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Abstract Palladium catalysts supported on £€@ 75210 250, ZrO,, TiO2, NOs,

Al,O3 were studied on the total oxidation of butyl ceabiSeveral techniques were
used to characterize the samples such as diffiisetemce spectroscopy (DRS),
temperature programmed reduction (TPR), cyclohexahgdrogenation and CO
temperature programmed desorption (TPD). DRS ariel rfEBults revealed the presence
of bulk PdO and PdO with strong interaction witk upport. The catalytic tests
showed the following order for decreasing activity:

Pd/Cq 75719 250, > Pd/Ce@> Pd/TiG > Pd/NBOs > Pd/ALOs > Pd/ZrQ. However,
when theturnover frequency (TOF) was calculated, all the samples had simddues.
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1 Introduction

During the 20th century, the growing human popalafissociated to the correspondent
increase in the industrial activities has causeeérsepollution problems throughout the
world. Even nowadays, large quantities of pollusaare still released to the atmosphere
or to water streams untreated. Fortunately, severattries are now regulating the
emission of pollutants from both stationary (indiesf) and mobile (cars, trucks, etc.)
sources], 2]. Among all kinds of atmospheric pollutants speatéention must be

given to carbon monoxide, nitrogen oxides, sulfunpounds and the volatile organic
compounds (VOCSs). These substances are criticausbtiue to their toxic
characteristics but also because of the large giggnthat are produced and released to
the atmosphere by industrial and agricultural sts [3, 4].

Volatile organic compounds are known as one obibgest classes of atmospheric
pollutants. They are used in a variety of proceaseistheir replacement is very difficult

in the majority of these activitie§48]. One of these applications is the use of a wariet
of oxygenated compounds as paint solvents in dcdachieve the desired viscosity.
Among these solvents, one must notice: a compoatheddcbutyl carbitol (diethylene
glycol mono butyl ether) because it is widely uasdsolvent for automotive paing |
When this solvent evaporates inside the paint lmdtigenerates a gas stream that has a
small concentration of this solvent in air. Howevehas been demonstrated that this
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solvent can cause severe respiratory problemsrt@ahs and animals, even at very low
concentrationslO].

In order to comply with the environmental regulasalready in place, both in Europe
and in North American countries, it is necessargltminate this solvent from the air
stream. Since the pollutant is present in very dowcentrations, one of the best
treatment options is the thermal or catalytic iecation [L1-15]. The majority of the
industrial processes still use thermal incinerataespite its high energy costs due to
operation at high temperatures, and the formatia@angerous byproducts such as
nitrogen oxides. The use of catalysts to burn V@&sbecome increasingly
advantageous since it is able to reduce the nagassaperature to transform the
pollutants into carbon dioxide and wat&}. [On the other hand, in order to use a
catalyst efficiently, a previous study about itf\aty, selectivity and stability is
mandatory. Very often, the lack of this kind ofanhation restrains the use of catalysts
by industries 11, 16].

Usually the catalysts that are used to eliminat€€Cg@re noble metal based due to their
high activity and stability. Among all the noble taks, palladium has been widely
studied for the incineration of pollutants not jbstause its high activity for oxidation
reactions but also due to its lower cost when caetpto other noble metals,[11, 17—
19]. We could not find any studies in the literataf®ut the catalytic elimination of
butyl carbitol. Therefore, we decided to investigtite performance of supported
palladium catalysts on the total oxidation of budgtbitol.

2 Experimental
2.1 Catalyst Preparation and Characterization

CeQ and ZrQ supports were obtained from the calcination of {NEe(NG)es

(Aldrich) and Zr(OH) (MEL), at 773 K during 1 h with a heating rateSolK/min.
Ceria—zirconia mixed oxide (Ce/Zr ratio = 3) wasgared by co-precipitation of
(NH4)2Ce(NQ)s (Aldrich), ZrO(NG;), (Aldrich), in the presence of excess MNHH
(Merck). The precipitate was washed with de-ioniaeder and calcined in air at 773 K,
for 1 h. AbO; (Degussa) and TiKXDegussa) were calcined under air flow at 773 K
during 1 h with a heating rate of 5 K/min and,®pwas obtained from the calcination
of niobic acid (CBMM) in air, at 773 K for 1 h.

All the catalysts were obtained by the incipientvess impregnation of an aqueous
solution of Pd(NQ@), (Merck). After the impregnation, the samples waied at 373 K
during 24 h and calcined under an air flow of 50/mib at 773 K during 1 h, with a
heating rate of 5 K/min. The palladium content ibsamples was 1 wt%. The real
palladium content was determined by atomic absom@ind it was within 10% of the
nominal loadings for all the samples.

BET surface area experiments were conducted usipgeatasorb Jr for all the calcined
catalysts. The samples (300 mg) were dried at 388dfnight and the Nadsorption
was performed at 77 K with\bartial pressures between 0.05 and 0.3 atm. Febr ea
measurement, at least 5 points were taken..They/set@resented the following values
of BET surface areas: Pd/Ce© 24 nf/g; Pd/Ce75Zro.240, = 105 nf/g;

Pd/ZrQ, = 70 nf/g; Pd/TiQ = 49 nfl/g; Pd/NbOs = 65 nf/g and Pd/AIO; = 80 nf/g.



X-ray diffraction analyses were done using a RIGA#iractometer with a Cul
radiation. The XRD data were collected for all soqtp between@= 20-65 at 0.04
degrees/step with integration times of 1 s/step.

DRS analyses were carried out between 200 and ©Q@ising a Cary 500 spectrometer
equipped with an accessory for DRS (Harrick). Tingperts were used as references
during the analysis of the oxidized form of theatyts.

Temperature Programmed Reduction (TPR) experinveerts performed using a
quadrupole mass spectrometer (Balzers, model PRISWIS 200). Prior to reduction,
the catalysts (200 mg) were dried under He flodGamL/min at 423 K during 30 min
with a heating rate 10 K/min. The samples were cedwnder a 2% J#Ar mixture

with a heating rate of 10 K/min up to 773 K. We ntored the masses correspondent to
H,, HO, CO, CQ and NQ, although the last three were not detected.

The dehydrogenation of cyclohexane, which is acstire insensitive reaction, was used
to evaluate the dispersion of Pd samp&8}. [The reaction was performed a®Ha in a
flow micro-reactor. The sample (10 mg) was previgpdsied in situ under dflow

(30 mL/min) at 393 K during 30 min. Then, the saenwphs cooled to room temperature
and heated in pure hydrogen flow to 773 K at aihgatte of 10 K/min. This
temperature was held for 1 h. The sample was theled in hydrogen flow to 543 K.
The reaction mixture was obtained by bubbling hgdrothrough a saturator containing
cyclohexane (99.9%) at 285 K f&@sH1, = 13.2). The space velocity was (WHSV)

170 h'! and the reaction temperatures varied form 5207k At these conditions, no
mass transfer or equilibrium limitations were olsel The conversions were kept
bellow 10% in order to guarantee differential cdiotis. The composition of effluent
gas phase was measured by online gas chromatoggagped with a thermal
conductivity detector and Carbowax 20-M in a Chreorb W column.

2.2 Catalytic Tests

The catalyst pretreatment consisted on drying émepde (30 mg) for 30 min under He
flow of 30 mL/min at 423 K (heating rate of 10 Kim Then, the sample was reduced
for 1 h under pure Hlow 30 mL/min at 773 K with the same heating ratke

catalytic test was done using a reaction mixturg,@00 ppm of butyl carbitol in air.
This mixture was obtained by passing air throughtarator containing this solvent
kept at 339 K. After the reduction, the temperatuas lowered to 573 K in helium
flow and then the reaction mixture was fed to #ector. In order to obtain a light-off
curve, the reaction temperature was raised un@i¢d 6onversion was obtained. The
reactor effluent was analyzed using a GC equippé&davhermal conductivity detector
and a 3 m Porapak R column. No partial oxidatiadpcts were detected.

3 Results and Discussion

3.1 Characterization

Figurel presents the XRD profiles of the supports ZOs) 75210 250, and CeQ.
Profile A is correspondent to Zg@nd shows that there are two zirconia crystalline
phases: tetragonal (JCPDS—14-534) e monoclinic QE=R13-307). On the other
hand, profile C shows that ceria exhibits the lickearacteristics of the cubic phase
(JCPDS—4-0593)J1-24]. For ceria-zirconia sample (profile B), it can digserved



that the peaks are similar to the ones obtaineddna. However, there is a
displacement of the peaks to highémidsitions. Comparing the higher intensity peaks,
for CeQ the positions are®2= 28.6 and 33.2 and for Cg75Zro 20, these peaks appear
at 2 = 29.0 and 33.8. Accordingly to the literature, this shift in tpesition of the

peaks is probably due to the decrease on the sdaitice parameter caused by the
addition of zirconium in the lattic®]. The lack of peaks characteristic of zirconia
phases in the GesZry 250, profile is an indication that the cubic phase efiz was
maintained after the addition of zirconium and thratbably a ceria-zirconia solid
solution was obtained. This result is consistenl weveral studies in the literatu2+
24]. For the other supports, the XRD showed the presefy-Al O3, a mixture of

anatase (80%) and rutile (20%) phases for,Ti@nd a mixture of T and TT phases for
Nb,Os.
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Fig. 1 X-Ray diffraction profiles for A-Pd/Ce0OB-Pd/Cg 75Zr0.250,, C-Pd/ZrQ
samples, T — zirconia tetragonal phase, M- zicamaoclinical phase

The DRS spectra of different Pd samples are shaviig. 2. It can be observed that all
catalysts presented a band around 470 nm. Pgan® Pd/NBOs also exhibits a band
around 420 nm, while Pd/Zg@nd Pd/A}O3; showed another one at 380 nm. In
addition, Pd/Zr@had an extra band at 247 nm.
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Fig. 2 DRS spectra for Pd supported catalysts. ACB@, B-Pd/ZrQ, C-Pd/NbOs, D-

Pd/C@,752r0,2502, E-Pd/TIQ, F-Pd/AIzO3

According to the literature, the bands around 4@d 470 nm can be attributed to the
palladium oxide d—d transition. Rakai et &5]|[studied unsupported and alumina
supported palladium catalysts using DRS. For treipported samples, they verified
the presence of a large band between 380 and 50BamPd/AbO3, the authors
observed a band around 450 nm, when they usedipatiachloride as a precursor, and
another band at 460 nm when the precursor wasdaifeacetyl acetonate. These
bands were attributed to the d—d transition dFPcbmot et al. £6] also verified the
presence of these d—d transition bands in Pd/&d@ined at different temperatures.
Noronha et al.7] used UV-visible diffuse reflectance spectrosctpgtudy Pd/AIO;
and Pd/NBOs catalysts. The DRS spectrum of the PgfAlsample exhibited 3 bands at
287, 325, and 458 nm, which were attributed to tHiggand charge transfer,
Pd(H0),** complex and d—d transition, respectively. The BgN sample spectrum
showed only one band around 407 nm. Accordingéatithors, the band at 287 nm
was due to the presence of Rd0, species on the Pd/AD; sample whereas the
Pd/NlOs sample showed only PdO particles correspondinigedoand at 407 nm. The
bands around 380 nm that were present in the spelotained for Pd/ADs;and

Pd/ZrQ, samples can be attributed to the presence of watbe coordination sphere of



palladium [Pd(HO)?* 4] [25]. The appearance of isolated bands around 247srimea
ones verified for Pd/Zr@may be due to the charge transfer from the oxyjéee
support to the d orbitals of palladiu2g].

Figures3 and4 present the reduction profiles of all the catalyitcan be noticed that
all samples had Hconsumption at room temperature. Several studidsei literature
attributed this peak to the reduction of palladioxide (PdO) and to the adsorption and
absorption of hydrogen on the metallic palladi@®{32]. These results are consistent
with the DRS data of these catalysts which presepéads around 400 and 470 nm
attributed to d—d transitions, revealing the preseof large particles of PdO.
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Fig. 3 Temperature programmed reduction profiled/CeQ, Pd/ZrQ, and
Pd/Ce 75210250, catalysts

26K

PdiMNby (s

=
:‘1
=
o0
1)
&
= PA/TiIO;
ﬂ o
=)
= 515K
T v T T T - T - T A T
200 300 00 500 GO0 Fiel 800

Room Temperature Temperature (K)
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As the temperature is increased, new peaks of ygdroonsumption can be observed.
For Pd/ZrQ (Fig. 3), there is a negative peak around 350 K. This ga@a& is observed
for Pd/NBOs, Pd/ALO3 and Pd/TiQ samples (Figd). Usually this feature is attributed



to the desorption of the weakly adsorbed hydrogethe metal surface and to the
decomposition of the palladium hydride formed atmaemperature3p, 33]. The
hydrogen consumption at higher temperatures cattbbuted to the reduction of small
particles of PdO and to the reduction of the supf3di]. For instance, it can be seen in
Fig. 4, there was a small consumption of hydrogen foNBglDs, around 516 K and for
Pd/TiG,, around 515 K. These consumptions at higher teatyers have been usually
attributed to the partial reduction of p@ and TiQ [27, 30]. On the other hand, for
Pd/Ce 75210250, and Pd/Ce@these peaks were observed in Figdieg 411 and 350 K,
respectively. As the total hydrogen consumptiorb(@4d) for these samples is above
the theoretical value necessary to reduce all #ifiagium oxide (94imol of Hy/gcay), it

is correct to affirm that there is a partial redoctof the support (C&to Cé?) for these
catalysts. Although zirconia is difficult to redydke presence of zirconium in the ceria
lattice favors the reduction of %o Cé*. According to the literature, the presence of
this atom generates defects, increasing the oxygsaility in the ceria latticeZ0, 21].
This can explain the high hydrogen consumption olesefor Pd/Cg75Zrp.240,. This
result agrees with the ones observed by Luo andg 3] for Pd/Ce s¢Zr0 5602 and by
Hori et al. p4] for platinum supported on Ce(¥rO,and Cg 75Zrp.250,. For Pd/ZrQ
sample, the hydrogen consumption was lower thathiéw@retical value for the
reduction of palladium. Since zirconia is very wiffit to reduce, the small peak
observed at 640 K may be attributed to the rednaifcsmall particles of PdO that had
higher interaction with the support.

Table 1 H consumption during temperature programmed redueiperiments

n moles of H g catalyst

Catalyst

Room temperature Total
Pd/CeQ 10 126
Pd/Ce 75210250, 18 383
Pd/ZrG 11 65
Pd/AlLO; 110 110
Pd/NOs 80 110
PA/TIO, 71 108

The values of reaction rate and metal dispersierpegsented in TabR The results
show that all the catalysts have low dispersiorsyben 9 and 14%. These metal
dispersion values are in agreement with TPR and B@riments, which revealed the
presence of large PdO particl&,[35].

Table 2 Cyclohexane reaction rates and Pd dispeysio

Sample Reaction rate (mol/g.*h)Dispersion(%)
Pd/CeQ 0.0113 9

Pd/Ce 7£r0240,0.0199 11

Pd/ZrG, 0.0309 14

Pd/AlLOs 0.0190 11

Pd/NipOs 0.0198 11

Pd/TIO, 0.0317 14

3.2 Catalytic Tests
The light off curves for the reaction of total oattbn of butyl carbitol are shown in
Fig. 5. Pd/Ceg 75Zr0 240, catalyst reached a conversion of butyl carbitd®%# at 488 K.



This is more than 80 K of temperature reductionmt@mparing with the less active
catalyst, Pd/Zr@ which had a conversion of 95% only at 574 K. Témaperatures
necessary to reach 50% of conversion (light-offderatures) are shown in Taldend
the order of increasing light-off temperatures is:

Pd/Ce 75210250, > Pd/CeQ@~ Pd/TIG, > PA/NBOs = Pd/ALOs = Pd/ZrG. The stability
of all the samples was tested by repeating a leigtpérature point and a low
temperature point after the light off experimenti.the samples were approximately
stable. Tabl& also presents the results of turnover frequer(@i€$) calculated at
448 K, using conversions between 12 and 15%. Allsdimples had very similar TOF

values, around 4.5 x T%s7%.
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Fig. 5 Butyl carbitol conversion as a function efperature for Pd supported catalysts
after reduction at 573 K for 1 hour

Table 3 Light-off temperatures and turnover freques (TOF) obtained during the total
oxidation of butyl carbitol using supported pallaaii catalysts

Catalyst Light-off Temperature (K) TOF (s )
Pd/Ce.7Zro.250, 453 4.6 10°
Pd/CeQ 462 5.7 10°
Pd/TiO, 466 3.9 10°
Pd/ALO; 478 4.9 10°
Pd/NbOs 476 4.2 10°
Pd/Zro 483 3.510°

In the literature, the effect of the particle sarethe catalytic hydrocarbon oxidation is
controversial. A strong dependence between theigcéind the particle size has been
reported B6]. This effect has been extensively discussed endtal oxidation of
methane. These studies are scarcer for other heudraras such as benzene and for
oxygenated compounds like butanol, ethyl ace@teHowever we were unable to find
a study about particle size dependence on butitohoxidation.

Chin and Resasc@Z] reported a strong dependence of the TOF for metloxidation
with Pd particle size, taking into account literatdata. They observed that the activity
increased as dispersion decreased. Also Papefihnianial. B6] studied the effect of



metal dispersion on the intrinsic activity of thadation of different volatile organic
compounds (benzene, butanol, ethyl acetate) orl#Aand Pd/AJO; catalysts.
Benzene and ethyl acetate oxidation over P@Atatalyst revealed to be structure
sensitive reactions. The TOF of ethyl acetate diadaenhanced 25 times as Pt particle
increased from 1 to 30 nm. On the other hand, BE &f butanol oxidation was
independent of Pt particle size. In the case of&dlyst, the TOF of all three
compounds was practically independent of dispersion

Accordingly to the literature3p], the particle size effect on the total oxidatafn
hydrocarbons is directly correlated to the PdO ig3eihat are present on the catalyst
surface and with the strength of the Pd—O bondelreral, there are two types of
palladium oxide: bulk PdO and PdO with a strongiiattion with the support. The first
kind is present in samples with low metal dispersjavhile the second one is
characteristic of catalysts with higher dispersjomsich would provide a stronger
interaction with the support. These two differedCPspecies present distinct oxygen
adsorption and desorption propertidg][ Accordingly to Fugimoto et al3B], small
PdOy particles have higher interaction with the suppmd would have a stronger Pd-O
bond than larger particles. This Pd—O bond woulgsea decrease in the stability and
density of oxygen vacancies that are necessargpgltine oxidation reaction. Therefore,
the catalysts with lower dispersion would presehigher turnover frequency.

Besides the particle size effect, the catalytiovégtof hydrocarbon oxidation can also
be influenced by the nature of the supp@#][Yazawa et al.38] studied the effect of
the nature of support on the propane combustion Bgesupported on ADs, SiO;,
Zr0,, SiO~Al,03, MgO and S@ —ZrO,. After reaction at 773 K, XRD and XPS
analyses revealed that the presence of metalliagiain and palladium oxide was a
function of the oxygen/propane ratio. XPS spectiadiZrQ,, Pd/ALOs, Pd/SIQ—

Al O3 exhibited the peak of Pdgglat 335.0-335.1 eV, which is assigned to metallic
palladium and at 336.5-336.6 eV corresponding 10.Fdirthermore, the catalytic
activity was significantly affected by the oxidatistate of palladium. The highest
activity was observed on the catalysts containagiglly oxidized palladium.
According to the authors, the nature of the supgfbeicts the resistance of palladium
oxidation and consequently the catalytic activigidic supports prevent the palladium
oxidation.

Noronha et al.47] also observed a support effect on the propangabxin over
Pd/AlLO3;, PA/NBOs and Pd/NBOs/Al O3 catalysts. The niobia addition promoted the
propane oxidation at lower temperatures than B@#Atatalyst. In fact, infrared
spectroscopy of adsorbed CO on Pgiland Pd/NbOs/Al,O5 catalysts after propane
oxidation showed that the amount ofRdd P4" species was function of NDs

loading. These results suggested that the partiedlyced niobia species prevented the
palladium oxidation.

The support may also take part in the mechanisoxiofation reactions2?]. In this
study, de Leitenburg et al. investigated the oxwabf isobutane using ceria and ceria-
zirconia oxides. Although the presence of zircatdanot affect the conversion, the
selectivity to isobutene was significantly higher €eria-zirconia sample. This effect
was attributed to higher oxygen mobility in theiaegirconia lattice caused by the
presence of zirconia.



In our work, all catalysts exhibited the same Ppdision. Therefore, the particle size
effect could be rule out and the results couldyauated as a function of the nature of
support. However, the TOF were the same, regarthessupport. A difference was
observed on the light off temperatures of the gatal which was around 30 K between
the most (Pd/GgsZro.2d0,) and less (Pd/Zrg) active catalysts. It is worth noting that
the activity order was the same of the hydrogerseoption on the TPR experiment.
This correlation between activity and support reguncdegree suggests that the support
may play a role on the reaction mechanism. In fact,well established that

Cey 710260, and CeQ@ have a high oxygen exchange capacity, which isciet®d to

the ability of cerium to act as an oxygen buffersiyring/releasing ©due to the
Ce"'/Ce* redox coupleZl]. The incorporation of Zr@into CeQ lattice promotes the
Ce(Q redox properties. The presence of ZeBongly increases the oxygen vacancies of
the support, increasing its reducibility. This déssiin agreement with our TPR
measurements. One possible explanation is that thiedes could be participating in

the reaction as oxygen donors and promoting théatixin through the Max-van-
Krevelen mechanism.

In order to try to identify changes in the palladiphases present during the total
oxidation of butyl carbitol, the following experimewas carried out: we decided to
measure the palladium dispersion of a catalystrbedod after the reaction. To simplify
the experimental work, the dispersion was estimagatg CO chemisorption and the
sample selected was Pd/zZr@ince it presented higher metal dispersion tharothers
and it does not have the problem of adsorption@fdd the support. The sample was
reduced in pure FHwith the same procedure used during catalytis t@stl submitted to
the reaction mixture with reaction temperatureyivar from 373 and 573 K. After the
reaction, the sample was cooled to room temperatuag flow and then purged with
He. Only then, the second CO adsorption was peddriGonsidering a stoichiometry
of CO/Pd = 1, the results show an initial dispersialue of 20% and after the reaction
it dropped to 3%. This result is a good indicatibat although metallic palladium is
present, the predominant palladium phase duringehetion is PdO. Probably, the
interchangeability between #BdO is crucial for the catalytic activity durintugttotal
oxidation of butyl carbitol.

4 Conclusions

This study showed that supported palladium catalyst active for the total oxidation
of butyl carbitol and the active phase is probaf/PdO. All the samples presented
similar and very low palladium dispersions, so wald not verify particle size effects
on the catalytic activity. DRS and TPR experimeamsfirmed the presence of large
PdO particles on the catalysts surface. Pg{&Ze, 250, and Pd/Ce@were the most
active samples probably due to the participatiooesfa in the reaction through a Max-
van-Krevelen type of mechanism.
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