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Abstract

In situ attenuated total reflection (ATR) infrared and UV–vis spectroscopy are combined to yield simultaneous time-resolved information
ondissolvedreaction products, adsorbedspecies,and thecatalystduring theoxidation of ethanoland2-propanolona5% Pd/Al2O3 catalyst.
The oxidationis initiatedby changefrom hydrogen-to oxygen-saturatedsolvent flow. 2-Propanoloxidationisobserved only in thetransient
period, whereasethanoloxidation is also observed in thesteadystate. This may be ascribed to overoxidation of the catalyst in the former
case.In a mixture of thetwo alcoholsthesamething is observed. Competitive adsorptionin thesteadystatemayexplain this behavior. For
ethanoloxidation ethyl acetate isalso observed during thetransientperiod.TheUV–visspectra reveala fastreversible changeof thecatalyst
with switchingbetweenhydrogenandoxygenandaslow irreversiblechangeduring ethanoloxidation.The latter isascribedto thechangein
Pd particle structure,which hardly affects,however, catalyst activity on the time scale of about1 h.
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2-Propanol;Overoxidation
1. Introduction

In situ spectroscopy and operandospectroscopy of cat-
alytic interfacesprovide in-depth molecularlevel informa-
tion on reactionmechanisms andcatalyst behavior [1] and
thuspave the way for the rational design of catalyst mate-
rials and processes. This hasrecentlystimulatedthe devel-
opmentand application of in situ spectroscopic techniques
in heterogeneouscatalysis. Considerableeffort hasbeende-
votedto solid–gasinterfaces, whereascatalyticsolid–liquid
interfaceshavebeenstudiedto alesser extentby in situ spec-
troscopic techniques, despite their importancefor a variety
of relevant processes.

Attenuated total reflection (ATR) infrared spectroscopy
[2] hasbeensuccessfully applied to thestudyof processesat
solid–liquid interfacesof model[3–6] andrealpowdercata-
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lysts[7,8]. TheATR techniquemakesuse of the evanescent
electromagnetic field in the vicinity of an optical element
and eliminates excessive solvent absorption. Simultaneous
informationon dissolved molecules, such as reactantsand
products, and on speciesadsorbed to the catalyst surface,
such asintermediates[9] andcatalyst poisons[10], canbe
obtained.TheATR techniquecanalso provide information
on the catalyst itself, depending on the nature of the lat-
ter [8,11]. Among the strengths of ATR spectroscopy for
the investigation of catalytic processesis the excellent time
resolution of Fourier transform infraredspectroscopy [12],
making it possible to follow relatively fast processes when
appropriately designedcells areused [13]. The challenges
are connectedwith the sensitivity and complexity of cat-
alytic solid–liquid interfaces[7,8].

In this contribution we combinethe ATR techniquewith
in situ UV–vis spectroscopy. The simultaneous application
of two complementary techniquesis expected to yield fur-
ther insight into the processesoccurring at the catalytic in-
terface[14]. In particular, ATR infraredspectroscopy gives
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primarily information on the chemical nature of dissolved
andadsorbedspecies, whereasUV–vis spectroscopy canbe
usedto probecatalytic sites [15].

The combined IR/UV–vis technique is applied to the
study of alcoholoxidation over a Pd/Al2O3 catalyst. Selec-
tive oxidation of alcohols over noble metal catalysts pro-
ceedsundermild conditionsand is an attractive synthetic
route for fine chemical production [16–20]. Catalyst deacti-
vation,which canhave differentorigins, as discussed in de-
tail in recentreviewsonalcoholoxidation[16,19], remainsa
challenge.Processeslikecorrosion,restructuring,andleach-
ing of theactive metalduringreactioncould affectcatalyst
performance.A thoroughunderstanding of these phenom-
enaand their interplaycalls for adequate in situ analytical
methods. UV–visspectroscopy isasensitiveprobefor metal
particlesand is thereforea promising tool for shedding light
onprocesses thatdirectly affect thecatalyst.

The present manuscript is organizedasfollows. In Sec-
tion 2 the new setup for simultaneousATR-IR andUV–vis
spectroscopy is described.In Section3 time-resolvedATR-
IR spectra are first presented for the oxidation of ethanol,
a primaryalcohol, and mixturesof ethanoland2-propanol,
the latter being a secondaryalcohol. These experiments re-
vealthespeciesthatarepresent at the catalytic solid–liquid
interfaceandshow which reactionsoccur. Furthermore,the
time dependenceof the ATR signals gives insight into the
kinetics of thedifferentprocesses occurringon thecatalyst.
UV–vis spectra that indicate changesin thePd catalyst par-
ticles during oxidation are then presented. The discussion
focuseson thereasonsfor thedifferentbehaviorsof ethanol
and2-propanolwith respect to reactionnetwork andkinet-
icsandthepossibleorigin of theobserved changesof thePd
particles during oxidation,asindicatedby the UV–vis mea-
surements.

2. Experimental

2.1. Catalyst andchemicals

A 5% Pd/Al2O3 catalyst (Johnson Matthey, Type 324,
meanparticlesize3.4nm asdeterminedby TEM) wasused.
Before measurementsthe catalyst was reducedin situ by
flowing hydrogen-saturated ethanol. Ethanol (Merck p.a.)
and2-propanol(Merck p.a.)wereused as supplied. Nitro-
gen(99.995%),hydrogen(99.995%),andoxygen(99.998%)
gases wereused to saturate the liquids. All gases weresup-
plied by CarbaGas.

2.2. Thin-filmpreparation

A slurry of the catalyst powderwaspreparedfrom about
20 mg catalyst and 5 ml ethanol (2-propanolin the case of
2-propanoloxidation). We preparedfilms of the catalyst
powder by dropping the slurry onto a ZnSe internal re-
flection element (IRE) (52 × 20× 2 mm; KOMLAS). The
solvent was allowed to evaporate,and the procedurere-
peatedtotally threetimes.Afterdryingfor severalminutesat
40◦C in air, loose catalyst particleswereremovedby flow-
ing ethanol (2-propanol) over the IRE. After drying in air
the film was readyfor use. Theamountof catalyst exposed
to thesolvent wasbetween1 and1.5mg.

2.3. In situ spectroscopy

ATR spectrawererecordedwith adedicatedTeflon flow-
throughcell with a volumeof 0.077ml anda gapbetween
IRE and the surface of the cell of 250 µm [7]. The cell
has two inlets,which allows the fastexchangebetweentwo
different fluids. The cell was mounted on an attachment
for ATR measurements (Wilks Scientific) within the sam-
plecompartmentof aBruker Equinox-55FTIR spectrometer
equippedwith a MCT detector. Spectrawere recordedat
4 cm−1 resolution.

The ATR cell is equipped with a fused silica window
(5-mm diameter and 3-mm thickness), which allows simul-
taneousrecording of UV–visandATR-IR spectraof thecat-
alyst layer. Thedistancebetweeninlet andoutlet of theATR
cell is 36 mm, and the window for UV–vis spectroscopy
is positioned10 mm from the outlet. A UV–vis probewas
positionedin front of the window perpendicular to the IRE
surface,such thattheend of theprobewas locatedapproxi-
mately 4 mm above the catalyst layer. Theprobe(Avantes)
consisted of six fibersthatguidedthelight from adeuterium
halogensourceto the sample and onefiber that guidedthe
reflected light to a UV–vis spectrometer (Avantes, 2.4-nm
resolution)equippedwith a 2024-pixel CCD detector array.
Thetypical integration time for onespectrumwas100ms.

Alternatively, the UV–vis spectrometercan be used to
recordspectrafor theATR cell effluent[9]. The latter is di-
rectly coupled into a home-built UV–vis flow-throughcell
consisting of two stainless-steelteesconnectedwith aTeflon
tube.The light from thesourceis guidedto oneendof the
cell via fiber optics.The transmitted light is collectedat the
otherside of thecell and coupledinto a secondfiber, which
guidesthelightto theUV–visspectrometer. Thetypicalinte-
gration time for onetransmission spectrum was10 ms. The
path length of theUV–vis transmissioncell was4 cm.

Thesolventwassaturatedwith gasesin two separateglass
bubble tanksandwaspassed throughthe cells andover the
sampleby meansof aperistaltic pump(Ismatec,Reglo 100)
locatedafter the UV–vis transmission cell. Flow ratesbe-
tween0.3 and 2.5 ml/min were used. Two pneumatically
actuated three-way Teflon valves(Parker PV-1-2324)were
used to control the solvent flow from the two tanks. All
experiments were performedat 30◦C. Stainless-steel and
Teflon tubing was used. A schematic of the experimental
setup isgivenin Fig. 1.

2.4. Measurement protocol and data acquisition

The catalyst system wasstimulated by the periodic ad-
missionof ethanol(2-propanol) saturatedwith hydrogenand
oxygen.During onemodulation period (flow of hydrogen-
saturated ethanol followed by an equally long flow of
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Fig. 1. Schematic setup of the combined in situ attenuatedtotal reflection
(ATR) andUV–visexperiment with fiberopticsfor on-lineUV–visanalysis.

oxygen-saturatedethanol) 60 infraredspectrawererecorded
at a sampling rateof 40 kHz, with the useof the rapid scan
functionof the FTIR spectrometer. For eachspectrumsev-
eral scanswere averaged.Threemodulation periods were
applied before dataacquisition wasstarted. Infrared spectra
werethenaveragedover fiveperiods. UV–vis (of catalyst or
effluent)andATR-IR spectrawere recordedsimultaneously
andsynchronized.Beforeevery scanof the IR spectrometer
the UV–vis spectrometerwastriggeredto recordonescan.
Several scanswereaveragedsuch that for onemodulation
perioda total of 60spectrawereobtained.

Experimentsweretypically performedasfollows. Ethanol
in the two glass bubble tankswas saturated with nitrogen
beforeonetank was saturatedwith hydrogenand onewith
oxygen.Hydrogen-saturated ethanol was then passed first
overthesamplefor 10min.Afterwardtheflow waschanged
betweenhydrogen-andoxygen-saturated ethanolfive times
(eachflow for about1 min). After thattreatment,modulation
experiments were started. Several consecutive modulation
experimentswere performedwith the samecatalyst layer.
Thecatalyst layerwas freshly preparedeveryday, however.

3. Results

Fig. 2 shows time-resolved ATR spectra recordedaf-
ter the flow at the entranceof the cell was switched from
H2- to O2-saturatedsolvent. The referencewas recorded
in hydrogen50 s beforeswitching. Several signals of dis-
solvedandadsorbedspeciesevolved within the first couple
of seconds. Bandsassociated with CO adsorbedto the Pd
catalyst can be observed between 1800 and 1900 cm−1.
The band at 1724 cm−1 is associated with dissolved ac-
etaldehyde,the primary oxidation product of ethanol. At
the higher frequency side of this band a signal appearsat
Fig. 2. Time-resolved ATR spectra of the catalytic solid–liquid interface
a 5% Pd/Al2O3 catalyst in contact with ethanol. The spectra were recor
during a modulation experiment, where ethanol saturated with H2 and O2
was flowed alternately over the sample. The reference was recorded
flowing H2-saturated solvent. At the right margin the time after switching
O2 flow is indicated. The vertical lines indicate some signals that are sh
as a function of time inFig. 3. The modulation period wast = 153 s. Flow
rate 1.1 ml/min. The signal was averaged over five modulation periods

Fig. 3. Time-dependence of some ATR signals during one modulation
riod for the experiment shown inFig. 2.

about 1742 cm−1, which is strongly attenuated after 10 s.
1240 cm−1 a band with similar time behavior is observe
Finally, the broad bands centered at 1560 and 1400 cm−1 are
mainly associated with acetate on the catalyst support[8,21].
Fig. 3 shows the time dependence of some ATR signals
the same experiment. At timet = 0 the flow was switched
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Fig. 4. Time-dependenceof the UV signal at 300 nm associated with
acetaldehydein the ATR cell effluent. The measurement was performed
on-line during an ATR experiment with modulationperiod T = 76 s, flow
rate 1.1 ml/min.

from O2- to H2-saturatedethanol.The spectra shown in
Fig. 2 correspondto the time interval betweent = 76.5 and
91.7 s. The signal at 2600cm−1, far from any significant
molecular absorption band,reflects theresponseof thecata-
lyst to the hydrogenand oxygen.Dissociative adsorption of
thetwo moleculeson thePdcatalyst leadsto aslight change
in the optical constants of themetal. As a consequencethe
absorption signal over the whole infraredregion reversibly
increasesin hydrogenanddecreasesin oxygen,asdiscussed
in detail elsewhere [8]. The speciesabsorbing at 1240and
1742cm−1 has a time behavior that is significantly differ-
entfrom thatof theprimaryoxidationproductacetaldehyde
which absorbsat 1724cm−1. Theformersignals aresignif-
icantonly for a changefrom hydrogen-to oxygen-saturated
ethanolflow, whereastheacetaldehydesignal increasesfor
a switch to oxygen and then decreases fast to a steady-
state value.Thesignalat 1860cm−1 associatedwith carbon
monoxideon Pd initially increasesfor a switch to oxygen,
because of decarbonylation of the aldehyde,and then de-
creasesbecause of oxidationof CO by oxygen.Thesignals
at1402and1560dueto acetates[22] onthesupportdemon-
stratethattheacetaldehydecanbefurtheroxidizedto acetic
acid.

Fig. 4 shows the UV signal at 300 nm (acetaldehyde
of the ATR-cell effluentas a function of time during sev-
eral modulation periods. The signal demonstrates that the
processisreversibleover severalconsecutivemodulationpe-
riods. Thefigurefurthermoreconfirmsthatduring theswitch
to oxygentheformationrateof acetaldehydeis initially high
andthendecreasesslightly. During the switch to hydrogen
thesignal vanishes.

Fig. 5 showsATRspectrafor thesametypeof experiment
asshown in Fig. 2, however, now with a mixture of ethanol
and2-propanol(50 vol% each).In the carbonyl stretching
region between1700and1750cm−1 threesignals areob-
served (Fig. 5, right). Thesignal at 1712cm−1, which was
not observed in the experimentin neatethanol, belongsto
acetone,the oxidationproductof 2-propanol.Acetonehas
anothercharacteristic absorption bandat 1358cm−1. Com-
Fig. 5. Time-resolved ATR spectra of the catalytic solid–liquid interf
of a 5% Pd/Al2O3 catalyst in contact with an ethanol/2-propanol mixtu
(50 vol% each). The spectra were recorded during a modulation experi
where the mixture saturated with H2 and O2 was flowed alternately over th
sample. The reference was recorded in hydrogen. The time given at the
margin indicates the time after switching to O2 flow. An expansion of the
carbonyl stretching region is depicted in the right part of the figure. Th
vertical lines indicate some signals that are shown as a function of tim
Fig. 6. The modulation period wasT = 61 s. Flow rate 1.5 ml/min. The
signal was averaged over eight modulation periods.

Fig. 6. Time-dependence of some ATR signals during one modulation
riod for the experiment shown inFig. 5.

parison ofFigs. 2 and 5shows that the signals due to C
and acetate that were observed in the case of neat et
(Fig. 2) are also observed in the ethanol/2-propanol m
ture.Fig. 6 shows the signals associated with acetaldeh
acetone, and the species giving rise to the bands at 174
and 1240 cm−1 as a function of time. Acetone is observ
in significant amounts only for the switch between oxyg
and hydrogen and vice versa. This behavior was already
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Fig. 7. ATR spectra of aceticacid and ethyl acetatedissolved in ethanol.
The spectra were recorded over a cleanZnSe internal reflection element.
The referencewas recorded in neatethanol.For comparison anin situ ATR
spectrum of aPd/Al2O3 catalyst in contactwith ethanolis shown.Thespec-
trumwasrecordedfivesecondsafterswitching to O2-saturatedethanol(see
Fig. 2 for moredetails).

servedfor experimentswith neat2-propanol[8]. Thesignal
at1724cm−1, whichis mainlyassociatedwith acetaldehyde
also hasmaximaduring theswitching,partof which maybe
dueto signaloverlap.Significantacetaldehydeformationis
observed in an oxygenatmosphere,in contrast to acetone
formation.

The carbonyl stretching region shown in Fig. 5 (right),
with thesignalsfrom acetaldehyde,acetone,and thespecies
associatedwith the bandat 1742cm−1, exhibits significant
changesduring the transientperiod during the switch from
hydrogen-to oxygen-saturatedsolvent. Initially all signals
increase, but after a short time the signal at 1742 cm−1

andtheoneat 1712cm−1 associatedwith acetonedecrease
much faster than the acetaldehydesignal. The formersig-
nalsvirtually vanish after sometime,whereastheonedueto
acetaldehyderemainssignificantin thepresenceof oxygen.

With the exception of thebandsat 1742and1242cm−1,
the signals in the ATR spectra discussedabove canbe ex-
plainedby theoxidation of thealcohol to aldehydeandke-
tone,respectively, andtheoxidationanddecarbonylationre-
actionsof thealdehyde.In thefollowingtheidentification of
thespeciesassociatedwith the1742and1242cm−1 bandsis
sought. A possible candidate from a chemical point of view
is dissolved aceticacid. If water is present in the reaction
medium, thealdehydecanbehydratedto the geminal diol,
which issubsequently fast dehydrogenatedto theacid on the
catalyst surface[16,23]. Wateris certainlypresent in small
amounts. Thedissociativeadsorption of thealcoholleadsto
adsorbedhydrogenand an alkoxide.For 2-propanoloxida-
Fig. 8. UV–visspectrumof the5%Pd/Al2O3 catalyst, recordedwhile flow-
ing ethanol.Thespectrumhighlights thechangesinducedby theswitching
of thedissolvedgasfrom hydrogento oxygen.The spectrumwasrecorded
in oxygen,whereasthe referencewas recorded60 s before in hydrogen.
Thespectrumrepresentsan averageover fivemodulationperiods. Flow rate
0.85ml/min. Theasterisk indicatesa region in thespectrum, where thede-
tectorwas saturated.

tion on Pd/Al2O3 the correspondingalkoxide was recently
indicatedby in situ ATR spectroscopy [9]. Theoxidation of
hydrogenby thedissociatively adsorbedoxygenleadsto wa-
ter [8]. Acid formationis clearly indicatedby the bandsat
around1400and1560cm−1 associatedwith acetatespecies
adsorbedontheAl2O3 support[22,24]. However, aceticacid
dissolvedin ethanol is not compatible with thespectra mea-
suredin situ, as revealedby Fig. 7, wheretheATR spectrum
of dissolved aceticacid and the in situ spectrumare com-
pared.Fig. 7 showsthatthetwo strongest bandsof dissolved
ethyl acetatematchthetwo signalsat 1742and1240cm−1

(Fig. 2) in an excellent way. The secondcarbonyl bandof
ethyl acetateat lower wavenumbersis superimposedon the
acetaldehydeband.Table 1 summarizesthe infraredsignals
observed in theATR experiments.

Fig. 8 shows a UV–vis spectrum recordedduring a
modulation experiment(hydrogen–oxygen)in ethanol. The
spectrum was recorded while oxygen-saturated ethanol
flowedover thesample,whereasthereferencespectrumwas
recordedin hydrogen-saturated ethanol. The changein the
gashad a small but significant effect on the spectra.This
changewas reversible,asdemonstratedby Fig. 9, where the
absorbanceat 400 nm is plotted as a function of time dur-
ing a modulation experiment. The absorbanceat 400 nm
increased for a flow of O2-saturatedethanolanddecreased
againin H2-saturatedethanol.

Thechangeof theUV–visspectrumstimulatedby change
of the dissolved gas, as shown in Figs. 8 and 9, is fast, on
the orderof seconds. However, we have also noticedslower
changesin theUV–visspectraof the catalyst. Fig. 10shows
UV–visspectra recordedduring theflow of, first, hydrogen-
saturatedethanol for 30 min (threebottomspectra), followed
by oxygen-saturated ethanol (threetop spectra). In hydro-
genthespectrum hardly changes. Possibly part of theslight
changeis dueto drif tsof the instrument during therelatively
longexperiment. However, in oxygenthespectrumchanges
significantly. The inset of Fig. 10 shows the absorbanceat
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Table 1
Observedsignalsandassignment for thein situ ATR experimentsduringethanoland2-propanoloxidation

Wavenumber (cm−1) Species Assignment

1241 Ethyl acetate, dissolved ν(C–O)
1358 Acetone, dissolved δ(CH3)
1402 Acetate, adsorbed on Al2O3 νs(COO−)
1560 Acetate, adsorbed on Al2O3 νas(COO−)
1640 Water, adsorbed on Al2O3 δ(HOH)
1712 Acetone, dissolved ν(C=O)
1724 Acetaldehyde, dissolved ν(C=O)
1742 Ethyl acetate, dissolved ν(C=O)
1781 Carbonyl species adsorbed on Pd ν(CO)
1860 CO adsorbed on Pd ν(CO)
2600 Metal (Broad absorption over the whole mid IR)
Fig. 9. Absorbanceat 400 nm asa function of time for a modulationex-
periment, wherehydrogen-and oxygen-saturatedethanol was alternately
flowed over thePd/Al2O3 catalyst. Flow rate0.85ml/min. Theabsorbance
increasedin oxygenand decreased in hydrogen.

Fig. 10. UV–vis spectraof the 5% Pd/Al2O3 catalyst. The referencewas
recordedat t = 0 while flowing hydrogen-saturated ethanol.Thethreebot-
tom spectrawere recordedwhile flowing hydrogen-saturated ethanol at
t = 1, 15 and30 min. The three top spectra were recorded while flowing
oxygen-saturatedethanolat t = 40, 49 and 66 min. The inset shows theab-
sorbanceat330nmasafunctionof time.Thespectra representaveragesof
200scanswith 100ms accumulation time each.Flow rate0.3 ml/min.

400nm asa function of time.As becomesevident, theslow
changesin the UV–vis spectra arenot reversible in hydro-
gen.During the experimentacetaldehydewas observed by
ATR, asevidencedby thebandat 1724cm−1 in thepresence
of oxygen.During 35 min of oxygenflow theacetaldehyde
signaldecreasedonly slightly (on theorderof 10%or less)
after thetransientperiod.Identicalexperimentswithoutcat-
alyst did not result in theUV–vis featuresdescribedabove.

4. Discussion

In the following discussion the formation of ethyl ac-
etate is first briefly addressed. Then the differentbehavior
of ethanol and 2-propanol and their competitiveoxidation is
discussed in view of overoxidation of the catalyst and cat-
alyst potential. Finally the observed changesin theUV–vis
spectra arediscussed, andit will bearguedthat the signals
arise because of redispersion of the Pd particlesduring the
oxidation reaction.

The ATR spectrain Figs. 2 and 5 exhibit the formation
of ethylacetateduringethanoloxidation.Themechanism of
ester formation canbe manifold. Onepossible pathway for
ethylacetateformationinvolvesformationof theacidandits
subsequentesterification. Sincethis doesnot happenin so-
lution to a significant extent (Fig. 7; seespectrumof acetic
acid in ethanol), involvementof the catalyst is likely. An-
otherpathway is thedirectconversionof thealdehydeto the
carboxylicester. The latterreactionis observed whenalde-
hydesare treated with ozonein the presenceof an alcohol
[25]. Theactivatedoxygenon thePd catalyst could assume
the roleof ozone in a similar reaction.

The several observed adsorbed and dissolved species
show distinctly differentresponses toward the stimulation,
that is, thechangein dissolvedgas. Ethyl acetateis formed
in significant amounts only transiently during the switch
from hydrogen-to oxygen-saturated ethanol and possibly,
to a much lesser extent, during the switch back, as shown
in Fig. 3 (absorbanceat 1241 cm−1). A similar behavior
was previously observed for the formationof acetonefrom
2-propanolin the sametype of experimentunderidentical
conditions [8,9]. On the other hand, acetaldehydeis pro-
ducedalso after the transientperiod in thepresenceof dis-
solved oxygen.As mentionedabove, dissolved aceticacid
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is not directly observed, but the acetateadsorbed on the
Al2O3 is. Theacetatesignals(1402cm−1 in Fig. 3) increase
fast only in thetransientperiod within a few seconds. When
aluminais exposedto dissolvedaceticacidtheATR signals
keepgrowing for a considerably longertime [24]. The time
behavior of theacetatesignalsin our experimentstherefore
indicates that acetic acid is formedin significant amounts
only during the short transient period with switching be-
tweenhydrogen-andoxygen-saturated solvent. During that
time waterformationis expectedto bemost significant, be-
cause of theadditionof supplementaryhydrogento thesys-
tem,andacidcanform via hydrationof acetaldehyde.Fig. 3
shows that ethyl acetateis formed in significant amounts
only whenthesignalsfrom acetateson thesupportstrongly
increase, that is, whenacetic acid ispresent. Thissupportsa
mechanism of ethyl acetateformationvia aceticacid.

Thedifferentbehavior of 2-propanolandethanolwill be
discussed next. Whereasacetoneformationisobserved only
in the transient period, with the changebetweenhydrogen-
andoxygen-saturated solvent [8,9], acetaldehydeformation
is also observed in the steadystate in the presenceof oxy-
gen(Fig. 3). This could be due to the dif ferent reactivities
of the two alcohols (primary and secondaryalcohol). If the
reaction of 2-propanol proceeds too slowly after the initial
period, the catalyst runsinto the overoxidizedstate, where
furtheradsorptionof thereactant is limited by dissociatively
adsorbedoxygen.For thefasterreactingethanolthismaynot
happen.It hasbeenshown recentlythatonerole of oxygen
is the oxidation and removal of by-products from the cata-
lyst surface [10]. One possible differencebetweenthe two
alcohols may bethe differentextent of poisoning of the Pd
surface.It hasbeenshown that 2-propanolcandecompose
to form CO and furthermorecanreacton oxygen-covered
Pdto form acetatein ultrahighvacuumconditions[26]. Un-
dertheconditionsof ourexperimentsthesereactionsarenot
observedfor 2-propanol[8,9]. However, forethanolboth CO
andacetateare formed(seeFig. 2). This thereforestrongly
indicatesthatstrongerpoisoningof thecatalyst in thecaseof
2-propanolcomparedwith ethanolisnot thereasonfor their
vastly differentoverall reactivity. The experimentin which
a 50:50 vol% mixture of 2-propanolandethanol was used
(Figs. 5 and 6) givesmore insight into theseissues.

Despite thefactthatthecatalyst isnot in anoveroxidized
state, asthe ethanoloxidation activity shows, no significant
2-propanoloxidation is observed after the transient period.
Several factorscould accountfor thisobservation.Competi-
tivedissociativeadsorption of thetwo alcoholscould hinder
adsorption of 2-propanol. Theinitial adsorption stepsleadto
the corresponding alkoxides, ethoxideand2-propoxide,re-
spectively [9]. The relative adsorption strengths of the two
alkoxidesdeterminetheir relativeabundanceon thecatalyst
surface,provided that adsorption/desorption equilib rium is
established or nearly established betweenthe dissolved al-
coholsand the adsorbedalkoxides. Substrateswith high ad-
sorption strength mayalso competewith oxygenadsorption.
For the oxidation of 5-hydroxymethylfurfural on platinum-
group metals, for example, no overoxidation was found,
which was attributed to the strong adsorption of the sub-
strate, causedby the interaction of the π -electrons of the
furan moiety [27]. Under the applied experimental condi-
tions 2-propanolcannotcompete with oxygenadsorption.
In situ ATR experiments revealed that the 2-propoxide in-
termediate is observed in significant amounts only during
theshort transient period,with theswitch betweenhydrogen
andoxygen[9]. Therefore competitive adsorption between
the alcohols may be why no significant2-propanoloxida-
tion is observed after the transient period, whereasethanol
oxidation is. In the transient period both alcohols are oxi-
dizedat a significantrate,which indicatesa ratherdif ferent
stateof thecatalyst surfaceduringthattime.

Each Pd particle can be viewed as a “short-circuited”
electrochemicalcell [28] in which the anodic (alcohol ox-
idation)andcathodic(oxygenreduction)half-reactionstake
placeat thesamerateandpotential(“mixedpotential”)[29].
Inducedby the changeof the dissolved gas from hydro-
gento oxygen,the potential is swept to highervalues. The
observationscanthereforebe interpretedin termsof thispo-
tentialsweep.At relative low potentialof thecatalyst in the
transient period, both alcohols are oxidizedat a significant
rate,whereasat highercatalyst potential (steady state)only
ethanol is oxidizedat an appreciable rate. The relative ox-
idation ratesof the two alcohols canthereforebe tunedby
adjustmentof the catalyst potential (oxygensupply). Sim-
ilarly, the selectivity in ethanoloxidation (oxidation prod-
uctsacetaldehyde,aceticacid,and ethyl acetate)is strongly
potential dependent. Indeed,for the oxidation of cinnamyl
alcohol and cinnamaldehydewith oxygenover a 0.9 wt%
Bi–5wt% Pt catalyst, different catalyst potentialsweremea-
sured [28].

Thechangesin thePd particles as indicatedby the UV–
vis spectraarediscussed in thefinal paragraphs. Clearly the
state of thecatalyst isdifferentin hydrogenand oxygenand
during thetransientperiod,duringswitchingbetweenhydro-
genandoxygen.Thischange,which is reflectedin catalytic
activity, isalso observed in theUV–visspectrum,asrevealed
by Fig. 8. The changein the UV–vis spectrum, with the
change in the dissolved gas, is fast and reversible (Fig. 9).
A similar effect is observed in theATR spectra(seeFig. 3,
absorbanceat 2600 cm−1). Based on reflectivity calcula-
tions, these changeswereassignedto slight oxidation and
reduction,respectively, of Pd in the presenceof oxygenand
hydrogen,respectively [8]. Weascribetheobserved changes
in the UV–visspectrum (Figs. 8 and 9) to asimilar effect.

Fig. 10 reveals significantalteration of theUV–vis spec-
trum in oxygenwhile the catalyst isactive.As statedabove,
the activity decreasedonly slightly during the oxygenflow
of 30 min. Theslow changesin theUV–vis spectrumof the
catalyst in oxygencouldhavedifferentorigins. Onepossibil-
ity is corrosion of Pd, which was reported for a Pd/CaCO3
catalyst [30]. Themetalcontentdecreasedfrom 4.3 to 1.1%
afterthecatalyst wasreused16timesin thepartialoxidation
of 2-methylphenoxyethanol to 2-methylphenoxyaceticacid,
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whereasthereactionratewasnot affectedby thecorrosion.
A significantlossof thestrongly absorbingmetal should lead
to a decrease in the absorbancein the UV–vis spectra.We
thereforeconcludethat the observed changein the spectra
(Fig. 10) isnotprimarily dueto the lossof Pd.

Alternatively, deactivation of platinum catalysts (Pt/C)
during alcoholoxidation wasattributedto thepenetration of
oxygenatomsinto theplatinumlattice[31,32]. Thisprocess
was relatively slow. During the first 14 h the rate for D-
gluconateoxidationdecreasedto aboutone-halfof theinitial
rate. Penetration of oxygeninto thebulk metal wasalso re-
ported for Pd [33]. Based on kinetic experiments and the
study of different start-up procedures, Dijkgraaf and co-
workersconcludedthat the observed deactivation was due
to oxygenbut not to the formation of a Pt oxide [32]. The
authorsproposedformation of a phaseof dissolvedoxygen.

The formation of palladium oxide as the cause for the
observed spectral changes(Fig. 10) is also unlikely in our
experiments, based on the comparison with UV–vis spec-
tra of palladiumoxide[34]. Moreimportantly, theobserved
changesresist subsequentflow of dissolvedhydrogen,asthe
inset in Fig. 10 shows. Under the applied conditions oxi-
dizedpalladium is readily reducedto metallic palladium [8].
Therefore,theprincipal changesin theUV–vis spectrumin
the presenceof oxygenare not dueto the formation of pal-
ladiumoxide.Thedissolution of oxygeninto thePd lattice
during exposureto oxygencannotbeexcluded,but the ob-
servation thatthespectral changesare not readily reversible
in hydrogenisan argumentagainst suchaconclusion.

Redispersion andchangesin particle size could also re-
sult in spectral changes. Small Pd particles exhibit strongly
increasing absorbanceat decreasing wavelength [35], in
agreementwith the first term of Mie theory [36]. It has
beenfound for Pt and Pd particlesthat the quantity S =
−d logε/d logλ, where ε is the molarextinction coefficient
andλ is thewavelength of thelight, dependsonparticlesize
[37]. The generalappearanceof the spectra in Fig. 9, with
thestrongincreasein absorbanceat lowerwavelength,could
thusbe an indication of changein particle size.A possible
scenario is the dissolution of Pd and subsequentredepo-
sition (Ostwald ripening) [38]. Pd dissolution is mediated
by strongly chelating speciessuch ascarboxylic acids and
highcatalyst potential (highoxygencoverage)[39,40]. Such
a mechanism would explain the irreversible nature of the
processmonitoredby in situ UV–visspectroscopy.

Theobservation that theactivity is hardly affectedwithin
thetimeof ourexperiments, whereassignificantchangesare
observed in theUV–vis spectra, is intriguing at first glance.
However, alcohol oxidation in the transport-limited regime
results in considerable gradientswithin the catalyst particle.
Depending on local concentration of dissolvedoxygen,the
Pd particles may bemoreor less coveredby oxygen.Parti-
clescovered heavily by oxygendo not contribute muchto
the catalytic activity but are prone to Pd dissolution, which
maybe theexplanation for the observation that thecatalyst
ischanging(asobserved by UV–vis) withoutmuchaffecting
activity (asobserved by ATR-IR).

5. Conclusion

We have combined in situ attenuated total reflection in-
frared(ATR-IR) and UV–vis spectroscopy to study alcohol
oxidation on a Pd/Al2O3 catalyst. The two methodspro-
vide complementary information. ATR is used to identify
dissolvedreaction productsandspeciesadsorbedto catalyst
andsupport, whereasUV–vis is sensitive to changesof the
catalyst.

During the oxidation of ethanol, several speciesareob-
servedat the interface.Oxidation is evidencedby thepres-
enceof dissolvedacetaldehyde,which is theprimaryoxida-
tion product.Further oxidationto aceticacid is confirmed
indirectly by the appearanceof signalsassociatedwith ac-
etateson the Al2O3 support, whereasthe concentration of
dissolvedaceticacidis too low to be clearlydetectable.De-
carbonylationof acetaldehydeleadsto carbonmonoxideon
the Pd. Furthermore,the ATR spectraindicatethepresence
of dissolvedethylacetate.

When the catalyst system was stimulated by periodic
variation of thedissolvedgasbetweenhydrogenandoxygen
two, distinctly differentregimeswere observed: a transient
regionduringtheswitchingand a steadystate.Ethyl acetate
is observed only in the transient region. Moreover, the sig-
nal from theacetateson thesupportincreasesquickly only
during thetransientregion.Acetaldehydeisobserved in sig-
nificantamounts also in the steadystate, but the signal is
highest in the transient region.

Underidenticalconditions2-propanoloxidation doesnot
proceedto a significantextent beyond the transient region,
which may be ascribedto overoxidationof the catalyst. In
a mixture of 2-propanolandethanol the formeris not oxi-
dizedto asignificantextentin thesteady stateeither, despite
the fact that the catalyst is not in an overoxidizedstate,as
significant oxidation of the latterdemonstrates.Competitive
adsorptionof thetwo alcoholsmayaccountfor thisobserva-
tion. However, during the transient region the two alcohols
areoxidizedsimultaneously.

In situ UV–visspectroscopy revealschangeson different
time scales. Fast reversiblechangesare observed during the
switch from hydrogento oxygenandareascribedto changes
in theoptical propertiesof thePdparticlesdueto adsorption
of hydrogenandoxygen.A considerably slower irreversible
changein the spectra is observed during oxidation during
oxygenflow. Thesechangesareassociatedwith thePd parti-
clesandareproposedto bedueto achangein particlestruc-
ture initiated by dissolution of Pd. During that processthe
catalytic activity remains largely intact. The study demon-
strates thatATR-IR andUV–vis spectroscopy is a powerful
combinationfor thestudyof catalytic solid–liquid interfaces
in situ.
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