra under CO flow of Cu-containing samples, in addi-
tion to IR bands of gaseous CO, an additional band is recorded
at 2119cm!, regardless of the silica source. This new band

corresponds to the linear adsorption of CO on oxidized Cu particles,
mainly on Cu* species [59-61]. The CO-Cu* band persists after Ar
flow and heating at 50 °C and is more intense for the 1.5Cu-sil sam-
ple, thus indicating a higher amount of oxidized Cu* species on the
surface of this catalyst.

The presence of copper modifies the adsorption of CO in bimetal-
lic catalysts. The spectrum of the 4PdCu-sil sample after CO removal
shows a very weak and broad band between 2000 and 1850 cm™!
due to bridged adsorption of CO on a few Pd? sites [25]. The CO-Cu*
band observed in the monometallic Cu-sil sample is absent in
bimetallic catalysts despite the large copper content in their sur-
face revealed by XPS. Conversely, in 4PdCu-TEOS material, bands
owing to both CO-Pd® and CO-Cu* interactions are recorded under
CO atmosphere and after Ar and heat treatment. These bands may
be assigned to: (i) linear adsorption of CO on Cu* (2119 cm™1); (ii)
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Fig. 6. Evolution in the conversion of CF30CFCICF,Cl (AM) with time-on-stream for
bimetallic silicate-derived and TEOS-derived catalysts.
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Fig. 7. Selectivity in CF30CF=CF,, MVE (a) and CF; OCH=CF,, HMVE (b) for bimetallic silicate-derived and TEOS-derived catalysts.

bridged adsorption of CO on metallic Pd (2000-1850 cm~1); iii) lin-
ear adsorption of CO on Pd® (sh 2070cm~1) [49,62]. These bands
are stable after CO desorption at 50°C.

The changes in the spectra after the introduction of Cu may be
explained by an ensemble effect: namely, Cu “dilutes” palladium
particles [13,25,49,63,64]. Thus, in bimetallic TEOS-derived sam-
ples, copper decreases the amount of bridged CO-Pd® adsorbed
on large particles and, therefore, increases the amount of linear
CO-Pd® species [8], while in the less dispersed silicate-derived
samples, the presence of copper makes it possible to see only the
bridged Pd®-CO species.

3.2. Catalytic activity

The evolution in the conversion of CF3OCFCICF,Cl (AM) with
time-on-stream over all the bimetallic catalysts is shown in
Fig. 6. For silicate-derived catalysts, the conversion increases when
increasing the metal loading from 5% over 2.4PdCu-sil to 10% over
4PdCu-sil. Nevertheless, a continuous deactivation is observed for
both catalysts. Conversely, no differences were observed in the con-
version when increasing the metal content by using TEOS-derived
catalysts. Regardless of the silica source or metal loading, the
main reaction product was the target unsaturated dechlorinated
compound, CF30CF=CF, (MVE), while the primary by-products
were the unsaturated CF30CH=CF, (HMVE), the hydrogenated
CF30CFCICHF, (AMH), and the CI-F exchanged CF30CCI=CF, com-
pounds.

The selectivities to CF30CF=CF, and CF30CH=CF, are shown in
Fig. 7. The formation of the target CF3 OCF=CF, compound was more
significant with TEOS-derived catalysts and, as with conversion
values, no notable differences have been found depending on the
total metal loading. A slight decrease in selectivity to CF30CF=CF,
was observed during the first 10 h of time-on-stream, and then it
steadily increased. Selectivity values of 73 and 76% were reached
at 50 h reaction time with 2.4PdCu-TEOS and 4PdCu-TEOS, respec-
tively. With 2.4PdCu-sil the selectivity followed the same trend as
with TEOS-derived catalysts, and after 50 h reaction the MVE selec-
tivity was 66%. Conversely, with the high-loaded 4PdCu-sil catalyst,
the decrease in the formation of CF3OCF=CF, was rather important

during the first 10 h time-on-stream, after which its production rate
did not vary significantly. The selectivity to HMVE roughly followed
a trend opposite to that of MVE, thus suggesting a connection in the
formation of these two molecules.

Selectivities to CF30CCIFCHF, and CF30CCI=CF, (not shown)
are below 8% regardless of the metal loading and silica source.
The formation of the saturated CF3 OCCIFCHF, compound decreased
during the first 10-15h reaction time, after which its production
was almost constant. The hydrogenating activity of silicate-derived
catalysts, especially of 2.4PdCu-sil, was higher than those of TEOS-
derived ones.

It is known that size and composition of metallic particles
are the main features that determine the activity, selectivity, and
deactivation process over metallic supported catalysts [4,7,13].
Indeed, the higher conversion achieved with the 4PdCu-sil catalyst
may be related to the higher metal loading and smaller parti-
cles present over this sample. Palladium monometallic catalyst
produces large quantities of the CF3 OCCIFCHF, hydrogenated prod-
uct and the catalyst deactivates quickly [7]. On the other hand,
the monometallic Cu catalyst is not active because of its rapid
deactivation due to chlorine poisoning [7]. For bimetallic catalysts,
their selectivity is related to the palladium and copper content
in the alloy particles. In silicate-derived catalysts, the presence of
some palladium-enriched alloys detected by XRD may promote
the formation of AMH and the F/H substitution to produce HMVE.
Copper-rich particles may quickly deactivate with time-on-stream.
On the other hand, the higher copper content in the PdCu alloys
obtained from TEOS-derived samples may lead to the combination
of sites for dechlorination, keeping under control the activation of
H, from Pd to clean the surface of the catalyst.

4. Conclusions

Chemical/physical and catalytic properties of Pd/Cu-MCM-41
for the hydrodechlorination of CF3 OCFCICF,Cl to CF3 OCF=CF, were
shown to depend mainly on the silica source (silicate and TEOS)
used for catalyst preparation, while they were not significantly
influenced by the total metal loading. The MCM-41 structure was
not affected by the addition of Pd and Cu during the synthesis,
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with the exception of the high-loaded TEOS-derived sample. The
calcination treatment, to remove the template, led to the formation
of palladium and copper as Pd;_,Cu,O oxides on the external sur-
face of MCM-41 particles. The properties and composition of the
Pd;_xCuxO solid solution were shown to influence the properties of
the metallic particles obtained by H; reduction. The broad size dis-
tribution of large metallic particles is mainly related to the sintering
taking place primarily during calcination. The size of the metallic
particles increases as the metal content increases, while their com-
position depends on the silica source. Palladium- and copper-rich
particles in silicate-derived samples may decrease the selectivity
to the target dechlorinated unsaturated product. The incorporation
of a higher amount of Cu?* in Pd;_,CuxO for TEOS-derived samples
leads to an increase in the reduction temperature and fosters the
incorporation of more Cu into the fcc PdCu alloy. The combination
of Cu sites for dechlorination, and Pd sites with a tailored activity to
activate H, and clean the catalyst surface, may explain the higher
selectivity in the unsaturated product for TEOS-derived samples.
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