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Abstract

Studies reveal that )0s supported on Ti@is more active in gas phase oxidation
reactions by @than on AJO3 or SiG support. Nevertheless, the PDgTiO, catalyst was
hardly studied in heterogeneous Wacker-oxidatidre present study concerns preparation of
Pd/\V,0s/TiO, catalysts and activity of the catalysts in selectgas phase oxidation of
ethylene by @in presence of water at atmospheric pressure ratitei temperature range of
100-200°C. The influence of palladium and vanadia loadingd the partial pressures of the
reactants on the yield of oxidation products (ddetayde and acetic acid) were examined.
The surface-bound vanadia forms were identifiedXbgay diffractometry (XRD), X-ray
photoelectron spectroscopy (XPS), and FT-Ramantrgseopy. The best activities were
achieved with catalysts, having near to monolaygeradia coverage of the support. Time-on-
stream catalytic tests and chemical analysis of fteeh and used catalysts proved the
structural and catalytic stability of the Pd®%/TiO, preparations. It was shown that under the
conditions of Wacker-oxidation primary product atéehyde could become further oxidized

to CQO,, whereas no consecutive oxidation of product e@atid proceeded.



1. Introduction

The oxidation of ethylene to acetaldehyde by cdimgcethylene and oxygen gases
with a catalyst system, dissolved in water wast fitsscribed by Schmidt et al. [1]. The
agueous solution contained PgCand, in higher concentration, CyCIThe copper and
palladium was shown to act together in initiatingd anaintaining the catalytic oxidation
process. In the aldehyde-forming reaction the etiglreduces Btito Pd. The role of C&
ions is thein situ selective regeneration of £dThe final step of the catalytic cycle is the
oxidation of CuCl to CuGlby G, [2]. It was shown that the rate-controlling steptbé
process is the third-order reaction between diggbloxygen and CuCl, which reaction is
favoured at very low pH values, i. e., at high H®hcentrations [3]. However, the high
chloride concentration leads to formation of undekichlorinated by-products from olefins,
especially from higher olefin reactants. Additioniaawbacks of the reaction system are the
corrosiveness of the liquid phase reaction meditommation of noxious copper waste by
disproportionation of Cuto C? and C@", precipitation and aggregation of Pd, leadingdo P
loss and, thereby, to extra expenses.

As a matter of fact, heterogeneous catalyst wad wéen the selective oxidation of
olefin to carbonyl compounds was first recogniZgdsed on these early results a pilot plant
was built for carrying out the reaction. Moist ddne/oxygen mixture was passed through a
tube reactor, loaded by solid catalyst. Howeveactleation and short lifetime of the catalyst
turned attention toward homogeneous, liquid-phasalyst, which was then exploited in
industrial practice [4]. In order to overcome thrawlbacks of homogeneous Wacker catalyst
system the use of chlorine-free terminal oxidanésensuggested to be used in absence or in
presence of oxygen using X80,)s; oxidizing agent [5] or phosphomolybdic acid and

benzoquinone as catalyst [6, 7], respectively.



Although Wacker plants using dissolved catalystesysare operating commercially,
the intent of realizing heterogeneous catalytidiwlpartial oxidation is not diminishing. The
solid Wacker-type catalysts, studied up to now, lmarclassified as (i) microporous materials,
(i) heteropoly compounds, and (iii) supported #iion metal oxides [8]. The microporous
materials were usually zeolites. In the zeolite Wéaaatalyst the negatively charged zeolite
framework corresponds to the chloride anions of ¢dbenmon solution catalyst, whereas
metals, corresponding to the active redox paihedolution catalyst (Pd and Cu), balance the
framework charge. Espeel et al. [9] found zeoldebe efficient 'solid solvent' and showed
that palladium and copper exchanged zeolite Y caswethylene to acetaldehyde in exactly
the same way as homogeneous Wacker catalyst. @thieors [10] reported that Cu,Pd,H-
mordenite is active in the Wacker-type oxidationcafbon monoxide. Layered clays also
allow for intercalation of metal cations betweemaitvely charged layers. Mitsudome et al.
[11] reported high conversions and selectivitie3-98%) in the selective oxidation reactions
of Cs-Cis olefins over Pti-exchanged montmorillonite clay in N,N-dimethylaeide
solvent, containing Cugko-catalyst. Palladium salts of heteropolyacidthefKeggin-series
(H3+nPVnMo012-{O40) supported on silica were successfully appliedsielective oxidation of
ethylene [12] and 1-butene [13]. However, in botetems the conversion and selectivity in
the formation of carbonyl compounds showed fastetese and the catalytic activity was
rapidly lost. Vanadia, supported on various oxi¢lesd, [14], Al,O3[15,16] and TiQ [17])
and doped with palladium showed good activity ipauar phase oxidation of alkenes. Studies
showed that Ti@supported PdAOs redox system is more active in the Wacker oxigatid
propylene to acetone [14] or 1-butene to butand@¢ than the corresponding SiOr Al,O3
supported catalysts. Evnin et al. [15] ascertaiihed titanium acts on the s phase as a p-
type dopant. As such, it should lower the Fermelenf the system and create a depletion

layer near to the surface, thereby, increase #etreh mobility and make the whole system



more “reducible”. Stobbe-Kreemers et al. [17] prbyee higher reducibility of ¥Os on TiO;
than on A}Os; by means of X-ray photoelectron spectroscopy (XBE8J temperature-
programmed reduction (TPR) measurements. The XRS8trapgave information about the
steady-state surface concentration of'Rahd P4 for catalysts used in Wacker oxidation of
olefin. A significant amount of zero valent palladi was detected in the alumina-supported
catalysts indicating that the re-oxidation o’y the vanadium oxide layer under steady-
state reaction conditions is slow. In contrastPad was observed over the titania-supported
catalysts, suggesting that the re-oxidation df By the \40s was either fast on this support
or there was hardly any formation of*Pd

Studies reveal that )0s supported on Ti@is more active in gas phase non-Wacker
oxidation reactions by £xhan the ¥Os on AlL,O3; or SiG, support. Deo et al. [18] studied the
partial oxidation of methanol to formaldehyde anoserved that the turnover frequency
(TOF) of the reaction was two order of magnitudghler over MOs/TiO, than over
V,05/Al,03 and three order of magnitude higher than ovgd=(5iO, catalyst. Similarly, the
TiO, appeared to be the support of the most activeastgap \LOs catalyst in the oxidation of
formaldehyde to formic acid [19].

The outstanding activity of XDs/TiO, catalysts was recently reviewed by Haber [20].
The formation of the surface vanadium oxide layertloe support before the formation of
crystalline \LOs phase is a consequence of the high surface mpobilivanadium oxide,
which stem from lower surface free energy of cijisia V.05 than that of the TiQ[21]. The
migration of vanadium oxide was observed only dhersurface of the anatase form titania.
The reactivity (and reducibility) of ¥Ds/TiO, is supposed to be related to the V-O-Ti bond
strength [18]. The spreading of vanadia over théasa of the support increases the number

of V-O-Ti bonds and leads to more reducible andraatatalyst.



When a solid catalyst is contacted with a liquicagd reaction mixture it is often
guestioned whether the activity could be associatgd the effect of surface active site
ensembles because leaching of metal particlesesntrin an active homogeneous catalyst
[22]. Heterogeneous catalytic effect can be probediltration separation of the supported
catalyst and testing activity in the filtrate. lapour phase reactions catalyst leaching is less
probable. However, the boiling point (vapour pressuestricts the number of olefins which
can be converted in gas phase.

The aims of present study are to gain better utalatgng of the catalytic effect of
Pd/V,0O5/TiO, catalysts in the Wacker-type oxidation of ethylethe influence of palladium
and vanadia loading and reactant partial pressaneshe activity and selectivity of the
catalysts. The consecutive oxidation of partialkyd@ed products, acetaldehyde and acetic

acid, is also discussed.

2. Experimental

2.1 Catalyst preparation

The catalysts were prepared using solution, comgidecavanadate (}Os¢”) ions,
formed from solution, containing metavanadate {YQons. Ten grams of ammonium
metavanadate (NNWOs, VEB Laborchemie, Apolda, 99.0 % purity) was dised in 1 dni
distilled water and, in order to obtain decavanadans, the pH of the solution was adjusted
to pH=4 by addition of 0.1 mol/dHNO; solution. Calculated amounts of decavanadate
solution was added to previously dried Fi@eroxide TiQ, P-25, Evonik Industries AG) to
obtain 2.1, 4.2 and 8.4 wt%,8s in V,05/TiO, preparations. In the next step the solvent
water was evaporated, and the obtained solid wad @t 120 °C overnight, and calcined at
400 °C for 4 h. Using Pd(NgL(NOs)2 (5.0 wt% Pd as solution, Strem Chemicals Inc.) a

solution was made containing 4 gfifad. Catalysts of about 0.01, 0.1, and 0.4 wt% Pd



content were obtained by impregnating the aboverdesl \LOs/TiO, preparations with
calculated amount of the Pd solution. Preparatregre dried and calcined at 400 °C for 4 h.

The vanadium contents of the preparations wereesspd in YOs equivalents. The
vanadia/titania samples are designated with a nurglveng the \LOs content in weight
percent and letter V, such as 2.2V, 4.6V and 8&Vexample for the designation of the Pd-
containing samples is 0.4Pd4.6V, where the numbdront of the Pd symbol gives the Pd
content in weight percent.

Characterization of catalysts

2.2.1. Specific surface area

Specific surface area (SSA) of the catalysts wasioéd by the BET method from;N
adsorption isotherm determined at -195°C by usingr@achrome NOVA Automated Gas
Sorption Instrument. Before measuring adsorptiasthesrms samples were outgassed by
vacuum at 150 °C for 24 h.

2.2.2. Elemental analysis

The palladium and vanadium content of catalysts weatermined by means of
Inductively Coupled Plasma Optical Emission Speuntter (ICP-OES) equipped with
polychromator, array detector, and applying axiswing of the plasma (SPECTRO
Analytical Instruments GmbH). For the measuremel®® mg of catalyst sample was
rendered soluble by digesting it in 50 ml of bajliooncentrated sulphuric acid for 2 hours.
Individual calibration curve was recorded for eammponent in 50 vol% sulphuric acid
solution in order to eliminate errors that coulddaeised by the use of common nitric acidic
standards, having densities different from thatefsample solutions.

2.2.3. X-ray powder diffraction



X-ray patterns were recorded by Philips PW 181083dlffractometer applying
monochromatized Cu &radiation (40 kV, 35 mA). The patterns were reeorédt ambient
conditions between 3° and 6508 2in 0.02° steps, counting in each step for 0.5 s.

2.2.4. FT-Raman spectroscopy

Raman spectra were recorded with a dynamicallynali®d|O-RAD Digilab Division
dedicated FIRamanspectrometer equipped with a Spectra-Physics N&-Yaser (1064 nm)
and high sensitivity liquid-blcooled Ge detector. The laser power used was &5@umn\W at
the samples. The resolution of the Raman instrumast4 cm'. A backscattered geometry
was used. For each spectrum 256 individual speatra averaged. The obtained spectra were
normalized to the most intense band of the,EQpport at 145 cth

2.2.5. Temperature-programmed reduction by hydrdgeAlPR)

A flow-through microreactor made of quartz tubé(I4 mm) was used. About 100
mg of catalyst sample (particle size: 0.63-1.00 mwa} placed into the reactor and was
treated before the measurement in a 36 min™ flow of O, at 350 °C for 1 h. Then the
sample was cooled to room temperature pfldlv, flushed for 30 min and contacted then
with a 30 cmimin™ flow of 10% H/N, mixture. The reactor temperature was ramped @p at
rate of 10 °C mift to 600 °C and kept at this temperature for 1 hievtie effluent gas was
passed through a trap, cooled by liquid nitroger, a thermal conductivity detector (TCD).
Data were collected and processed by computer.hjdeogen consumption was calculated
from the area under the;HPR curve. The system was calibrated by determithie H-TPR
curve of CuO reference material.

2.2.6.X-ray photoelectron spectroscopic(XPS) measurements

Spectra were measured using an electron spectrommatgle by OMICRON
Nanotechnology GmbH (Germany). The photoelectroasvexcited by Mgkl (1253.6 eV)
radiation. Spectra were recorded in constant aealgnergy scan mode of EA125 Energy

Analyser with 30 eV pass energy resulting in a spepesolution of 1 eV.



Pellets, pressed from powdered samples, were figestandard OMICRON sample
plates. Samples were either annealed in high vacuumeated in the high-pressure chamber
of the spectrometer in 300 mbag Bt elevated temperatures. Spectra of vanadium(&gox
and vanadium (lll)oxide were determined and usedeteence to assign XPS peaks of the
catalyst samples to vanadium species in differbatrdcal states.

The non-reduced samples were charging heavily. rAufiate situation is that in both
vanadium oxides [23] and T§J24-26] the leading contribution to the O 1s spattappears
around 530.0 eV, thus a relatively reliable bindiegergy scale (containing no more
uncertainity than 0.1-0.2 eV) can be obtained htirgethe binding energy of the maximum
of the O 1s envelope to this value. According t literature, this calibration is much better
than the one using the binding energy of the C dakpof hydrocarbon contamination as
reference value [27].

Data were processed using the CasaXPS softwareagadR8] by fitting the spectra
with Gaussian-Lorentzian product peaks after remgpva Shirley background. Nominal
surface compositions were calculated using the XREBiQuant software package [29,30]
with the assumption of homogeneous depth distabutor all components. XPS databases

were used to identify the chemical states of vamadB1,32].

2.2.7. Catalytic activity measurements

Catalytic test reactions were carried out at athesp pressure in a fixed-bed,
continuous flow tubular microreactor. Prior to tteaction the catalysts were activated in
oxygen flow (20 crimin™) for 1 h at 350 °C. The same treatment was apptiee-activate
used catalysts. In the catalytic tesiH@dO./H,O/He gas mixture was fed on 500 mg of
catalyst sample (particle size 0.63-1.00 mm). Taeigl pressures of ethylene, oxygen, and

water were 3.4, 13.5, and 27 kPa, respectivelyxidation tests of acetaldehyde and acetic



acid, the partial pressure of latter reactantskegs at 1.7 kPa, whereas the oxygen and water
partial pressures were the same as during ethylgigation tests. The effect of the patrtial
pressures on the activity was studied by varyiregggartial pressure of oxygen and water in
the ranges of 6.4-52.2 and 0-56.4 kPa, respectioalyexpense of the partial pressure of the
helium carrier gas The space time of reactantsleripy acetaldehyde, and acetic acid was
either 205 h g Mol eactanr 410 h ga Mol eacians €XCEPt When the space time dependence
of ethylene or acetaldehyde conversion was studiiethe measurements of partial pressure
and space time dependence 100 mg of catalystedilwith 400 mg of inery-Al,O; was
used. The total flow rate of the reaction mixtur@svalways 30 cfimin™. All gas lines of the
apparatus were heated to 120 °C in order to avoitbensation of water and reaction
products. The reaction products were analysed bylinen Shimadzu GC-2010 gas
chromatograph (GC) equipped with a 30-m HP-PLOTdlumn, thermal conductivity and
flame ionization detectors (TCD and FID). The aaltion of the GC for each reactant and
product compound was carried out separately. Thevarsion of ethylene was calculated
from the ethylene concentrations in the feed afidesft. Selectivities were calculated from

molar product composition.

3. Results and discussion

Specific surface area and contents of palladiumvamadia of fresh and used catalysts
are given in Table 1. Deposition ob®s and Pd on TiQresulted in catalysts, having only
slightly smaller specific surface areas (SSA) thtza pure titania support (SSA=55 gt).
The catalytic activity and selectivity of the freshtalysts could be reproduced using re-
activated catalysts. Therefore, the effect of ieaatonditions on the activity could be studied
over a single catalyst charge that was always tigeded before reaction conditions were

changed. Neither the activity nor the selectivitaieged in 20 h time-on-stream. After several
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days in contact with the reacting mixture underyway conditions the chemical composition
of the catalysts was determined again. Results estigdhat no significant compositional
change occurred (Table 1).

The catalytic activity strongly depends on the drspn and structure of the supported
vanadium-containing species. Monolayer surface re@escorresponds to approximately 7 to
8 VO species on a squamanometer of titania surface [33]. In case of tdaaR-25 the
monolayer coverage amounts to about 6 wt@s\tontent. The YOs content of our catalyst
preparations was either far below the monolayeeaye (2.2 wt%) or strongly exceeded it
(8.6 wt%). One of our catalysts contained 4.6 wt3@4/ i. e.,theV,0s loading of the titania
support was near to that corresponding to monoleyeerage (Table 1). The XRD patterns in
Fig. 1 show that crystalline )0s was present in the sample of highest vanadia cbotdg.
Reflections of anatase and rutile appear in the X@ern of each sample.

The Raman spectra of titania-supportedy/samples are presented in Fig. 2. In the
wavenumber region below 800 ¢ronly the intense absorption bands of T&dpport (~ 145,
397, 515 and 638 ch) are present (not shown). Between 800 and 1208 ewcept for the
catalyst with the lowest vanadia coverage, a sibgled appeared at 995 ¢nirhis band can
be assigned to crystalline,®s particles. The strength of the band increases initheasing
vanadia loading. The XDs reflections and Raman band are somewhat strongehé 8.6V
sample prepared by mechanically mixingO¢ and TiQ than those of the chemically
prepared 8.6V preparation, indicating that vanaglresent in slightly different forms in the
two samples. The finding that the Raman band aftatline \LOs at 995 crit appears also in
the spectrum of 4.2 wt% Ds/TiO, catalyst can be explained by the much larger Raman
scattering cross section of crystallineO¢ than that of dispersed monovanadate and
polyvanadate structures [34]. Traces of crystalNf®s gave Raman band but could not

generate X-ray reflection signals.
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H,-TPR measurements were carried out to charactérezeeducibility of catalysts.
The TPR profiles of YOs/TiO, and Pd/\{Os/TiO, samples are shown on Fig. 3. In absence of
palladium the reduction of XDs phase proceeds between 300 and 600°C for eacHesarhp
change in the oxidation state of the vanadium atopsn reduction was determined by
integration of the HTPR peaks. As Table 2 shows that thg\WHvalues obtained for the
V,05/TiO, samples varies between 1.13 and 1.27, correspomdughly to the reduction of
V> to V**. On the profiles of palladium containing samples teduction peaks are present: a
sharp low-temperature peak below 200°C and a bnagldtemperature peak overarching the
whole temperature range of the measurement. Thetied of palladium, supported on O
takes place around 0°C [35]. Thus, the formatiometallic palladium occurs immediately
when the N flow is switched to KN, flow. The Pd/TiQ (not shown) and 0.4Pd2.1V
samples present negative peaks in region 50-180witich are assigned to release of
hydrogen absorbed in Pdrystallites at lower temperature. At low vanatbadings the
released hydrogen could mask hydrogen consumptib@tbhigher loadings no negative H
desorption peaks could be discerned. Van der H@6fkshowed that the low-temperature
reduction of Os proceeds via a hydrogen spill-over process in whiydrogen is
dissociatively chemisorbed at the palladium surfacd chemisorbed hydrogen atoms move
form palladium to the surrounding vanadium oxidée Tspill-over experiments showed no
formation of water at 373 K, only the uptake of fogen. Moreover, hardly any weight
change was observed during hydrogen uptake. Thegluded that the MDs monolayer is
transferred into a monolayer of a hydrogen brorfacanadium (HV20s x=1.4 to 2) and not
into lower valence vanadium-oxides. In our expernitadd/V values between 0.49 and 0.66
were obtained for palladium containing samples [@d&) that suggests only one-electron

reduction (V*—V*". Latter result is in conflict with our earlienfiings with different oxide-
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supported Pd/vanadia catalysts, where always oe@vd-electron reduction was attained in
similar H-TPR measurements [37, 38].

In order to find explanation for the unexpected -etextron reduction we
accomplished a detailed XPS study on the 8.6V ad&dB.6V catalysts. XDs and \,Os
were used as reference materials (Figure 4A). TR8 Xpectrum of the reference materials
was recorded first in their “as received” state,, iwithout applying any thermal or reductive
treatment. For both samples™\vas found to be the dominant surface vanadiumiegpethe
V 2p spectrum of YOs is dominated by the narrow gpline of V°* at 517.1 eV, separated
from the main O 1s contribution by 12.8-12.9 eVe3# data are in good agreement with the
XPS characteristics of these compounds publishedigief89]. In addition to the main V 2p
peak, a small contribution is also present at aba6t5 eV. It is assigned to the photoelectron
peak of V' ions, the presence of which is interpreted assaltreof photoinduced 3Os
reduction (Figure 4A, lowermost spectrum).

The \,0O3 reference sample was studied also after 2 houracdium annealing at
230°C. The treatment transformed the surface laféne “as received” sample into a mixed
valence O3 —like compound as suggested by the shape of teaseband spectrum [40].
The spectrum of the O 1s and V 2p region of theptans shown in Figure 4A (uppermost
spectrum). Instead of the narrow V3gdine, seen in the spectrum ot®s, a broad band
appeared shifted towards lower binding energiess hand was deconvoluted into a narrow
band at 517.1 eV and another rather broad featmteied at 516.1 eV. The narrow and the
broad bands were shifted from the main O 1s cantich by 12.8 eV (V) and 14.0 eV,
respectively. Latter can be identified as contitmutfrom \V** ions [39]. Presence of e*V
ions is confirmed also by the appearance of a weak in the valence band region, above the

O 2p-related edge, in the vicinity of the Fermidewvhich arises from filled V 3d states.
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The V 2p region of the 8.6V sample in the “as reedi state shows a narrow V £p
component at a binding energy of 517.1 eV, whaicatds that the most abundant vanadium
species in this sample iV Nevertheless, the low binding energy componeri1&0 eV
(V* is clearly stronger than that in the spectrurthef\,Os reference sample (Figure 4A). It
is to be noticed that the sample is somewhat ulestdminst X-ray exposure, as thi§"V
component clearly increases during the measurerreotder to minimize this effect, in all
experiments the V 2p region was recorded priorrnp @her spectral region. Titanium was
found to be in its fully oxidized state (1). The Ti 2p) binding energy corresponds to
literature values. No reduction of titanium wasered during the measurements.

Figure 4A also shows the XPS spectra of 8.60yTiO, sample, obtained after,kreatment

at different temperatures. Spectra were recordéldowi exposing the sample to air after the
treatments. Treatment at 100°C left the majority vahadium in V" state. The ¥
contribution was not enhanced by the treatment. fisition was calculated from the XPS
data. The vanadium content was expressed i@sVand is given in weight percents.
Accordingly, the surface layer, available for XR&lgses, contains 19 wt%,¥s, indicating
that vanadia covers large fraction of the titanidace and prevents it from being detected by
XPS.

The treatment at 200 °C did not affect the chemstale of Tt* but a clear increase
was noticed in the intensity of thé"\tomponent of the V 2p band.

The H treatment at 300°C caused significant changediveldo the previously
recorded XPS spectrum of the 8.6V sample. The ¥, Zland became broad and without
structure. No sharp ¥V contribution could be identified by either simphspection or curve
fitting. The band center shifted obviously to bimglienergy that is lower than the 516.0 eV

binding energy of ¥. According to the literature, the broad Vs2pband of \** appears



14

roughly around a binding energy of 515.2 eV [39]odYl probably vanadia, containing
mixture of V'* and \V** ions, is present on the titania surface afterfhygied treatment.

The lowering oxidation state of vanadium was pafetl by the decreasing amount of
XPS detectable vanadium. The obtained 13 wtf@s\tontent indicated that the surface layer
was depleted from vanadium. It may be either dudiffasion of vanadium ions into deeper
layers of the Ti@, due to decrease of dispersion of the vanadiurdeog&r due to evaporative
loss, if volatile oxide- or hydroxide-like vanadiucompound was formed. It is to be noted
that no vanadium loss was detected during catalgsts, which were carried out at
temperatures below 26C (Table 1).

Upon reduction at 400°C the rather weak but stibad V 2p, peak shifted to
515.2 eV, which corresponds to the binding enesported for {Os. The detected 6 wt%
V.03 content shows that the treatment enhanced thett@plof vanadium from the surface
of the 8.6V sample.

Fig. 4B shows XPS spectra of the Pd-containin®@«TiO, catalyst 0.4Pd8.6V. The
V 2p region of the “as received” sample containsaarow V 2p,, component at binding
energy 517.1 eV, along with a much broader peakrat&16.2 eV, indicating that the*V
contribution is already significant. The sample wasngly unstable against X-ray exposure,
as this V' component rapidly increased and became dominaimgithe measurement. The
bulk vanadium content of the 0.4Pd8.6V sample wesemtially the same as that of the
corresponding Pd-free sample, whereas that of tiieace layer was equivalent with a
concentration of 18 wt% XDs. Titanium maintained its fully oxidized state dgi the
measurements, i.e., the Tizpeak appeared and remained at the binding energisped
for Ti*" in the literature.

The 1h reduction at 100°C resulted in no significamange in the surface

composition. The vanadium chemical states were,elew notably influenced. The V 2p
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region shows a broad and asymmetric envelope wbigh be deconvoluted into a°V
component at 517.1 eV and a broad peak at 516.Wwith can be attributed to*Vions
(Fig. 4B).

The hydrogen treatment at 200°C resulted in a éartbduction of vanadia. The peak
shape of the broad V 2p feature and the corresponding binding energy rblemow to
those of the Pd-free sample reduced at 300°C. Uitiace vanadium concentration, expressed
in V,0s, decreased to 15% (Fig. 4B).

The reduction at 300°C did not brought about natide change in the surface
composition (Fig. 4B). The broad V gppeak around 515.4 eV indicated that the vanadium
was mostly in V" ionic state. Reduction of TiQwvas still not detectable.

The reduction at 400°C resulted in a minor shifthef broad V 2§, peak to 515.3 eV
and decreased the surfacgly concentration to 12 wt% (Fig. 4B).

The relative amounts of vanadium in higi°{Vand lower oxidation states 1 V**)
determined from the spectra of Fig. 4, are visedliazn Fig. 5. The 8.6V sample is
significantly more resistant to reduction than h4Pd8.6V sample. At temperature whereon
the \P* ions of the Pd-free sample only began to get reduall the VV* ions of the Pd-
containing sample became reduced & anhd \**.

For the above characterized samples X-ray inducegeAspectra of vanadium are
shown in Fig. 6. As the vanadiumsM»3M4s Auger transition involves electrons from the
valence band, the obtained line shape is very tbemdor the electron population of the 3d
orbitals that is increasing as the oxide undergedsction. For YOs a relatively symmetric
line was found at kinetic energy 466.2 eV. Sambilet[25] reported that reduction of
supported vanadia shifts the maximum of the Auger fowards higher energies giving rise
to a new component at 472-473 eV, which is indicathe appearance of filled vanadium 3d

orbitals. Our results are in accordance with tHiggkngs. The kinetic energy and shape of the
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L,sM23aM4s Auger line suggests that®Vis the major vanadium species of the 0.4Pd8.6V
sample in the “as received” state, although tfé déntribution is already significant. Upon
H, treatment at 100°C no significant changes occurAdter reduction at 200°C the V
L.sM23Mys Auger band appeared with center around 469 eMthegevith a very significant
contribution around 472 eV. The line shape startesemble the two-peaked feature reported
for V,O3 what indicates that the sample at this point dosta mixture of V" and \#* ions,
with the probable dominance of the latter speclé® spectrum recorded after reduction at
300°C corresponds to the shape of that reported 405 suggesting that ¥ is the prevailing
vanadium species. On effect of reduction at 400f&€Auger line broadens towards the low
kinetic energy side. Similar spectrum was obtaifmdsample 8.6V, reduced at or above
300°C (Fig. 6).

Results of XPS measurements suggest that the @&vétédg values close to 0.5 are
not due to the one electron reduction of Yo V**. The oxidation state of vanadium in the
deeply reduced palladium doped samples was founbetd?*. Results substantiate that
vanadium already was not in its fully oxidized®Vstate when recording of the,H
consumption in the HTPR measurements was started. This can expldihotivar amount of
H, was consumed to reach the findl étate than was needed starting the reduction ¥fom
state.

The Wacker oxidation of ethylene was studied ov@fVEOs/TiO, catalysts, having
different Pd loadings. When the Pd loading of thilBv2support was raised from 0.01 to 0.1
wt% the conversion of ethylene significantly inged (Fig. 7). As a result higher
acetaldehyde yield was obtained even at decreasiigldehyde selectivity. Much higher Pd
contents hardly affected product distribution. Tdedectivity of CQ slightly increased on
expense of the selectivity of partially oxidizedgucts. Based on these resultgOyTiO,

catalysts of 0.4 wt% Pd content were chosen failgek catalytic examination.
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Fig. 8 shows the effect of oxygen and water pagralssure on the conversion and
selectivity of ethylene oxidation over 0.4Pd4.6Matgst at 125 °C. At low oxygen partial
pressures (< 15 kPa) the conversion and selectiwifyroducts is almost constant. At higher
oxygen partial pressures both the ethylene cormemsind the acetic acid and g&klectivity
are higher but the acetaldehyde selectivity is lofifeg. 4A). These results are in accordance
with the picture of a consecutive oxidation prooebgre acetaldehyde is the primary product
that becomes further oxidized to acetic acid or.d@®pendence of ethylene conversion and
product selectivity on the partial pressure of wageshown in Fig. 8B. In absence of water in
system ethylene becomes converted to, ©@ly. At higher water partial pressure higher
acetaldehyde selectivity is obtained at relativedw ethylene conversion. Above about
40 kPa water partial pressure the selectivitiessateally independent from the water content
of the reaction mixture. Only slight increase dfiyé¢ne conversion was observed, whereas
the CQ selectivity dropped to about 5%.

The effect of space time on conversion of ethylané acetaldehyde and on the yield
of the main products was examined using 0.4Pd4&¥lyst at 150 °C (Fig. 9). The yield of
acetaldehyde (Fig. 9A) passes through maximum atiig that this product is intermediate
of a consecutive oxidation process. In the Wackewversion of acetaldehyde crotonaldehyde
has a concentration maximum at low space timescatidg that aldol condensation of
acetaldehyde takes place. No concentration maxiera wbserved for acetic acid suggesting
that it is not intermediate to G@ormation (Fig. 9B).

Results of ethylene Wacker oxidation over P@¥TIO, catalysts with different
vanadia contents are shown as function or reattimperature in Fig. 10. The main reaction
products are acetaldehyde, acetic acid and. T8e formation of methane and acetone was
also detected but in negligible amounts. At low penatures (100-125°C) acetaldehyde is the

main product irrespectively of vanadia content.dgher temperatures the selectivities of
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acetic acid and COrapidly increases and at 200°C the oxidation t@ 6€comes the main
reaction. Between 125 and 175°C the formation oétiacacid and C@is almost
equimolecular. The catalysts of higher vanadia ewnshow similar ethylene conversion
activity (Fig. 10A). The highest acetaldehyde yseldere obtained with the catalyst having
close to monolayer vanadia coverage on the titsungmoort (~65 % at 100 °C, see Fig. 10B).
For Wacker activity the intimate contact of Pd déimel VO, particles is essential. The structure
of surface vanadia has also importance. Fig. 10@odstrates that a fraction of the primarily
formed acetaldehyde becomes converted to aceticaaci CQ over Pd/vanadia redox pair at
low temperatures. Low vanadia content correspontbngub-monolayer coverage of titania
support (Fig. 10A) results in lower ethylene coswan and higher acetaldehyde selectivity,
whereas higher vanadia content, correspondingaatabonolayer coverage results in higher
ethylene conversion and lower acetaldehyde seictiVvhe product distribution at 175-200
°C is almost the same for all catalysts.

Results of Wacker oxidation of ethylene is showirig. 11A as function of reaction
temperature over 0.4Pd4.6V in comparison with tbhaversion of the partially oxidized
products, such as acetaldehyde (Fig. 11B) andcaeetd (Fig. 11C) over the very same
catalyst under identical conditions. At low tempearas (100-125 °C) the conversion of
acetaldehyde is low. At higher temperatueeE50 °C) the acetaldehyde is converted to acetic
acid and CQ@in molar ratio close to 1 to 1. Formation of megh&an be also observed with 5
to 10 % selectivity. Forni et. al. [41] substargtthat CQ formation takes place not only
from acetaldehyde and acetic acid but, at leagtam, directly from ethylene. Based on the
results, shown on Fig. 11, direct oxidation of &hg to CQ cannot be excluded, however, it

is obvious that oxidation of acetic acid startsyatbove about 175 °C (Fig. 11C).

4. Conclusions
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Pd/\LO5/TIO, catalysts gave high acetaldehyde yield in thectigke oxidation
of ethylene in presence of water at 100 °C. Thadsgacetaldehyde selectivity was achieved
over catalyst with vanadia content correspondingub-monolayer coverage of the titania
support. The conversion was low because of the lsmahber of active Pd/VOredox
couples. At high vanadia content®% crystallites were formed on the surface of thepsup
Palladium on YOs crystallites has high oxidation activity and itneerts the primarily
formed acetaldehyde to acetic acid and, @@en at temperature as low as 100 °C. Regarding
the acetaldehyde yield the favorable vanadia contembout equivalent with the amount
needed to attain monolayer,® coverage of the titania support. The results sstytet
acetic acid and Cfare products obtained from primarily formed aaithlyde. Oxidation of

acetic acid to C@occurs only above 175 °C.
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Figurelegends

Fig. 1 XRD patterns of MOs/TiO, preparations with different vanadia loadings. The
diffractograms of the Ti@support (P25) and its mechanical mixture with \8t8 V,Os are
given for comparison.
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Fig. 2, FT-Raman spectra of,0s/TiO, preparations with different vanadia loadings. The
spectra of the mechanical mixture of Fi@hd 8.6 wit% YOs is given for comparison.
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Fig. 3. B-TPR profiles of MOs/TiO, (dashed lines) and Pd/Ws/TiO, (full lines) catalysts.
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Fig. 4. X-ray photoelectron spectra of the (A) 8.6wd (B) 0.4Pd8.6V samples in their
untreated (as received) and treated states. Traatimeolved heating the samples in 300
mbar H successively at 100, 200, 300 and 400 °C for lbaah temperature. Spectra are
labelled by the treatment temperature only. Thectspewere corrected for the Mgi 4
contribution. In panel (A) also spectra 0§ and a O 3-like compounds are shown for
reference. Latter compound was obtained by vacuumealing 405 at 230°C. The reference
spectra include both V 2p and O 1s contributions.
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Fig. 5. Relative amounts of vanadium iri"\and lower oxidation states as function of the
reduction temperature for the 8.6V and 0.4Pd8.6mMpdes. Data were derived from the
spectra of Fig. 4.
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Fig. 6. X-ray induced vanadiumpdM,3Mys transition Auger spectra of samples 0.4Pd8.6V,
8.6V, and reference samples®%, and \Wb0O:3 compounds. Spectra were obtained in the
experiments described in the legend of Fig. 4. Baauaf sample 0.4Pd8.6V are labelled by
the treatment temperature only.
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Fig. 7. The activity of Pd/XO5/TiO, catalysts as a function of Pd content in the Wiacke
oxidation of ethylene at 150 °C. The 2.1V preparativas used to make Pd2.1V catalysts of
different Pd contents. The space time was 205%;h rgorlethwene The partial pressures of

ethylene, oxygen, and water in theHZ/O,/H,O/He gas mixture were 3.4, 13.5, and 27 kPa,
respectively.
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Fig. 8. Effect of partial pressure of (A) oxygendaiB) water on the selective oxidation of
ethylene at 125°C over 0.4Pd4.6V catalyst. 100 hgatalyst was diluted by 400 mg of inert
v-Al,O; to get a catalyst bed. The space time of ethyleras kept constant at

41 h gat morlethy|ene The partial pressure of oxygen or water was cedran expense of the
partial pressure of the He carrier gas.
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Fig. 9. The Wacker oxidation of (A) ethylene ang @etaldehyde with £in presence of
water at varied reactant space time over 0.4Pdat6M50 °C. 100 mg of catalyst was diluted
by 400 mg of inery-Al,O3to get a catalyst bed. The partial pressure oftaeh@cetaldehyde
was kept at 1.7 kPa, The partial pressures of eieyloxygen and water were the same as
those given in the legend of Fig. 7.
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Fig. 10. Effect of temperature in selective oxidatof ethylene over catalysts with different
vanadia loadings (A) 0.4Pd2.2V (B) 0.4Pd4.6V (CYRu8.6V. The space time was

205 gat morlethy|er,e The partial pressures of ethylene, oxygen ancématre the same as
those given in the legend of Fig. 7.
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Fig. 11. Effect of temperature on the selectivedation of (A)ethylene, (B) acetaldehyde and
(C) acetic acid over 0.4Pd4.6V catalyst. The spaime for ethylene was
205 h ga: Mol eactaniand for aceteldhyde or acetic acid was 41Q.hmol cactan: The partial
pressures of ethylene and acetaldehyde or acétiovace 3.4 and 1.7 kPa, respectively.
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Table 1. Specific surface area and active phasgasition of titania-supported catalysts.

Catalyst SSA, nflg Pd content, wt % \Ds content, wt %
fresh used fresh used

0.01Pd2.1V n.n. n.d¢ n.de¢ 2.84 n. m

0.1Pd2.1V n.nf. 0.11 n.m’ 2.26 2.34
0.4Pd2.1V 55 0.40 0.39 2.18 2.16
0.4Pd4.2Vv 53 0.37 0.39 4.59 4.56
0.4Pd8.4Vv 50 0.42 0.38 8.57 8.40

#1n the designation of the Pd-containingd¢/TiO, samples V stands for,®@s/TiO, the number before the letter
symbols gives the Pd and V content of the catatysteight percentNot measured’. Non detectable.
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Table 2. Results of HTPR measurements.

Catalyst Low-temperature peak High-temperaturd pea Y H,/\V
H, (umol gY)  Hu/V H, (umol gY)  Ho/V

0.4Pd 17 - - (0.46) -

2.2V - - 311 - 1.27

0.4Pd2.2v - - 120 0.49 0.49

4.6V - - 537 - 1,13

0.4Pd4.6vV 91 0.18 163 0.32 0.50

8.6V - - 1114 - 1.17

0.4Pd8.6V  168; 306 0.18; 0.33 136 0.15 0.66

2Pd content of the sample is 0,39 wt% (88ol/g); H, consumption 1umol/g, i. e., H/Pd = 0.46



