Published in Journal of Catalysis 229, issue 1, 55-63, 2005 1
which should be used for any reference to this work

Combinedn situ attenuatedotal reflectioninfraredand UV—-vis
spectroscopistudy of alcoholoxidationover Pd/Al,O3

ThomasBlirgi *

Institut de Chimie, Université de Neudatel, Rue Emile-Argand11, 2007 Neudatel, Svitzerland

Abstract

In situ attenuated total reflection (ATR) infrared and UV-vis spectrosaopy are combined to yield simultaneous time-resdved information
ondissoledreacton producst, adsobedspeces,and the catalystduring the oxidaton of ethanoland2-propanolona5% Pd/Al>,O3 catlyst
The oxidationisinitiatedby changefrom hydrogen-to oxygen-saturateeblvent flow. 2-Propanoloxidationis obsened only in thetransient
petiod, whereasethanoloxidaton is also obseved in the steadystate. This may be ascibed to overoxidaton of the catlystin the former
case.n amixture of thetwo alcoholsthe samething is obsened. Competitive adsorptionn the steadystate may explain this behavior. For
ethanoloxidaion ethyl acette isaso obsened during thetransentperiod. The UV-vis spectareveal afastreversble changeof the caialyst
with switching betveenhydrogenand oxygenand a slow irreversible changeduring ethanoloxidaion. The later isasclibedto thechangean
Pd patticle structure, which hardly affects, however, catalystacivity onthe time scale of about1 h.
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1. Introduction

In situ spectroscopy and opeando spectrogopy of cat-
alytic interfacesprovide in-depth molecularlevel informa-
tion on reactionmechaniss and catalys$ behavior [1] and
thus pave the way for the rational dedgn of catalys mate-
rials and proceses. This hasrecentlystimulatedthe devel-
opmentand appicaion of in situ spectroscopic techngues
in heerogeneousatlysis. Consderabk effort hasbeende-
votedto solid—gasinterfaces whereasatalyticsolid—liquid
interfaceshave beenstudiedto alesser extentby in situ spec-
trocopic techngues degite their importncefor a variety
of relevant proceses.

Attenuated total reflection (ATR) infrared spectioscqy
[2] hasbeensuccesfully appled to thestudy of proceses at
solid-liquid interfacesof model[3—6] andreal powdercata-
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lysts[7,8]. The ATR techngjuemakes use of the evanesent
electiomagnetic field in the vicinity of an optical elemert

and eliminates excesive solvent absorption. Simultaneous
information on dissolved molecules such as reactantsand
products and on speciesadorbedto the catalys$ surface,
sieh asintemrmedates[9] and caialyst poisons[10], canbe
obtained.The ATR technguecanalso provide informaion

on the cadlyst itself, dependag on the nature of the lat-

ter [8,11]. Among the strenghs of ATR spectoscopy for
the investigation of catalytic processess the excellert time
resolution of Fourier trangorm infrared spectoscopy [12],

making it possible to follow relatively fag proceses when
appropréately desgnedcels are used [13]. The chalenges
are connectedwith the sersitivity and complexity of cat-
alytic solid—liquid interfaceqd?7,8].

In this contibution we combinethe ATR technguewith
in situ UV—vis spectoscqy. The simultaneous application
of two complemenary technuesis expecedto yield fur-
ther insight into the processe®ccuring at the catalytic in-
terface[14]. In particular ATR infraredspectrogsopy gives
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primatrily information on the chemical nature of dissdved
andadsorbedspecies whereadJV-vis spectoscopy canbe
usedto probecatlytic sites [15].

The combined IR/UV-vis techngue is appled to the
study of alcoholoxidaion over a Pd/Al,O3 catalys. Selec-
tive oxidaton of acohols over noble metal catlysts pro-
ceedsundermild conditionsandis an attractive synthetic
route for fine chemical producton [16—20] Catalys deacti-
vation, which canhave differentorigins as discussed in de-
tail in recentreviewsonalcoholoxidation[16,19] remainsa
challengeProceseslik e corroson, regructuring,andleach-
ing of the active metal duringreactioncould affect cataly$
performanceA thoroughundersanding of these phenom-
enaand their interplaycalls for adequate in situ aralytical
methods UV-vis spectoscopy is asendtive probefor metal
paricles andisthereforea promising tool for sheddnglight
on procesesthatdirectly affectthe catalys.

The present manusript is organizedasfollows. In Sec-
tion 2 the new setup for simultaneousATR-IR and UV-vis
spectrogopy is de<ribed.In Section3 time+esdved ATR-
IR spectra arefirst presented for the oxidation of ethanol
a primaryalcohol and mixturesof ethanoland2-propano)
the latter being a secondaryalcohol Thes experimensre-
vealthe speciesthatare present at the catalytic sdid—liquid
interfaceandshow which reactonsoccur Furthermorethe
time dependencef the ATR signak gives indght into the
kineics of the differentprocesses occurringon the catalys.
UV-vis spectathat indicate changesn the Pd catalyst par
ticles during oxidation are then preseted The discussin
focuses on therea®nsfor the differentbehaviors of ethanol
and 2-propanolwith regectto reactionnetwork andkinet-
icsandthe possible origin of theobserved changeof thePd
paricles during oxidaion, asindicaied by the UV—vis mea-
surements.

2. Experimental
2.1. Catalyst andchemicals

A 5% Pd/Al,O3 caflyst (Johnn Matthey, Type 324,
meanparticlesize 3.4 nm as determinecby TEM) wasused.
Before measirementsthe caalys was reducedin situ by
flowing hydrogen-saturated ethanol Ethanol (Merck p.a.)
and 2-propanol(Merck p.a.)were used as supplied. Nitro-
0en(99.995%, hydroger(99.995%, andoxygen(99.998%
gass wereused to saturak theliquids All gases weresup-
plied by CarbaGas.

2.2. Thin-film prepaation

A dlurry of the caalyst powderwaspreparedrom about
20 mg catalyst and 5 ml ethanol (2-propanoin the cas of
2-propanoloxidaion). We preparedfilms of the catlyst
powder by dropphng the durry onto a ZnSe internal re-
flection element (IRE) (52 x 20 x 2 mm; KOMLAS). The
solvent was allowed to evaporate,and the procedurere-
peatedotally threetimes.Afterdryingfor severalminutesat

40°C in air, loose catalys particleswereremoved by flow-
ing ethanol (2-propana) over the IRE. After drying in air
the film was readyfor use. The amountof catalyst exposed
to the solvent was betweenl and 1.5mg.

2.3. In situ spectoscopy

ATR spectrawererecordedwith a dedicatedTeflon flow-
throughcel with a volumeof 0.077ml anda gapbetween
IRE and the surface of the cel of 250 um [7]. The cell
has two inlets, which allows the fastexchange betweentwo
differentfluids The cel was mouned on an atachment
for ATR measuenerts (Wilks Sciertific) within the sam
ple comparmentof a Bruker Equinox-55FTIR spectometr
equippedwith a MCT detector Spectrawere recordedat
4 om~1 resdution.

The ATR cell is equipped with a fused silica window
(5-mm diameter and 3-mm thickness) which allows simul-
taneougecordig of UV—visand ATR-IR spectaof the cat
alyst layer Thedistancebetveeninlet and out et of the ATR
cel is 36 mm, and the window for UV-vis spectoscopy
is postioned10 mm from the outiet. A UV-vis probewas
postionedin front of the window perpendcular to the IRE
surface,such thatthe end of the probewas locatedapproxi-
matly 4 mm above the catlyst layer The probe(Avanteg
conssted of six fibersthatguidedthelightfrom adeutrium
halogensourceto the sampk and onefiber that guidedthe
reflecied light to a UV-vis spectomeer (Avanis, 2.4-nm
resolution) equippedwith a 2024-pkel CCD detecor array
Thetypicalintegraion time for onespecrumwas100ms

Alternatively, the UV-vis spectrometercan be used to
recordspectrafor the ATR cell effluent[9]. The latteris di-
recly coupkdinto a home-hiilt UV-vis flow-throughcel
conssting of two stainles-steelteesconnectedvith a Teflon
tube.Thelight from the sourceis guidedto oneendof the
cell via fiber optics. The transmitted light is collectedat the
otherside of thecell and coupkdinto a secondfiber, which
guidesthelightto the UV-visspectometr. Thetypicalinte-
graion time for onetrangnission specrumwas10ms The
path length of the UV—vistransnission cell was4 cm.

Thesolventwas saturaiedwith gaesin two separaeglas
bubble tanksandwaspased throughthe cels andover the
sampleby meanof a perigaltic pump(lsmatec,Reglo 100)
locatedafter the UV-vis trangmission cell. Flow ratesbe-
tween0.3 and 2.5 ml/min were used. Two pneumacaly
actuaed three-vay Teflon valves (Parker PV-1-2324)were
used to contol the solvent flow from the two tanks All
experimens were performedat 30°C. Stainles-steel and
Teflon tubing was used. A schemaitc of the experimenal
setp isgivenin Fig. 1.

2.4. Measuremen protocol and data acquisition

The catalys system was stimulated by the periodic ad-
mission of ethanol(2-propano) saturaiedwith hydrogerand
oxygen.During one modubtion period (flow of hydrogen-
satuated etharol followed by an equally long flow of
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Fig. 1. Schengtic setup of the conmbined in situ attenuatedotal reflection
(ATR) and UV-vis experiment with fiber opticsfor on-lineUV-visanalyss.

oxygen-sturated ethano)) 60 infraredspectawere recorded
atasanmpling rate of 40 kHz, with the useof the rapd scan
function of the FTIR spectrometerFor eachspectrumsev-
eral scanswere averaged.Three modulation periods were
applied before dataacauisition wasstated Infrared specta
werethenaveragedover five periods UV-vis (of cataly$ or
effluent)andATR-IR spectrawere recordedsimultaneousy
andsynchronkzed.Beforeevery scanof the IR spectomeer
the UV-vis spectrometemwastriggeredto recordonescan.
Several scanswere averagedsuch that for one moduktion
period atotal of 60 spectawere obtained.
Experimensweretypicaly performedasfollows. Ethanol
in the two glass bubble tankswas saturaed with nitrogen
beforeonetank was saturaied with hydrogenand onewith
oxygen.Hydrogen-sturated ethanol was then passed first
overthe sampkfor 10 min. Afterwardtheflow waschanged
betweenhydrogen-andoxygen-sturated ethanolfive times
(eachflow for aboutl min). After thattreatmentmodulation
experiment were started. Several congcutve moduhtion
experimentswere performedwith the same cataly$ layer
Thecatalys layerwas freshly preparedvery day, however.

3. Results

Fig. 2 shows time-re®lved ATR spectrarecordedaf-
ter the flow at the entranceof the cell was switched from
Ho- to Oy-saturatedsolvent. The referencewas recorded
in hydrogen50 s beforeswitching. Several signak of dis-
solved andadsorbedspeciesevolved within the first couple
of seconds Bandsassociated with CO adrbedto the Pd
cadlyst can be observed between 1800 and 1900 cm™1.
The band at 1724 cm™! is associated with dissolved ac-
etaldehyde,the primary oxidaion product of ethanol At
the higherfrequeng side of this band a signal appearsat
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Fig. 2. Time-resolved ATR spectra of the catalytic solid—liquid interface of
a 5% Pd/ApO3 catalyst in contact with ethanol. The spectra were recorded
during a modulation experiment,here ethanol saturated withptand G

was flowed alternately over the sample. The reference was recorded while
flowing Hy-saturated solvent. At the right margin the time after switching to
Oy, flow is indicated. The vertical lines indicate some signals that are shown
as a function of time irFig. 3. The modulation period was= 153 s. Flow

rate 1.1 mfmin. The signal was averaged over five modulation periods.
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Fig. 3. Time-dependence of some ATR signals during one modulation pe-
riod for the experiment shown iRig. 2

about 1742 cm?, which is strongly attenuated after 10 s. At
1240 cnt! a band with similar time behavior is observed.
Finally, the broad bands centered at 1560 and 1400'are
mainly associated with acetate on the catalyst sugg1].

Fig. 3shows the time dependence of some ATR signals for
the same experiment. At time= 0 the flow was switched
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Fig. 4. Time-dependenceof the UV signal at 300 nm associated with
acetaldehyden the ATR cell effluent. The measirenent was perforned
on-line during an ATR experiment with modulationperiod 7 = 76 s, flow
rate 1.1 ml/min.

from Oz- to Hy-saturatedethanol. The spectra shown in
Fig. 2 correpondto the time interval betweens = 76.5 and
91.7s. The signal at 2600cm™1, far from any significant
molecubr absorption band,reflecs theregpone of thecat-
lyst to the hydrogenand oxygen.Dissociative adsorption of
thetwo moleculeon the Pdcatalys leadso adlight change
in the optical congants of the metl. As a consequencehe
aborption signal over the whole infraredregion reversbly
increagsin hydrogerand decreassin oxygen,asdiscussed
in detail elsavhere [8]. The speciesab%rbing at 1240and
1742cm™1 has a time behavior that is significartly differ-
entfrom thatof the primaryoxidationproductacetaldehyde,
which absorbsat 1724cm~1. Theformersignak aresignif-
icantonly for achangefrom hydrogen+to oxygen-sturated
ethanolflow, whereaghe acetaldehydsignalincreassfor
a switch to oxygenand then decreass fast to a steady-
state value. Thesignalat 1860cm™1 associatedwith carbon
monoxideon Pd initially increagsfor a switch to oxygen,
becaus of decarboglation of the aldehyde,and then de-
creagsbecaus of oxidationof CO by oxygen.Thesignals
at1402and1560dueto acetate$§22] onthe supportdemon-
stratethatthe acetaldehydeanbefurtheroxidizedto acetic
acid.

Fig. 4 shows the UV signal at 300 nm (acetaldehyde)
of the ATR-cel effluentasa funcion of time during sev-
eral moduktion periods The signal demonsrates that the
procesisreversbleover severalcongcutve moduhtion pe-
riods Thefigurefurthermoreconfirmsthatduring theswitch
to oxygentheformationrateof acetaldehydss initially high
andthendecreassdightly. During the switch to hydrogen
the signal vanishes.

Fig. 5 shows ATR spectafor thesametypeof experiment
asshown in Fig. 2, however, now with a mixture of ethanol
and 2-propanol(50 vol% each).In the carboryl stretching
region betveen1700and 1750cm™? threesignak are ob-
saved (Fig. 5, right). Thesignalat 1712cm~1, which was
not observed in the experimentin neatethanol belongsto
acetonethe oxidation productof 2-propanol.Acetonehas
anothercharaceristic abrption bandat 1358cm~1. Com-
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Fig. 5. Time-resolved ATR spectra of the catalytic solid-liquid interface
of a 5% Pd/ApO3 catalyst in contact with an ethanol/2-propanol mixture
(50 vol% each). The spectra were recorded during a modulation experiment,
where the mixture saturated withptdnd G was flowed alternately over the
sample. The reference was recorded in hydrogen. The time given at the right
margin indicates the time after switching t@ @ow. An expansion of the
carbonyl stretching region is depict in the right part of the figure. The
vertical lines indicate some signals that are shown as a function of time in
Fig. 6. The modulation period wag = 61 s. Flow rate 1.5 mimin. The
signal was averaged over eight modulation periods.
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Fig. 6. Time-dependence of some ATR signals during one modulation pe-
riod for the experiment shown iRig. 5.

parison ofFigs. 2 and 5shows that the signals due to CO
and acetate that were observed in the case of neat ethanol
(Fig. 2) are also observed in the ethanol/2-propanol mix-
ture.Fig. 6 shows the signals associated with acetaldehyde,
acetone, and the species ggirise to the bands at 1742
and 1240 cm? as a function of time. Acetone is observed

in significant amounts only for the switch between oxygen
and hydrogen and vice versa. This behavior was already ob-
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Fig. 7. ATR spectr of aceticacid and ethyl acetatedissolved in ethanol.
The specta were recoded over a cleanZnSe intemal reflection element.
Thereferencewas recoded in neatethanol.For comparison anin situ ATR
spectium of aPd/Al,Og3 cataly$ in contactwith ethanolis shown. The spec-
trumwas recordedive secondsafter switching to Oo-saturatedethanol(see
Fig. 2 for more details).

servedfor experimens with neat2-propanol8]. Thesignal
at1724cm1, whichis mainlyassociatedwith acetaldehyde,
also hasmaximaduring the switching, partof which may be
dueto signal overlap. Significantacetaldehydéormationis
obsrved in an oxygenatmoghere,in contras to acetone
formaion.

The carboryl stretching region shown in Fig. 5 (right),
with thesignalsfrom acetaldbyde,acetoneand the species
asociated with the bandat 1742cm™1, exhibits significant
changesluring the trangent period during the switch from
hydrogen-to oxygen-sturatedsolvent. Initially all signals
increa®, but after a short time the signal at 1742 cm™!
andtheoneat 1712cm~?! associatedwith acetonedecreas
much faster than the acetaldehydaignal. The former sig-
nals virtually vanish after sometime, whereashe onedueto
acetaldehydeemainssignificantin the presenceof oxygen.

With the excepton of thebandsat 1742and1242cm 2,
the signals in the ATR spectra discussedabove can be ex-
plainedby the oxidaton of the alcoholto aldehydeandke-
tone,repectiely, andtheoxidationand decarbowlationre-
acionsof the aldehydeln thefollowingtheidentificaion of
the speciesassociatedwith the 1742and1242cm~! bandss
sought A possible canddate from a chemcal point of view
is dissdved aceticacid If water is presert in the reaction
medum, the aldehydecanbe hydraedto the geminal diol,
whichissubssquenty fast dehydrogena&dto theacid onthe
cataly$ surface[16,23] Wateris certainlypresntin small
amouns. Thedissociative adsorption of thealcoholleadsto
adorbedhydrogenand an alkoxide. For 2-propanoloxida-
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Fig. 8. UV-vis spectrumof the 5% Pd/Al, O3 catalys, recoded while flow-

ing ethanol. The spectrumhighlights the changesnducedby the switching

of the dissolved gasfrom hydrogento oxygen.The spectrumwasrecorded
in oxygen,whereasthe referencewas recorded60 s before in hydrogen.
The spectrumrepreents an averageover five modulationperiods Flow rate
0.85ml/min. The asterisk indicatesa region in the spectum, where thede-
tectorwas saturated.

tion on Pd/Al O3 the correpondingalkoxide was recently
indicatedby in situ ATR spectrosopy [9]. The oxidation of

hydrogerby thedissociatively adsorbedoxygenleadso wa-

ter [8]. Acid formationis clearly indicatedby the bandsat
around1400and1560cm~ associatedwith acetatespecies
adorbedontheAl>O3 support[22,24] However, aceticacid
dissdvedin ethanol is not compatible with the spectra mea-
suredin situ, asrevealedby Fig. 7, wherethe ATR spectum

of dissolved aceticacid and the in situ spectrumare com-
paredFig. 7 showsthatthetwo stronge$ bandof dissolved
ethyl acetatematchthe two signalsat 1742and1240cm1

(Fig. 2) in an excellent way. The secondcarboryl bandof

ethyl acetatest lower wavenumberss superimposdon the
acetaldehydband.Table 1 summarizesthe infraredsignak
obsrved in the ATR experimens.

Fig. 8 shows a UV-vis spectrum recordedduring a
modubtion experiment(hydrogen—oxygn)in ethanol The
spectum was recorded while oxygen-sturated ethanol
flowedover thesample,whereaghereferencespectrumwas
recordedin hydrogen-aturated ethanol The changein the
gashad a small but significant effect on the spectra.This
changewas reversble,asdemonsratedby Fig. 9, where the
aborbanceat 400 nm is plotted as a function of time dur-
ing a moduhton experiment The ab®rbanceat 400 nm
increagd for a flow of O,-saturatedethanolanddecreasd
againin Hp-saturatecethanol.

Thechangeof the UV-vis spectumstimulatedby change
of the dissdved gas, as shown in Figs. 8 ard 9, is fast, on
the orderof secondsHowever, we have also noticedslower
changesn the UV—vis spectaof the catlyst. Fig. 10 shows
UV-vis spectarecordedduring theflow of, first, hydrogen-
satuatedethanol for 30 min (threebottom spectra), followed
by oxygen-sturated ethanol (threetop specta). In hydro-
genthe spectrum hardly changesPossibly part of the dight
chargeis dueto drifts of the instrumert during the relatively
longexperiment However, in oxygenthe spectrum changes
significanty. Theinset of Fig. 10 shows the ab®rbanceat



Table 1
Observedsignalsandassignmentfor thein situ ATR experiments during ethanoland?2-propanoloxidation
Wavenumber (cm?) Species Assignment
1241 Ethyl acetate, dissolved v(C-0)
1358 Acetone, dissolved §(CHg)
1402 Acetate, adsorbed on &3 v5(COO™)
1560 Acetate, adsorbed on3 vas(COO™)
1640 Water, adsorbed on AD3 §(HOH)
1712 Acetone, dissolved v(C=0)
1724 Acetaldehyde, dissolved v(C=0)
1742 Ethyl acetate, dissolved v(C=0)
1781 Carbonyl species adsorbed on Pd v(CO)
1860 CO adsorbed on Pd v(CO)
2600 Metal (Broad absorption over the whole mid IR)
0.018 . 1
0.016 - ATR, asevidencedby the bandat 1724cm~+ in the preserce
' of oxygen.During 35 min of oxygenflow the acetaldehyde
0.014 1 signaldecreasdonly slightly (on the orderof 10%or less)
. 0.012 1 after thetransentperiod. Idenfical experimens withoutcat
g 0010 1 alyst did notreault in the UV-visfeauresdesribedabove.
< 0.008
8
< 0.006 4
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0.002 - ] ] )
0.000 | In the following discussion the formaton of ethyl ac-
- - - , ‘ etate is first briefly addresed. Thenthe differentbehaior
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Fig. 9. Absorbanceat 400 nm asa function of time for a modulation ex-
periment, where hydrogen-and oxygen-sturated ethanol was dternately
flowed over the Pd/Al,O3 catalys. Flow rate0.85ml/min. The absorbance
increagdin oxygenand decreasd in hydrogen.
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Fig. 10. UV-vis spectraof the 5% Pd/Al,O3 catalys. The referencewas
recoded at# = 0 while flowing hydrogen-aturaed ethanol. The threebot-
tom spectrawere recordedwhile flowing hydrogen-gaturated ethanol at
t = 1, 15 and 30 min. The three top spectra were recoded while flowing
oxygen-sturatedethanolats = 40, 49 and 66 min. The inset shows the ab-

sorbanceat 330nm asa functionof time. The specta repreeent averagesof
200scanswith 100ms accunulation time each.Flow rate0.3 ml/min.

400nm asafuncion of time. As becomesvident the slow
changesn the UV-vis specta arenot reversible in hydro-
gen.During the experimentacetaldehydevas observed by

of ethanol and 2-propanol and their competitive oxidation is
discussed in view of overoxidation of the catlyst and cat
alyst potental. Finaly the observed changesn the UV—-vis
spectra arediscussed, andit will be arguedthatthe signak
arise becaus of redigerdgon of the Pd particlesduring the
oxidaion reacton.

The ATR spectrain Figs. 2 and 5 exhibit the formaion
of ethylacetataluringethanoloxidation.Themechanisn of
eder formaton canbe maniold. One possible pathway for
ethylacetatdormationinvolvesformationof theacidandits
subsquentegerificaion. Sincethis doesnot happernin so-
lution to a significant extert (Fig. 7; seespectrumof acetic
acid in ethanol),involvementof the catalys is likely. An-
otherpathway isthe directcorverson of the aldehydeto the
carboxyliceder. The latterreactionis obsrved whenalde-
hydesare treatd with ozonein the presenceof an alcohol
[25]. The acivated oxygenon the Pd catalyst could assume
therole of ozonein asimilar reaction.

The several observed adsorbed and dissolved species
show distinctly differentregpon®stoward the stimulation,
thatis, the changen dissolvedgas Ethyl acetatds formed
in significant amouns only trangently during the switch
from hydrogen-to oxygen-sturated ethanol and possibly,
to a much lesser extent during the switch back, as shown
in Fig. 3 (aborbanceat 1241 cm™1). A similar behavior
was previoudy observed for the formationof acetonerom
2-propanolin the sametype of experimentunderidenical
condtions [8,9]. On the other hand, acetaldehydés pro-
ducedalso afterthe transent periodin the preenceof dis-
solved oxygen.As mentionedabove, dissolved aceticacid



is not directly observed, but the acetateadsorbed on the
Al,O3 is. Theacetatesignals(1402cm~1 in Fig. 3) increas

fast only in thetransentperiod within afew secondsWhen
aluminais exposdto dissolved aceticacidthe ATR signals
keepgrowing for a condderably longertime [24]. The time

behaior of the acetatesignalsin our experimentgherefore
indicakesthat acetc acid is formedin significantamouns

only during the short transent period with switching be-
tweenhydrogen-andoxygen-sturated solvent. During that
time waterformationis expecedto be mod significant be-
caue of theaddition of supplementarhydrogero the sys-

tem,andacid canform via hydrationof acetaldehyderig. 3

shows that ethyl acetateis formedin significant amounts
only whenthe signalsfrom acetiteson the supportstrongly
increa®, thatis, whenacetic acid is preent. Thissupporsa
mechanim of ethyl acetatdormationvia aceticacid.

Thedifferentbehaior of 2-propanobndethanolwill be
discussed next. Whereasacetondormationis observed only
in the transent period, with the changebetveenhydrogen-
andoxygen-sturated solvent [8,9], acetaldehydérmation
is also observed in the steadystate in the presence of oxy-
gen(Fig. 3). This could be due to the differert reactvities
of the two alcohok (primary and secondaryalcoho)). If the
reaction of 2-propanol proceed too slowly after the initial
period, the catalyst runsinto the overoxidized state, where
furtheradsorptionof thereactanis limited by dissociatively
adsrbedoxygen For thefasterreactingethanolthismaynot
happenlt hasbeenshown recentlythatonerole of oxygen
is the oxidaion and removal of by-producs from the cat-
lyst suface [10]. One possible differencebetweenthe two
alcohok may be the differentextent of poisoning of the Pd
surface.lt hasbeenshown that 2-propanolcandecompos
to form CO and furthermorecanreacton oxygen-ceoered
Pdto form acetatén ultrahighvacuumconditions[26]. Un-
derthecondtionsof our experimensthes reactonsarenot
obsrvedfor 2-propano[8,9]. However, for ethanolboth CO
andacetateare formed(seeFig. 2). This thereforestrongly
indicatesthatstrongerpoisoning of the catalyst in thecas of
2-propanoktomparedvith ethanolis notthe rea®nfor their
vastly differentoverall reactvity. The experimentin which
a 50:50 vol% mixture of 2-propanoland ethanol was used
(Figs. 5 ard 6) givesmore insight into theseissies.

Degite thefactthatthe catalys is notin anoveroxidized
state, asthe ethanoloxidaton acivity shows, no significant
2-propanoloxidaton is observed after the transent period.
Several facbrscould accounfor this observation. Compet-
tive dissociative adsorption of thetwo alcohols could hinder
adsarption of 2-propanol. Theinitial adsorption stepsleadto
the correponding alkoxides ethoxide and 2-propoxde, re-
spectively [9]. The relative adsarption strengths of the two
alkoxidesdeterminetheir relative abundanceon the catlyst
suface,provided that adsarption/desarption equilib rium is
estallished or neatty estalished betweenthe dissdved al-
cohok and the adsorbedalkoxides Subgrateswith high ad-
sorption strengh may also compeé with oxygenadsorption.
For the oxidaton of 5-hydroxymehylfurfural on platinum-

group medls, for exampk, no overoxidaion was found,
which was attributed to the strong adsarption of the sub-

strate, cawsed by the interaction of the 7-electrons of the
furan moiety [27]. Underthe appied experimentl condk

tions 2-propanolcannotcompee with oxygenadsorpton.
In situ ATR experiment reveakd that the 2-propoxide in-

termedéite is observed in significantamouns only during

the shorttrangent period, with the switch betweenhydrogen
andoxygen[9]. Therefore competitive adsarption between
the alcohols may be why no significant 2-propanoloxida-
tion is observed after the transent period, whereasethanol
oxidaton is. In the trangent period both alcohols are oxi-

dizedat a significantrate,which indicatesa ratherdifferent
stateof the catalys surfaceduringthattime.

Each Pd particle can be viewed as a “short-circuited”
electrochemicatell [28] in which the anodt (alcohol ox-
idation)andcathodic(oxygenreduction)half-reactiongake
placeatthesamerateand potential(“mix edpotential”)[29].
Inducedby the changeof the dissolved gasfrom hydro-
gento oxygen,the potenial is swept to highervalues The
ob=envationscanthereforebe interpreedin termsof thispo-
tentialsweep.At relative low potentialof the catalys in the
trangent period, both alcohols are oxidizedat a significant
rate,whereasat highercatalys$ potertial (steay state)only
ethanolis oxidizedat an apprecable rate. The relative ox-
idation rates of the two alcohok canthereforebe tunedby
adjustmentof the caialyst potenia (oxygensupply). Sim-
ilarly, the selecivity in ethanoloxidaion (oxidaion prod-
uctsacetaldehydegceticacid,and ethyl acetate)s strongly
potenia dependentindeed for the oxidaion of cinnamyl
alcohol and cinnamatdiehydewith oxygenover a 0.9 wt%
Bi—-5wt% Pt catalys, differen catalys potentialsveremea-
sured [28].

The changesn the Pd paricles as indicaied by the UV—
vis spectraarediscussed in thefinal paragraph<Clearly the
state of the catalyst is differentin hydrogerand oxygenand
during thetransentperiod, during switching betwveenhydro-
genand oxygen.This changewhichisrefleciedin catlytic
actiity, isalso observedin theUV-visspectrumasrevealed
by Fig. 8. The changein the UV-vis spectum, with the
charge in the dissdved gas, is fast and reversible (Fig. 9).
A similar effectis observed in the ATR spectra(seeFig. 3,
absrbanceat 2600 cm™1). Based on reflectiity calcula-
tions thes changesvere assignedto dight oxidaion and
reducton, reecively, of Pd in the presenceof oxygenand
hydrogenresgecively [8]. We ascribethe observed changes
in the UV-vis spectium (Figs. 8 and 9) to asimilar effect.

Fig. 10 reveak significantateration of the UV—vis spec-
trumin oxygenwhile the catlyst isacive. As stated above,
the acivity decreasdonly dighty during the oxygenflow
of 30 min. Thedow changesn the UV-vis spectum of the
catalyst in oxygencould have differentorigins. One possibil-
ity is corroson of Pd, which was repored for a Pd/CaCOs3
cataly$ [30]. Themetalcontentdecreasdfrom 4.3t0 1.1%
afterthecataly$ wasreused16timesin the partial oxidation
of 2-methylphenoxyetharto 2-methylphenoxyacetiacid,



whereaghe reactionratewasnot affectedby the corrogon.
A significantloss of thestrongly absorbingmetl should lead
to a decreas in the absrbancein the UV-vis spectra.We
thereforeconcludethat the observed changein the specta
(Fig. 10) is not primarily dueto the loss of Pd.

Alternatively, deactvation of platinum catalyss (Pt/C)
during alcohol oxidation wasattributedto the penetation of
oxygenatomsinto the platinumlattice[31,32] Thisproces
was relatively slow. During the first 14 h the rate for D-
gluconateoxidationdecreasdto aboutone-halfof theinitial
rate. Penetation of oxygeninto the bulk metl wasalso re-
ported for Pd [33]. Based on kineic experimens and the
study of different start-up procedures Dijkgraaf and co-
workers concludedthat the observed deactvation was due
to oxygenbut not to the formaton of a Pt oxide [32]. The
authorsproposdformaiton of a pha® of dissolvedoxygen.

The formaton of palladium oxide as the cau® for the
observed spectal changegFig. 10) is aso unlikely in our
experimens, basd on the comparson with UV-vis spec-
traof palladiumoxide[34]. Moreimporiantly, the observed
changesesst subsquenflow of dissolvedhydrogenasthe
insetin Fig. 10 shows. Underthe appled conditions oxi-
dizedpalladiumis readly reducedto metallic palladium [8].
Thereforethe principal changesn the UV—vis spectrumin
the presenceof oxygenare not dueto the formaton of pal-
ladium oxide. The dissolution of oxygeninto the Pd lattice
during expodaureto oxygencannotbe excluded,but the ob-
servation thatthe spectal changesre notreadly reversible
in hydrogen's an argumentagainst such a conclusion.

Redisperson and changesn particle size could also re-
sult in spectal changesSmall Pd particles exhibit strongly
increatng absorbanceat decreasg wavelength[35], in
agreementwith the first term of Mie theary [36]. It has
beenfound for Pt and Pd particlesthat the quantity S =
—dloge/dlogi, where ¢ is the molar extinction coefficiert
anda isthewavelengh of thelight, depend®onpariclesize
[37]. The generalappearancef the spectain Fig. 9, with
thestrongincreagin absorbancest lowerwavelength, could
thusbe anindicaion of changein paricle size. A possible
scenaro is the dissolution of Pd and subsequentredepo-
sition (Ostwald ripening) [38]. Pd dissdution is medated
by strongly chelating specis such as carboxylc acids and
highcatlyst potenial (high oxygencoverage)[39,40] Such
a mechansm would explain the irreversible nature of the
proces monitoredby in situ UV—vis spectoscopy.

The observation that the activity is hardly affectedwithin
thetime of ourexperimens, whereassignificantchangesre
observed in the UV-vis specta, is intriguing at first glance.
However, alcohol oxidation in the trangort-limited regime
resuts in considerale gradents within the catalyst patticle.
Dependig on local concentation of dissolved oxygen,the
Pd paricles may be moreor less covered by oxygen.Parti-
cles covered heavily by oxygendo not contibute muchto
the catalytic activity but are prone to Pd dissdution, which
may be the explanaton for the observation thatthe catalyst

ischangng (asobserved by UV-vis) withoutmuchaffecting
actvity (asobsened by ATR-IR).

5. Conclusion

We have combinedin situ atteruated total reflection in-
frared (ATR-IR) and UV-vis spectoscopy to study alcohol
oxidaion on a Pd/Al,O3 catalyst. The two metods pro-
vide compkementry informaton. ATR is used to identfy
dissolvedreacton product andspeciesadorbedto catalyst
andsupport whereadJV-vis is senstive to changeof the
catalys.

During the oxidaion of ethanol several speciesare ob-
served at the interface.Oxidation is evidencedby the pres
enceof dissolvedacetaldehydeyhichis the primary oxida-
tion product. Further oxidationto aceticacid is confirmed
indirectly by the appearanc®f signalsassociatedwith ac-
etateson the Al,O3 support whereasthe concentation of
dissolvedaceticacidis too low to be clearly detectableDe-
carborylation of acetaldehyd&eadsto carbonmonoxideon
the Pd. Furthermore the ATR spectraindicatethe preence
of dissolvedethyl acetate.

When the cataly$ system was stimulated by periodic
variation of thedissolvedgasbetweenhydrogerand oxygen
two, distinctly differentregimeswere observed: a trangent
regionduringthe switching and a steadystate.Ethyl acetate
is observed only in the trangentregion. Moreover, the sig-
nal from the acetate®n the supportincreassquickly only
during thetransentregion. Acetaldehydes observedin sig-
nificantamouns also in the steadystate, but the signalis
highes in the transent region.

Underidentcal condtions2-propanobxidaion doesnot
proceedo a significantextent beyond the trangent region,
which may be ascribedto overoxidationof the catalys. In
a mixture of 2-propanoland ethanol the formeris not oxi-
dizedto a significantextentin the stead stateeither, despte
the factthatthe catalys is notin an overoxidizedstate, as
significart oxidation of the latterdemonstrates.Competitive
adorptionof thetwo alcoholsmay accounftor thisobsrva-
tion. However, during the transentregion the two alcohols
areoxidizedsimultaneousy.

In situ UV-vis spectoscopy reveak changesn different
time scales Fad revershble changesre observed during the
switch from hydrogerto oxygenand areascribedto changes
in the optical propertiesof the Pdparticlesdue to adsarption
of hydrogerand oxygen.A condderabl slowerirreversible
changein the specta is observed during oxidaion during
oxygenflow. Thee changesre asociatedwith the Pd parti-
clesandare propogdto bedueto achangean paricle struc-
ture initiated by dissdution of Pd. During that processthe
catalytic actvity remains largely intact. The study demon-
strates that ATR-IR and UV-vis spectoscopy is a powerful
combinatiorfor thestudy of catalytic solid—liquid interfaces
in situ.
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