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Nanostructured Pd—Cu Catalysts Supported on Zr—Al and
Zr—Ti for Synthesis of Vinyl Acetate

Alberth Renne Gonzalez Caranton,” Jean Dille,” Jade Barreto,

José Carlos Pinto,” and Martin Schmal*®!

Renewable ethylene can be obtained by dehydration of bio-
ethanol and used for production of vinyl acetate (VAM) through
reaction with acetic acid (AcOH), using Pd—Cu catalysts. In the
present manuscript, structural characterizations of Pd—Cu/ZrO,
catalysts show that these systems present cubic structure with
different spatial distributions. Particularly, it is shown that
combustion of ethylene and acetic acid can be inhibited below
180°C, maximizing the rates of VAM formation, when the
catalysts are modified with Ti**. The effects of AcOH concen-
tration on rates of VAM formation show that higher AcOH

Introduction

The annual production of acetic acid, acetic anhydride,
acetaldehyde and vinyl acetate monomer (VAM) is of the order
of 6x10°kg/year only in the United States; however, the
production of VAM consumes about 65% of the worldwide
production of acetic acid." VAM is a flammable, volatile and
colorless liquid, with boiling point between 72-73°C, used
mostly for manufacture of poly(vinyl acetate) (PVAc) and PVAc
derivatives, including poly(vinyl alcohol) (PVOH) and poly
(ethylene-co-vinyl alcohol) (EVA).?* Several studies have shown
that Pd—Au alloys promote the catalytic coupling between
acetic acid and ethylene with surface oxygen, reducing the
probability of direct combustion of adsorbed species and
leading to production of VAM.*® This chemical route is useful
for manufacture of VAM, presenting structure sensitivity for
ethylene acetoxidation, normally attributed to the ensemble
architecture provided by Pd—Au alloys.”® However, commercial
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concentrations favor the formation of undesired byproducts,
while lower AcOH concentrations favor effects related to O,
mobility, which can lead to surface decomposition. VAM
formation is favored, with selectivities ranging from 0.8 to 1.0.
XPS results indicate the existence of metallic Pd, CuO species
and Zr species, in agreement with IR results. DRIFTS results also
show that different Pd-acetate intermediates can be present,
depending on the electronic effects associated to Pd—Cu and Zr
species.

SiO, supports do not possess the necessary alkalinity to
maintain the stability of Pd—Au alloys. For this reason, it is
usually necessary to add a cation (such as potassium, through
KOACc) to promote electron transfer from the alkali to the metal
and enhance the adsorption capacity.”’ Despite the develop-
ment of Pd—Au/K-SiO, catalysts, it is still difficult to understand
why sintering of Pd particles takes place at real operation
conditions. Lercher et al"” claimed that K*? promotes the
dynamic self-organization of Pd—Au alloys during the formation
of intermediate species related to ethylene dissociation of C—C
and C—H chemisorbed intermediates, formation of monoden-
tate and bidentate acetate species related to acetic acid
chemisorption over PdAu ensembles and desorption of VAM
from Pd—Au active sites. '”

The nature of copper species over ZrO, has been the
subject of extensive researches. Copper oxide species play
important roles in the catalytic activity of many processes,
including CO, hydrogenation and selective oxidation.""'? The
phase stabilization of ZrO, allows for enhancement of the
oxygen mobility, depending on the activation conditions and
affecting the particle sizes, redox properties and final catalyst
reactivity."*' Alternative catalyst preparation strategies can be
based on the preparation of mixed materials by adding oxides,
such as AlL,O; and TiO, into the ZrO, matrix, which can provide
important complementary properties, including the appropriate
acid/base balance, textural properties, thermal stability, among
others.'*'®

Copper/palladium bimetallic alloys present cubic arrange-
ment, synergies and interactions that can be attributed to the
particular electronic configurations and morphological effects
of these bimetallic alloys, which can also lead to surface energy
variations."”'® Particularly, the use of sonochemistry can
provide catalysts with different morphologies, including nano-
tubes, nanodendrimers and nanorods, which can be subject to
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distinct quantum effects."**” For instance, Gao and Wayne®
studied the VAM reaction with Pd—Au catalysts and concluded
that Pd—Au alloys were more active than the bimetallic Pd—Au
materials due to segregation effects. The Pd—Cu catalysts were
also used to perform acetoxidation reactions in homogeneous
media, ?" indicating that the active metal is reduced during the
reaction with ethylene, which is then converted to VAM and
acetaldehyde.”” Therefore, copper can influence the reaction
mechanism significantly, when compared to the transition
metal catalysts.”

Bimetallic alloys have received significant attention in the
literature due to their superior properties, when compared to
the respective monometallic systems,”” allowing for improve-
ment of the surface properties, shape and reactivity of the
catalyst and composition of product streams.”>*® Theoretically,
the highest atomic efficiencies can be achieved when the size
of the metal particle is similar to the size of single atoms;*”
however, with the decreasing particle size, aggregation effects
usually become important.”’?¥ The isolation of one of the
metals by the second metal improves the interfacial properties,
due to synergetic effects between the two metals, associated
with ensemble and electronic (ligand) effects.”” For instance,
alloying of a second metal with Pd can reduce the ensemble,
leading to reduction of multi-bonded ethylene species.®” It has
been reported that Pd atoms can be isolated easily to form
single atoms with Cu, leading to excellent selectivity towards
hydrogenation and dehydrogenation reactions.*'*? In compar-
ison with Pd—Au alloys, where small changes occur in the
atomic distance, isolated Pd species can lead to dramatic
changes of the TOF values.” Additionally, in Pd—Cu alloys the
charge transfer between the d-states of Pd and adsorbed O
species can cause the increase of O binding on Cu sites and
lattice bonds of Pd—Cu,®* which are important for vinyl acetate
formation.®™ In agreement with the literature, it shows the
downshift of the d band center of Pd which forms different
arrangements along the [111] lattice of an fcc cell unit,
influencing the catalytic activity.? Then copper acts as a
promoter, improving the stability of a second metal; the CuO
reduction facilitates the H, spillover and affects the reduction®
and exposition of a second metal, also exhibiting the excellent
redox properties provided by the copper nanoclusters.?>*
Otherwise, copper clusters form bimetallic hetero-structures
with Pd, due to the donor capacity of electrons, as PdCux
species remain stable over the copper clusters during the
reaction.®”

Based on the previous remarks, the main objective of the
present work is to study the catalytic performance of Pd—Cu
cubic nanostructures, supported on modified ZrO,-Al*® and
ZrO,-Ti**, for production of vinyl acetate monomer, in the
temperature range between 150 and 200°C at atmospheric
pressure. The present work investigates the properties and
structures of the analyzed catalysts and investigates the
reactivity, formation of intermediates on cubic species and the
effects on Pd acetate intermediates formed in situ over Pd—Cu
species at the analyzed reaction conditions.
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Results and Discussion

Crystal Structure and Composition of ZrO,-Based Catalysts
Containing Pd and Cu

The ZrO, sample exhibited low crystallinity and was apparently
amorphous. The crystallite structure of the catalyst was
determined with help of the Rietveld refinement method. The
obtained results and respective cell parameters are presented
in Figure 1 and Table 1.
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Figure 1. XRD Rietveld patterns: (a) CZT, (b) PCZT, (c) CZA and (d) PCZA. The
black curves represent the experimental diffraction patterns, while the red
lines represent the calculated patterns. The blue curves show the difference
between calculated and experimental data. The green lines correspond to
Bragg positions.

Table 1. Refined crystal structure parameters and reliability factors for
ZrO,-based catalysts.

Cell parameter CZA czT PCZA PCZT
a 3.705 4.590 4.815 3.906
b 3.705 4.590 551 3.906
C 4.621 2.966 6.062 4.458
01 Occ Ph1 1.341 0.1948 0.00 0.875
01 Occ Ph2 0.01 4.907 0.00 1.098
Rw 5.56 12.24 1.40 8.60

5257

The XRD patterns for the PCZA sample indicate materials of
low crystallinity, caused by the deformations that result from
curvature effects and produce microstrains, due to the hygro-
scopic nature of the materials. The background used for
Rietveld refinement was modeled as a polynomial function, to
describe the anisotropic crystallinity and reduce the differences
between calculated and experimental patterns. On the other
hand, the Rietveld refinement is an approximation for nano-
capsular shapes and other known structures when the lattice
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parameter c is the only parameter used to describe the unit
cell.#®

During the structural transformation, crystal changes can
take place. For instance, ZrO, structures with tetragonal nature
and partial stabilization were identified. Crystal changes can
lead to formation of metallic clusters, promoting the redox
properties.””!

CuO species with crystallite sizes between 5-20 nm were
also found. After sonication of Pd, the Pd—Cu structures
presented cubic nature. The PCZT sample showed defined
structure, at hkl (001) and hkl (111) and crystallites sizes of 11
and 6.5 nm. Only one peak at hkl (001) was detected for CZA,
with crystallite size of 4.7 nm (Cu/ZrO,-Al*3). It is important to
stress that the PCZA sample presented different structures,
suggesting defects, such as CusPd clusters at 26 =32°, 35°, 51°
and 54.0°; PdO, at 26=28.19° CuO at 260=24. 53°, 33.09°
25.80° and Cu,O cluster at 29.90°.*¥ The insitu XDR results
showed metallic particles at 260 =40.02° and 47°, relative to Pd
(111) and Pd (200) phases on the PCZA sample,*” as shown in
Figure 2. This suggests weak interactions of Pd with the ZrO,
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Figure 2. XDR Profiles of Pd—Cu reduced samples: PCZA and PCZT.

support and the existence of copper clusters, which facilitate
the Pd reduction from cubic structure. Furthermore, the
reduced PCZA sample contained more faceted palladium lattice
(111) due to many levels of exposed Pd. This was attributed to
the differences between the crystal size found for Pd (111)
lattice. On the other hand, the PCZT sample displayed the Pd
(111) phase, suggesting that the metallic Pd particles migrated
to the surface during the reduction process. It seems that the
metallic Pd particles were formed during the calcination step
for the Pd—Cu catalyst.

Thermal Stability and Reducibility of Pd—Cu Catalysts

Figure 3 (b) shows the TPR profiles of Pd—Cu catalysts and Pd-
free Cu/ZrO, modified catalysts. Figure 3 (a) shows the TGA and
DTA results of the samples containing copper supported on
CZA (Cu/Zr02-A1"3) and CZT (Cu/ZrO2-Ti™*). The sol-gel materi-
als showed weight loss of water and hydroxyl groups, which
can be attributed to the alkoxide anions released from the sol-
gel precursors. The weight loss varied between 20 and 40%,
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with endothermic peaks at 72°C and 90°C caused by
hydroxylation and dehydration. ® Significant differences could
be detected between these two samples.

The CZT (Cu/ZrO,-Ti™*) sample showed two endothermic
peaks at 430 and 640°C, which can be assigned to structural
modification and complete collapsed structure,®" respectively.
On the other hand, the CZA (Cu/ZrO,-Al"3) sample evidenced
two endothermic peaks at 191.2 and 342°C, which can be
assigned to structural changes, probably due to the incorpo-
ration of copper inside the ZrO, modified structure."? These
effects can eventually affect the metallic reduction. Four peaks
could be observed, suggesting the occurrence of different
structures, which can be related to the presence of different
kinds of copper species, like Cu*? in solid solution at 323 and
314°C, bulk CuO at 381°C and highly dispersed nano-CuO at
175°CB*35% The TPR profiles suggest that the Pd—Cu cubic
structure promotes the reduction of palladium at low temper-
atures. The PCZA samples showed Pd reduction at room
temperature and at 246 °C, attributed to isolated Pd on ZrO,
support”@ On the other hand, the PCZT sample showed
reduction from room temperature until 246°C, suggesting
stronger metal-support interactions and the reduction of
copper species at lower temperature.®®
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Figure 3. (a). TGA-DTA analyses of the CZA (Cu/Zr0,-AI"3) and CZT (Cu/ZrO,-

Ti™*) monometallic copper catalysts (b). TPR profiles of Cu and Pd—Cu
catalysts.
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Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM)

Images of the Pd—Cu supported on ZA and ZT (PCZA and PCZT)
samples are shown in Figure 4 and indicate ordered materials
with nano-spheroidal morphology.

Figure 4. Scanning electronic microcopy of the Pd—Cu/ catalysts: (a) CZT, (b)
PCZT, (c) CZA, (d) PCZA.

This morphology is probably due to the implosion of
bubbles during the sonochemical process."” The promoted Ti**
catalyst showed a more ordered structure than the promoted
APT version of the PCZA sample, which presented agglom-
erated particles. In fact, when palladium is incorporated, the
catalyst structure undergoes changes that affect the catalyst
morphology. Figure 5a,c) shows the TEM images of PCZA and
PCZT samples, whereas Figure 5(b,d) shows the size distribu-
tions of the Pd—Cu particles.

TEM analyses revealed that the PCZA sample showed
particles of similar sizes and shapes and are well distributed
over the ZA support. The mean particle sizes are predominantly
42 nm. The particle size distribution varied between 30 and
45 nm. On the other hand, the PCZT sample showed non-
homogeneous particle sizes and distributions, varying between
20 and 60 nm. Three distinct regions with different particle size
distributions could be observed. Small particles are of the order
of 5 to 20 nm and are observed in the first region, while larger
particles varied between 50 and 80 nm in the third region. The
second region showed two predominant mean particle sizes of
the order of 30 and 42 nm, respectively. Figure 6 shows the
high-resolution images (HRTEM) of metallic particles of the
PCZT sample, with the corresponding Fast Fourier Transform
(FFT) results, which correspond to the reciprocal space of the
cubic crystallographic structure of the Cu—Pd solid solution.

Different crystal orientations can be observed. Figure 6 (b)
shows the (001) face, while Figure 6 (d) shows the (111) face.
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Figure 5. TEM Bright Field image (a) PCZA (c) PCZT and size distribution of
samples PCZA (b) and PCZT (d).
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Figure 6. (a) HREM particle Pd/Cu (001) image of PCZT (b) FFT of particle Pd/
Cu (001) PCZT (c) HREM particle Pd/Cu (111) image of PCZT (d) FFT of particle
p2 Pd/Cu (111) PCZT.

The metallic particles of the PCZT catalyst are usually mono
crystallites. Figure 6 shows the high-resolution images (HRTEM)
of the metallic particles of the PCZA catalyst and Figure 7
shows the EDS spectra of the samples. The PCZA catalyst are
more faceted, as shown in Figure 7 (b).

The EDS spectra for PCZT and PCZA samples displayed in
Figure 6(b,d) and Figure 7b, respectively, are shown in Figure 8,
and suggest the co-existence of particles with different Cu/Pd
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Figure 7. (a) Cu—Pd particle in PCZT (b) Cu—Pd particle in PCZA.

atomic ratios. Spectra (a) and (b) in Figure 8 show, respectively,
Pd and Cu species, suggesting Cu,Pd, CusPd and CuPd
compounds, confirming the XRD results and in accordance with
the literature.®’** Spectrum (c) indicates preferentially Pd
particles.
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Figure 8. EDS spectra of catalysts (a) from Figure 6b, (b) from Figure 6.
Adsorption-desorption isotherms of Pd—Cu catalysts and pore size distribu-
tion (b): PCZT (blue line), PCZA (red line).
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Textural Analysis, Composition and Crystal Size

PdCu catalysts exhibited isothermals of type IV (Figure 9).
Interestingly, the presence of Al*® and Ti™ ions promoted the
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Figure 9. Adsorption-desorption isotherms of Pd-Cu catalysts and pore size
distribution (b): PCZT (blue line), PCZA (red line).

structure by increasing surface areas, when compared to pure
ZrO,. All samples exhibited hysteresis; however, the ZrO,
promoted with Ti** showed ordered mesoporous. The mean
sizes of the pores of both samples were around 200 A, as
shown in Figure 9.

Table 2 presents the textural properties of ZrO,-based
catalysts, also presenting Pd and Cu crystallite structures and x-
ray fluorescence results (XRF)

TEM analyses showed particle sizes of 5 nm, in agreement
with the in situ XRD data, between 5.6 to 10 nm. The Pd/Cu
atomic ratio influenced the distribution of the active sites and
the values were very similar. The difference between them can
be explained by phase transformations suffered during soni-
cation.”@ Indeed, the morphology of these materials can
change quickly, affecting the final composition.”®

Temperature-Programmed Surface Reaction (TPSR)

Figure 10 displays the TPSR profiles of the PCZA and PCZT
catalysts after reduction at 258 °C, respectively.

Both catalysts PCZT and PCZA reduced at 258°C displayed
significant differences, as shown in Figure 10. PCZT catalyst
(Figure 10a) shows that the reaction started at 250°C, with the
consumption of O,, AcOH and C,H,, prevailing the formation of
CO, and H,0. One must notice that the prevailing formation of
CO, and H,0 indicates the partial combustion of acetic acid or
ethylene, as shown in Equations (1) and (2)

C,H,0,+20, — 2H,0 + 2C0, (1)
C,H,+30, — 2H,0 + 2C0, (2)

However, it is important to note the appearance of VAM,
with maximum formation at 350 °C, followed by reduction of
CO, and H,O contents and formation of H,. This suggests the
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Table 2. Crystal structure, composition and textural properties for Pd—Cu catalysts'.

Size [nm] A [m%/g] Vp [cm®/g] Pd [nm]
Sample door dyo din Pd°xgp” Pdrpp™
PCZT 1 5 6.7 61.4 0.03 5.6 2.08
PCZA 4.7 - - 201.5 0.13 10 2.27
Sample Pd Cu Zr 0, Ti Al Pd/Cu
PCZT 1.27 2.73 42.89 31.07 23.04 0.00 0.44
PCZA 1.72 2.70 49.92 31.26 0.00 14.40 0.38

and Pd,sCu, 3,0;5Zr,Al ;0,; (PCZA).

[a] Calculated after reduction with H,; [b] Calculated from Equation (8) and (9). Pdg, =5 nm; [c] Empirical equation for samples: Pd,sCuO,,Zr, o, Ti,,05 (PCZT)

occurrence of partial oxidation and reverse shift reaction. * On
the other hand, the PCZA catalyst under similar reduction
condition (Figure 10(b)), showed high consumption of O, and
consumption of AcOH at 200°C, with simultaneous formation
of CO, and H,0. However, there is a continuous and significant
formation of VAM, when compared to the PCZT catalyst, with
maximum formation around at 330°C and increasing formation
of H,0, CO, and H, up to 400°C. This can be attributed to the
reverse shift reaction. ®@ The ethylene signal showed very low
rates of consumption with the increasing temperature in the
analyzed range (not shown).

TPD of CO

CO desorption results indicate the presence of surface Pd sites
with increasing temperature, as shown in Figure 11. It is
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Figure 10. TPSR results at atmospheric pressure for PCZT(a) and PCZA (b)

samples: (0.55 g/9.61 ml/min C,H,/1.25 9.61 ml/min O,/ Ts=24.5°C (2%
AcOH).

ChemCatChem 2018, 10, 5256 - 5269 www.chemcatchem.org

5261

important to observe that the catalysts present different CO
desorption profiles and formation of CO,.

The CO desorption profiles present a maximum peak
around 70°C, which corresponds to the CO adsorbed and
desorbed on metallic Pd°, in agreement with the literature.®
The catalyst PCZA indicates a shoulder around 200°C, attrib-
uted to desorption on Cu sites.®” This shoulder was not
observed on the PCZT catalyst, indicating no significant metallic
copper at the surface. On the other hand, one can observe that
the CO, profiles on both catalysts show different desorption
peaks. The PCZT shows two peaks of desorption at 80 and
150 °C, while the PCZA presented only one pronounced peak at
180°C. These results indicate the presence of secondary
reactions, in particular the decomposition of CO on the PCZT
and probably the water-gas shift reaction at higher temper-
atures, very significant on the PCZA catalyst. Thus [Eqgs. (3)-(4)]:

2C0 — C+ CO, 3)

CO + H,0 — CO,+H, (4)

The presence of water can be observed in Figure 11 and
can be assigned to the presence of hydroxyl groups of different
nature at the surface. This fact justifies the decomposition of
CO and occurrence of the shift reaction, with the formation of C
at the surface and CO, and H, in the gas phase. Although the
presence of water could be observed, it was not possible to
detect H, during the TPD experiments due to the low intensity
of the signal, when compared to CO, H,O and CO, signals.

—CO PCZT .~
3| o, 4
= 1.0 o
z /
@ | PCzT PCzA
o Phalir ' PCZA
S LTS = \
pezT, T PR
R L it
50 100 150 200 250 300

Temperature (°C) —==

Figure 11. TPD of CO on Pd—Cu catalysts: CO, evolution (Blue lines), H,O
evolution (Gray lines). CO Desorption (Black lines).
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The TPD results suggest that the acid AcOH dissociates to
form CH,* radicals and COOH fragments that may immediately
be transformed into CO and hydroxyl groups or be oxidized
with sub-surface oxygen® that can promote preferentially the
formation of CO. In contrast, if the amount of sub-surface
oxygen in the lattice is small, the methyl groups tend to form
CO, [Egs. (5)~(7)1.°% < ffr5

CH; +2[02] — CO + 30H- (6)
CH;+[0F ] — cozjugH2 7)

The PCZT catalysts exhibited one peak for Pd active sites,
related to the lattice oxygen and hydroxyls groups at the
surface, whereas PCZA catalyst showed low CO desorption
attributed to low lattice oxygen, with simultaneous CO,
formation. In fact, Cu presents different oxidation states (CuO,
Cu,0), interacting with the support, forming bimetallic species
of PdCux and thus copper clusters at the surface,”®® maintaining
the sub-surface oxygen, which inhibits the PdCx formation,
facilitates the O adsorption and promotes H, spillover.® This is
a remarkable characteristic of the PdCu alloy for acetoxidation,
favoring the AcOH dissociation and the electron transfer from
support to PdCux.* Moreover, the in situ XRD results revealed
the presence of two Pd faces (111) and (200), as shown in
Figure 2.

The metallic Pd promotes the C,H, and AcOH coupling and
minimal combustion. However, the presence of Cu™? species,
interacting with the support and Pd, promotes the formation of
lattice oxygen that, with hydroxyl groups, favor the dehydro-
genation of hydrogenated vinyl acetate.*%%”

On the other hand, Cu™ increases the probability of
combustion of AcOH and C,H,, while the hydroxyl groups from
support and Cu+ ions favor the formation of sub-products, like
acetone, methane, and acetaldehyde at higher temperatures,
reducing the selectivity towards VAM. In fact, the advantage of
alloying with Cu is the electronic and ensemble effects for the
production of VAM.

Catalytic Activity Tests

The catalytic tests were carried out for both catalysts and for
different reaction conditions. Table 3 shows the AcOH and O,
conversions for different gas hourly space velocity (G) (15.06,
15.92 and 22.86 m?/(h.kg..) ) and temperatures of 150, 180 and
200°C. The ethylene conversion did not suffer relevant changes,
probably due to the low coverage of ethylene on Pd surfaces at
atmospheric pressure, in accordance with Stacchiola et al.®®
Results show that the highest conversion was obtained at
200°C for the PCZT catalyst, decreasing with increasing space
velocity. It is important to observe that the PCZA sample
exhibited the highest conversion for higher space velocity at
200°C. The PCZT catalyst structure presents a cubic structure,
which can influence the O, conversion and the diffusion into
vacancies, transporting superficially the oxygen from the lattice
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Table 3. AcOH and O, conversion as a function of GHSV over PCZT and
PCZA catalysts at 150, 180 and 200 °C.

15.06'" 15.92 22,85

PCZT PCZA PCZT PCZA PCZT PCZA

Xacon Xoz| Xacon  Xoz | Xacon  Xoz | Xacon Xoz | Xacon Xoz| Xacon Xoz
50 38[187 18|11 55170 47]150 26| 40 18
150 | 50 35| 184 18|10 58| 168 43]|152 21| 38 16
52 35183 16|12 588|166 42| 143 18| 34 21
43 53[179 15|65 159|199 75| 69 68| 73 27
180 | 45 53| 173 15| 63 155|201 75| 65 61| 80 27
47 53[180 15|63 157|203 75| 64 61| 77 28
63 34| 721 686| 63 50.0[ 330 17.7| 62.8 235 13.7 57.3
200 61 39| 722 684| 66 502|326 17.7| 623 226 14.2 58.1
64 38| 726 684| 69 502|325 18.0| 61.6 23.0] 14.1 58.0)
15.06'" 15.92 22.85

PCZT PCZA|PCZT PCZA|PCZT PCZA
Xathy Xathy | Xethy  Xethy | Xethy Xethy
31 34 |57 14447 34

150 | 36 33|55 145|48 37
37 31152 146]44 39

36 12|14 163[195 7.03
18039 17|15 162|186 698
37 15112 163|194 697
35 396| 90 140[ 61 128
200 | 37 396| 85 138|666 128

37 393|886 149]|64 129

T(°C)

T(°C)

" The units for GHSW are given in m’/h*Kgc,.
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and therefore favoring the coupling with ethylene and AcOH
intermediates. This is reinforced from the oxygen storage
capacity measurements on PCZT and PCZA, respectively,
272 pmols 0O,/g.,: and 155 pmols O,/g.,, indicating the pres-
ence of oxygen in the sub-surface lattice.’” Catalytic results
showed that at 200°C and some specific conditions, the AcOH
showed high conversion, due to AcOH combustion. For higher
gas space velocity, the conversion increases for the PCZT
samples Probably, acetic acid reacts with C,H, and forms
acetoxy species, which correspond to the cleavage of C—C and
C—0 bindings at the interface and the formation of intermedi-
ate species on Pd-Acetate,®” The conversion of AcOH was
higher for PCZA catalyst at 15.06 m*’h*Kgc,. The loss of
selectivity for PCZA samples is attributed to the formation of
sub-products like CO and CO,,.

The catalyst PCZT presented better activity and selectivity
than the PCZA catalyst, as shown in Figure 12. Han et al®
showed that for temperatures up to 180°C the combustion
predominates; however, the AcOH concentration and space
velocity GHSV may influence the products distribution simulta-
neously. Kuhn et al®” showed that the selectivity to VAM is
affected by the 02 conversion and particle size.*5”"

It seems that the sub-surface oxygen atoms and hydroxyl
groups promote the selectivity, which is consistent with the
present results, suggesting that the PCZT catalyst promotes the
formation of surface oxygenated species containing hydroxyl
groups, increasing the VAM selectivity. Chen and Goodman
claimed that the face (111) of palladium favors the activity
when the palladium coverage of the nearest neighbors is
maximized, meaning that nano-ordered materials could pro-
mote the concentration of surface active sites.””
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Figure 12. Selectivity at reaction conditions for GHSV = 15.92 m3/Kg*h for
PCZT and PCZA catalysts.

X-Ray Photoelectron Spectroscopy (XPS)

These experiments were performed to examine the surface
properties and the presence of metallic oxide phases of the
different catalyst. The self-reorganization of Pd active sites
depends on an electron donor from the support. Figure 13

@] [Pd3d (©

Zr 3d zr* 3d,, . A
{7 2r3p,;  Pd'2p, /Y

zr 3d

312
\
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A 1
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Figure 13. The X-ray photoelectron spectroscopy (XPS) patterns of: (a). Zr_3d
signals (b), Pd_3d and Zr_3p (c), Cu_2p (d) Ti 2p.

exhibits the XPS spectra of the binding energies of Zr (a), Pd(b),
Cu(c) and Ti(d) of the PCZT catalyst.

Figure 13a shows the oxidation states for Zr species on
PCZT sample. The Zr** species are related to Zr0,."*”® For the
PCZT sample, the curve fitting results at 182.4 eV (3d"?) and
184.8 eV (3d*) are related to the spin-orbit splitting of the Zr
3d band, relative to Zr*“. The tail at the low energy side of the
Zr 3d spectra can be either related to a minor contribution
from reduced Zr species or changing in the coordination
number of zirconium due to the interactions with the other
elements. The binding energies of the different species at the
surface are presented in Table 4.
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Table 4. Binding Energy and chemical composition for PCZT sample.

Transition BE [eV] FWHM [eV] [% Atomic] Assignment

Zr 3ds,, 182.3 1.86 489 Zr**in Zr0,

Zr 3d,, 184.7 1.63 427 Zr**in Zr0,

Ti 2ps) 45883  2.00 497 Ti** from
zrilankite
(TiZr)Ox

Ti 2p,, 46468 295 50.2 -

Cu 2ps;, 933.87 3.97 40.8 Cu™? from CuO

Cu 2p,, 95367 451 39.7 -

Pd 3d;,, 335.49 247 1.5 Pd° reduced
from PdO

Pd 3d,, 34084  1.99 10.0 -

Pd 3ds), 33857 247 1.8 Pd*? from
PdO

Pd 3d,, 34429 199 1.59 -

Zr 3p;), 333.19 3.87 379 Zr*™* from
ZrO,

Zr3p,, 346.91 3.18 37.07 -

Pd/Cu ratio 1.98 - - -

Zr/Ti ratio 1.57 - - -

Elemental analysis [%]

Pd 3d Cu 2p Ti 2p Zr 3d O1s

10.936 5.52 8.16 12.8 62.50
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The difference between the bands at Pd 3d,, and Pd 3d;,,
(5.6 Ev) indicates the presence of metallic Pd® and Pd*",
corresponding to the binding energies Pd° 3d,,(335.2 eV,
FWHM 1.84 eV); Pd° 3d,,, (340.5 eV) Pd*? 3d,/,(336.86 eV, FWHM
1.74 eV); Pd™? 3d,,, (342.16 eV) respectively,”>”* probably due
to the activation conditions at room temperature, favoring the
formation of stable bimetallic structures. The binding energy
and satellite peaks for Cu 2p;,, correspond to ions of the oxide,
as shown in Figure 13c for the PCZT sample. The surface atomic
ratio of Pd/Cu is 1.98, which means that Pd is almost the double
of Cu. The surface Zr/Ti ratio is 1.6, indicating higher content of
Zr at the surface. Finally, the metal loadings of Pd (1.49) and
copper (3.04) at the surface are very close to the experimental
values, which in fact shows the charge balance between the
ZrTiO, support and the Pd metallic surface.

Apparently, a low fraction of the Zr species can be oxidized,
moving from support to the surface, which can be easily
oxidized, to compensate the loss of hydroxyls groups. The
results showed that these structures would be useful for the
acetoxidation reaction, mainly due to the presence of the
superficial oxygen and PdCu, active sites, promoting vacancies
in the sub-surface layers of modified ZrO,, facilitating the
hydrogen spillover in hydrogenation and dehydrogenation
reactions.”*”

DRIFT Spectroscopy

The insitu IR analyses revealed the presence of surface
intermediates related to ethylene coupled on Pd active sites,
with symmetrical stretching (C—H). (C—CH;) at 950, 2988, 1031
and 1047 cm™'. These bands suggest the ethylene dehydrogen-
ation step and AcOH coupling.”'**® Moreover, the AcOH
typically adsorbs at 1346 cm™', due to AcOH stretching (COO).
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In addition, AcOH shows three types of stretching (C=O0):
monomeric (Pd(OAc),)*~ at 1776 cm™, dimeric species®’® (Pd,
0AC)g®™ at 1732cm™" and trimeric species (Pd;OAc),) at
1462 cm™', as shown in Figure 14.
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Figure 14. In situ IR spectra of PCZA (a) and PCZT (b) catalysts. Conditions:
2% AcOH, 1 ml/min O,/10 ml, C;H,/Balance with He 70 ml/min, P=1 Bar at
150°C.

The C—C stretching band at 1191 cm™' was assigned to C,H,
deformation that precedes the bands at 950 and 1031 cm™".
The CO, stretching appears at 2340 cm™', showing higher
formation on the PCZA catalyst (see Figure 14(a)). On the other
hand, for the PCZT catalyst (see Figure 14(b)), CO, stretching
adsorption bands were found in the first 15 minutes. Later, the
peak decreased in the same region, indicating the CO,
formation. The symmetric bands assigned at 1303 cm™ corre-
spond to ionic carbonate bands,”” due to the CO adsorption.
For the PCZA catalyst, this stretching was more pronounced,
affecting AcOH adsorption on the active site. Thus, for PCZT
catalyst this stretching disappeared after 1 h reaction. In agree-
ment with the CO —TPD (Figure 11), this confirms that the Pd
sites of the PCZT sample present higher CO desorption, without
prejudice of the AcOH coupling. At last, the terminal hydroxyls
were detected at 3675 cm™, assigned to the Zr-OH stretch-
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ing.”® The IR spectra for PCZA and PCZT catalysts after 1h
reaction were compared for three temperatures in the region of
AcOH intermediates, for C—H and C—C stretching, appearing in
Figure 15.
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Figure 15. IR spectra of surface intermediates for AcOH and C,H,: 1 h
reaction test. Conditions: 2% AcOH, 1 ml/min O,/10 ml C,H,/Balance He
70 ml/min. P=1 Bar, T= 150, 180, 200 °C. (a) PCZA sample, (b) PCZT sample.

Figure 15 shows that the stretching bands for Pd(AcOH)
intermediates (v-(Pd;OAc)s), v-(Pd(Oac),)*", v-(Pd,0ac))*") are
more pronounced for the PCZA (Figure 15a) catalysts. However,
the symmetrical stretch band (COO) is more pronounced for
the PCZT catalysts (Figure 15b). Lercher et al claimed that
there is a competitive mechanism between O, adsorption and
PdACOH intermediate formation, which occurs when the C=0
stretching decreases. (Pd;Oac),) tends to form dimers and
monomers of Pd, which favor the AcOH combustion on the
actives sites. For PCZT and PCZA catalysts, a slight decrease of
this stretching was observed at temperatures up to 150°C,
followed by the CO, formation. Apparently, the PCZA active
sites enable the stability of Pd intermediates. However, the
produced CO, was adsorbed over the catalysts whereas the
PCZT catalyst showed a decreasing peak for CO, intermediate,
which suggests that carbon consumption from C—C cleavage,
attributed to surface oxygenation.
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There is a competitive mechanism between the adsorption
of oxygen and Pd;(OAC,; formation (1424 cm™"). which main-
tains the reaction dynamics between asymmetric and symmet-
ric COO stretching (1586 cm™). The formation of intermediates
in these nanostructures follows a reaction path that can be
explained by the electron transfer between PdCu species with
ZrO, modified and CuO ligand effects.”® The detection of
acetoxyethyl intermediate related to VAM hydrogenated at
1718 cm™' was more significant for the PCZT sample (Figure 16
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Figure 16. IR spectra collected during in situ reaction for VAM synthesis.
Conditions: 2% AcOH, 1 ml / min O, / 10 mL C,H, / Balance He 70 mL/min.
P=1 Bar, T=150°C. (a). PCZA sample (b). PCZT sample.

(b)). On the other hand, the additional peak for the PCZA
sample that appeared at 1788 cm™' (Figure 16(a)) is assigned to
adsorbed VAM,”® which means that B-H elimination step was
not efficient and the VAM will be suffer derivatization. The
presence of ethylene intermediates suggests the initial coupling
of C,H,, O, and AcOH, over the active site, which characterizes
the Samanos mechanism."” The coupling steps usually are
faster than B-H elimination; however, for high values of the
ethylene conversion the VAM selectivity is reduced due to the
ethylene combustion. Therefore, when ethylene begins to
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dehydrogenate on Pd active sites, it becomes active and, thus
available for formation of surface intermediates, leading to VAM
formation at 150°C.

These results follow the reaction mechanism proposed by
Stacchiola et al,® with ethylene and AcOH coupling steps
favored by surface oxygenated groups and terminal hydroxyls
groups. In agreement with Augustine et al” it suggests that
the vinyl acetate-hydrated intermediates appears in the same
region of Pd(AcOH) surface intermediates.

The nature of PdCu, active sites, the oxygen storage
capacity (OSC) and the hydroxyl species presented on catalysts
surface suggest the [-elimination of vinyl acetate from the
surface, as proposed for the reaction steps in Scheme 1.587% |t

CH(g) AcOH,,

Step 1: Coupling

OH O illover /\O/lk

H,c—H -
ok VAM
+
Pd Lo € Q/
( Fl = =
fI’- ér-\"‘"\f\‘——’HAdq AVAV ‘“‘)CUSQ

From AcOH Coupling

Scheme 1. Reaction pathway of ethylene acetoxidation over Pd—Cu/ZrO,
based catalysis.

shows the surface hydroxyl groups, which allows the VAM
desorption and H,O formation. Indeed, the hydroxyl and
oxygen coverage depend on the synergy between Cu/ZrO,
species,®®" indicating that the hydroxyl species are regener-
ated. Furthermore, the Zr from support will be oxidized to
hydroxyl surface groups. In agreement with the XPS results
(Figure 13(a)) this lead to maintain the balance between
hydroxyl groups involved in the reaction mechanism and the Zr
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hydrated from desorbed water from VAM synthesis. In
scheme 1, we propose the possible reaction path for VAM over
PdCu catalysis.

Table 5. Intermediates and main species detected by DRIFT spectroscopy.
Species Reaction step Wavelength [cm™']
C—CH; C,H, Dehydrogenation 950

C-H 2953

CH, 1888

(C=0)s AcOH Coupling 1424

(C=0)s, 1586

(C=O)pimer 1732

(C=Omonomer 1776

(C=O)Trimer 1462

C0;™? CO, coupling 2340

Zr—OH hydroxyl groups 3675

VAM VAM and VAM Hydrogenated 1788

VAM-H 1718

In Table 5, are the main intermediates that were detected in
DRIFT spectroscopy and represent as well, the reaction path of
the Scheme 1 as Follow:

The IR spectra of Figure 16a showed that the limiting step
of the reaction over the PdCu system was the desorption of
VAM, as observed by the presence of VAM—H fragment that
represent the dehydrogenation step without VAM desorption.
The VAM—H band, related to VAM hydrogenated was not
detected for the PCZT catalyst (Figure 16b). On the other hand,
for the PCZA catalyst the VAM—H step occurred with posterior
VAM desorption, being represented by the VAM adsorbed
band, this explain the fact that over temperatures reaction up
to 200 °C, will promote loss of selectivity and will exhibit higher
conversions of AcOH for low O, conversion by the accelerated
decomposition of the AcOH on the active sites at 15.92 m*/
h*Kgc, In this case, a new reaction path will be achieved,
without a dehydrogenation step, instead of H, spillover, which
is responsible for promoting the ethylene acetoxidation. Pd—Cu
complexes were used for VAM synthesis in homogeneous
phase. As far as we know, there are not studies about the
effects of metal-support interaction influencing the reaction,
even for the PdAu catalyst. PdCu species over modified ZrO,
support showed this synergy for the VAM synthesis. Copper
clusters and isolated ions provided alloys with Pd, exhibiting
unique properties, facilitating the reaction steps, due to the
presence of oxygen vacancies in sub-surface clusters and OH at
its interfaces, which are affected by the nature of support.

Conclusions

We investigated the catalytic synthesis of vinyl acetate from
ethylene, acetic acid and oxygen on Pd—Cu catalysts supported
on modified ZrO,, using a sol-gel and sonochemical method.
The Pd—Cu system showed different structures on modified
ZrO, supports, like (PdysCu,;,015Zr,Al,;0,,) and (Pdys
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CuO10Zr,4,Ti,,04), exhibiting monoclinic and tetragonal/ortho-
rhombic structures.

Results also showed that copper species promoted the Pd
reduction, influencing the electronic structure and vacancies at
the interface of PdCu, with the modified ZrO, support. TPR
results showed that copper species promoted the Pd reduction,
and all these factors influenced the -H elimination step

Structural characterization showed that Pd—Cu (111) and
Pd—Cu (001) faces are better distributed on the PCZT than on
PCZA catalyst. HRTEM results confirm these results. XPS results
showed that the Pd—Cu(111) faces at the surface are predom-
inant on the ZrO, modified with titanium. These structures
favor the acetoxidation reaction, due to the presence of the
superficial oxygen and the Pd and Cu active sites at the surface.
Copper promoted the vacancy in the sub-surface layers, which
facilitated the hydrogen spillover for the hydrogenation step.
The PCZT catalyst presented higher VAM selectivity at 150°C
when compared to the PCZA catalyst under similar conditions.
The PdCu faces exposed in PCZT samples minimize sub
products formation and facilitate the O, mobility in Pd—Cu
crystal structure.

DRIFTS results showed the presence of different intermedi-
ates, which suggest the presence of palladium acetate species,
dehydrogenated ethylene species, terminal hydroxyls from ZrO,
but not adsorbed AcOH and C,H, species. Results identified
palladium acetate species, ethylidyne and vinyl acetate species.

Experimental Section

Catalyst Preparation

ZrO,-based catalysts were prepared via sol-gel method.®®** Ethanol
(Aldrich, 99%) was initially refluxed for 15 min. Then, aluminum tri-
sec-butoxide (Aldrich, 97 %) was added and kept under mild stirring
for 1 h. Afterwards, HNO; (Baker, 70%) was added dropwise under
continuous stirring, producing a colorless solution. The solution
was cooled to room temperature and acetic acid (Aldrich, 99.7 %)
was added. The entire solution was then cooled to 0°C. In the
following step, ZrO, n-propoxide (Aldrich,70%) was added to the
reacting system and kept under continuous stirring until room
temperature for 24 h. Finally, deionized water was slowly added.
The molar ratios of reactants were equal to: H,O/(Zr+Al)=2,
HNO,/ (Zr+ Al)=0.05, EtOH/ (Zr+ Al)=32.5, and Zr/Al=1. Titanium
n-propoxide (Aldrich, 99 %) was refluxed with Ethanol (Aldrich,99 %)
under constant magnetic stirring for 2 h. Then, the ZrO, n-
propoxide (Aldrich,70%) was added dropwise with HNO; (Baker,
70%) for 15 minutes, to keep the pH equal to 3. The solution was
kept under constant stirring for 48 h. Finally, a solution of ethanol/
water (83% EtOH v/v) was added for 1 h and dried for 24 h at
100°C. The powders were transferred to a quartz reactor and
calcined with pure air (150 cm®/min) at 400°C for 5 h. The molar
ratios of reactants were equal to: H,0/ (Zr+Ti) =2, HNO,/(Zr +Ti) =
0.21, EtOH/(Zr +Ti)=32.5, and Zr/Ti=1.

The obtained products were dried for 24 h at 100°C and calcined
in air at 400°C for 5 h. Metals were impregnated by sonication,
using a sonicator AUTOTONE SERIES (90 W) and irradiation time of
60 minutes for copper and 90 minutes for Pd."” Copper (Il)
acetylacetonate (97 %, Aldrich) was dissolved in Ethanol (Aldrich
99%) and Palladium (ll) acetylacetonate (99 %, Aldrich) in chloro-
form (Aldrich, 99%). 100 mL of ethanol (Aldrich, 99%) was added
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for dispersion of 3 g of the support during 1 h at room temper-
ature. The copper solution was added dropwise. Wave pulses were
used to avoid overheating and development of hot spots in the
liquid."® The solids were dried at 100°C for 24 h and calcined at
400 C during 6 h, using air. After copper incorporation, the material
was sonicated again with a solution containing the palladium
precursor and the metal was incorporated using the same
procedure. Finally, the solid powder was dried and calcined with He
at 100 mL/min" for 6 h. The nominal composition was of 3% of
Copper and 1.5% of Pd. Samples were labeled according to the
support and metal used in each particular preparation as: (i) ZrO,-
AlT3(ZA); (i) ZrO,-Tit* (ZT); (i) Cu/ZrO,-Al*3 (CZA); (iv) Cu/ZrO,Tit*
(CZT); (v) Pd—Cu/ZrO,-Al "3 (PCZA); and (vi) Pd—Cu/ZrO,-Ti** (PCZT).

Catalyst Characterization

X-ray diffraction analyses were performed on a Rigaku Miniflex Il
analyzer (Delaware, USA), using copper radiation (CuKa A=
1.5418 A) and scan parameters of 2° <20 < 80°, 2°/min and 0.05°/
step. The Rietveld refinement was performed, assuming that part of
Al and Ti atoms occupy Zr sites in the tetragonal/cubic or
monoclinic zirconia lattice,*** besides the separate alumina (y-
AlL,O;) and titanium phases (anatase, rutile). To investigate the
crystalline structure of metallic Pd sites, the in situ X-ray diffraction
measurements were performed at room temperature, under
reducing environment at 300°C, with a mixture of 10/90 v/v% H,/
He at 50 mL/min. The diffractograms of the reduced samples were
obtained in a Rigaku, DMAX 2500 model diffractometer (USA),
using copper radiation (CuKo A=1.5418 A) and scan parameters of
2° <20 <80° 2°/min and 0.05°/step.

Temperature programmed reduction (TPR-H,) measurements were
performed in an Pilot Unit containing a thermal conductivity
detector. PCZA and PCZT samples were pretreated in He (30 mL/
min, at 150°C for 1 h) and then switched to a 1.8/98.2 v/v% H,/He
at 30 mL/min flow, in the temperature range from 25 to 400°C and
heating rate of 10°C/min.

Oxygen storage capacity measurements were performed in a
microreactor coupled to a Quadrupole mass spectrometer Model
Balzers-Pfeiffer QMS 200 (Asslar-Germany). Samples were reduced
with H, at 400°C for 1 h. Then, a 5/95 v/v% O,/He mixture flowed
through the catalyst bed until finishing the oxygen uptake. The
reactor was purged with He and the dead volume was obtained by
switching the gas to the 5/95 v/v% O, /He mixture.

Temperature programmed desorption of CO was performed for
determination of the surface sites. Samples were dried under He
flow (50 mL/min) up to 200°C, at a heating rate of 10°C/min and
then cooled to room temperature. First, the sample was reduced
with 10/90 v/v% H,/He (50 mL/min) up to 300°C, at a heating rate
of 10°C/min and kept for 1 h at 300°C, followed by cooling to
room temperature with He flow. After reduction, the catalyst was
exposed to a mixture of 5/95 v/v% CO/He flow (at 30 mL/min) for
1h, at room temperature. Then, the non-adsorbed CO was
removed with He flow. Desorption was carried out under He flow
(50 mL/min) at 10°C/min, from room temperature up to 300°C.
The CO, CO, and H,0 were analyzed with help of mass spectra
signals Model Balzers-Pfeiffer QMS 200 (Asslar-Germany). The
dispersion and particle sizes were determined using the following
Equations (8) and (9):#4

20000V W,
Dye= coVVme (8)
CME
n «
dye(nm) = 1
welnm) = ©)
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where V, is the CO uptake (mol/g.,, Cy. represents the metal cross
section (15 A%at, for Pd), Wy, is the atomic weight of palladium
(106.24 g/mol), “Cy." is the metal loading (wt%), while n is 0.9 for
Pd (nm).*¥

The chemical composition of the catalysts was evaluated by X-ray
fluorescence, using a Rigaku Rix 3100 spectrometer (Texas, USA)
and a rhodium tube as the X-ray source. The textural properties
were obtained by N, physisorption in an ASAP 2020 (Micromeritics,
Norcross USA) equipment. Samples were degassed at 300°C for
24 h under vacuum before measurement.

Scanning Electron Microscopy (SEM) analyses were obtained by
Field Emission on a Quanta 400 model (ThermoFisher, USA),
operating between 10-20 KV and equipped with a Microanalysis
EDS system. Samples were prepared by dispersion on a conductive
film, adhered to the grid.

Transmission electronic microscopy (TEM) analyses were performed
using a ChemiSTEM FEI Titan 80-200 field emission gun scanning
transmission electron microscope (Oregon, USA) operating at 300
Kv accelerating voltage. The TEM samples were prepared by
dilution of the solid in isopropanol and dropped on carbon coated
copper grids at standard conditions for temperature and pressure.
The high resolution TEM (HRTEM) mode was used to identify the
crystal structures of the nanostructures. The elemental composition
was determined by Energy dispersive x-ray spectroscopy (EDS) with
an EDAX spectrometer in STEM mode.

XPS analyses were performed on a SPECH Equipment PHOIBOS
100/150 (SPECS Surface Nano Analysis GmbH, Berlin, Germany)
with AlKa radiation (E=1486.6 eV). Samples were distributed on a
stainless-steel sample holder and fixed with a double adhesive
carbon tape. The analyses were performed under vacuum
(1077 mbar). The electron binding energies were referenced and
calculated for Tiy, Zryg, Aly, Cu,, and Pdyy bands, and fitted by
Gaussian-Lorentzian curves after Shirley background subtraction.””

Temperature-programmed surface reaction (TPSR) were performed
using samples of 500 mg of catalyst in a quartz reactor, dried under
He flow at 50 mL/min and heated at 5°C /min up to 200°C, kept
for 1 h and then cooled to room temperature. The catalysts were
pre-reduced with 10/90 v/v% H,/He at 50 mL/min, from room
temperature up to 258 °C and subsequently at 400 °C, for reduction
of Pd and Pd—Cu oxides, respectively. After reduction, the catalysts
were cooled down to 150°C in He atmosphere at 50 mL/min. The
AcOH concentration was firstly adjusted with He flow at 132 mL/
min through the saturator, maintained at 30°C (2.83 kPa), bypass-
ing the reactor during 1h. Then, the gas mixture containing
ethylene (9.61 mL/min) and 5/95 v/v% H,/He flow (25 mL/min) was
adjusted previously on the flow controller; the saturator was
switched from the bypass to the reactor, at 266.6 mL/min. The
reaction was performed by increasing temperature from 150°C to
400°C, at a heating rate of 5°C/min. Reaction products were
analyzed in the mass spectrometer (Model Balzers-Pfeiffer QMS
200, ABlar, Germany). The following mass fragments were analyzed:
CH, (m/z=26.27), AcOH ((m/z=45.60), O, (m/z=16, 32), vinyl
acetate (m/z=15,43,86), water (m/z=17,18), CO (m/z=28), CO,
(m/z=44), H, (m/z=2), methanol (m/z=31), ethane (m/z=30),
ethyl acetate (m/z=61,70,88), ethanol: (m/z=29.46) and methyl
acetate (m/z=>59.74).

Catalytic Tests

Ethylene acetoxidation reactions were performed in a quartz
reactor under atmospheric conditions, varying the feed inlet for the
bimetallic catalysts Pd—Cu catalysts on both supports ZA and ZT
(PCZA, PCZT). Reactions were carried out with feed inlet mixture in
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the ranges of AcOH (1.59-8.26 mol%), O, (2.8-8.8 mol%), C,H, (7.8
37.6 mol%) and argon. The gas space hourly velocities (GSHV) were
equal to 15.06, 15.92 and 22.80 Nm*/(h.kg,,,). Initially, 500 mg of
catalysts were reduced with pure H,, from room temperature up to
300°C, at heating rate of 5°C/min. Afterwards, the samples were
cooled with He to 150°C. The outlet gas stream was monitored by
gas chromatography (CP-3110 Varian, Santa Clara, USA) equipped
with two separation columns (Poraplot U, Carboxen 1006 plot) and
two detectors (FID, TCD) for three temperatures (150, 180, 200 °C).
The individual conversions of the reactants (C,;H,, O, and AcOH)
and the selectivities in dry basis were calculated in accordance with
Equations (10) and (11), respectively.
F. —F.
X;=-"—7100 (10)

Jo

Sj:%*mo (11)

T

where F; is the outlet molar flow of reactant j (C;H,, O, and AcOH);
Fjo is the inlet molar flow of reactant j (C;H,, O, and AcOH); F is the
total flow and S; is the selectivity for product

In situ DRIFT Spectroscopy

The in situ DRIFTS-MS analyses were performed on a Thermo
Nicolet spectrometer (Nexus 470, USA), equipped with an
MCT—A detector, with resolution of 4cm™ and in a high-
temperature chamber (SpectraTech) with ZnSe windows. The
outlet line of the chamber was coupled to a Pfeiffer mass
spectrometer; model QMS Prisma (ABlar, Germany), equipped
with the CH-TRON detector. The catalyst was pre-treated in situ
under H, flow (40 mL/min) from room temperature to 300 °C, at
heating rate of 5 °C/min for 1 h. Then, the sample was cooled
down to 150°C. AcOH was saturated for 1 h, to stabilize the
AcOH concentration. Afterwards, the O, flow (20 mL/min, 5
vol% in He) and the C,H, flow (10 mL/min) were adjusted.
Reagents were mixed in the mass flow controller passing
through the saturator. Spectra were taken using the reduced
sample as background and stored as averages of 150 scans. The
reaction was carried out for 1 h at each temperature (150, 180,
200°C) and the spectra were obtained after 10 minutes of
reaction. Then, the surface was cleaned with helium to remove
AcOH, C,H, and O,, and analyzed. Finally, the temperature was
adjusted for the next condition.
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