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Abstract

Sulfur deactivation and regeneration behavior of the B@#datalysthas been investigated via
experimentakcharacterizatio anddensity functional theory (DFT§imulations During thesulfur
exposurePdOcrystallitesgrow slightly while bulk Al>(SQs)s forms on the supparDFT calculations
indicate thaSQO, species interadtronglywith the catalgt surface making ithemically inactivan
agreementvith the experimental resultBuring the regeneratiomgatment CHs conditiong, PdO
particles reducel2(SQy)sis partiallyremoved, andheactivity for CH4 conversionis increasedNo full
recoverycanbe observeduk to remaining\l2(SQu)s, the formation oencapsulatingulfur specis, and
the partial reduction of PdO particld® reoxidize Pd, the cdest is further regenerate®f conditions.
The resultingCH4 converson is at the sameVelthanwith the regeneratechtalyst. Thus, a small

amount of A}(SQu)z appearso have astronger effect on thgerformance thathe stateof Pd

Keywords
Pdbasedatalyst, sulfupoisoning regenerationyansmission electron microscqpyourier transform

infrared spectrometry, catalytic testirgnsity functional theorgimulations
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In sulfur treatment, Wk Al>(SQyw)z formsand PdO size increassigghtly
Adsorption of (S@)n on PdoO44/Al203 reaches saturation at n=16
SO encapsulated BgD44/Al2Os is chemically inactive
RegeneratiomeducesPdO partlyto Pd and part of A(SQu)zis removed

RemainingAl2(SQy)z hasstronger effect orcatalystperformancehanstateof Pd
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1INTRODUCTION

Transportation is one of the largest sources in air polluéspecially regarding nitrogen oxides (NO
and particulate matters (PM3)hus,emission reduction from vehicengines is in the top of priority all
around the worldThe wse ofnatural gas (NG) as amergy sourcwvill reduce the NQand PM emissions
from automotive and heawyuty vehicles. However, exhaust gases of NG vehicles (NGVs) contain
unburned methane whichigentified as a strongreasnhouse gas and tlggobal warmingpotentialof
whichis 75 times higher thathatof CO. [1]. Thus, methanbkas to beconveredto les harmful
compoundgCO;, and HO) by a catalytic converter. Pd&:s catalysts are widely known to be very
active tocombust methane. In additionhiisbeen concludethat PdO is the active phase while metallic
Pd is less activi,3]. However, he most active phaskepends othe operating temperature.
Temperature of the exhaust gases from-leanr n NGV engines i s t[glpicall
Matamet al.[4] have observethat below 677 °C PdO is the active phaseniethanecombustionand

thereforePdO is the desirable active phase in the NGV applications.

Problemsrelated tahermal aging and poisoniragcur over gpported Pdatatalysts Thermal deactivation

is caused byheloss of active surface area dudhecrystallite growth of noble metal particles the

collapse of the suppomnd/or chemical transformationstoe active catalytic phases to nawtive

phaseg$5]. While PdO decomposes to metallic Pd in the catalyst, its activity for methane conversion in
the NGV applications decreas@hePd O Z Pd t r an s f o, andthegdecomposition ofr e v e
PdO to Pd in the Pd/ADs catalyst occurs at ~800 1€ air, while there-oxidationis detectedipon

coolingto ~600 °C[2]. Hysteresis in the rexidation is due to strongly bound oxygen on the Pd surface
inhibiting bulk oxidation6]. Many factors, such as gas phase composition and pressure, affect the PdO
z Ptdinsformatiori7]. For example, bican reduce Pd@ metallic Pdn the Pd/AYOs catalyst already

at 100 150 AC, methane at[880 290 AC, and He a

Poisoning is due ttheadsorption of impurities on the catalytic active sites. Poisonalsarreact with

the active sites followed ke formation of noractive compoundf9]. In thenatural gas applications,
sulfur-containing compounds the exhaust gas€originating from odorants, lubricating oils and natural
gasitself) rapidlydecreaséhe activityof the oxidation catalyst. Only a small amount o $3enough to
block the active noble metal sitg510,11] While SG; and watemare presensimultaneouslysuFation of
the Pd/AlOs catalyst starts by oxidation of @ SQ on the PdO particléAfter that SG over PdO can
form PdSQ or migrate to the alumina support and form(804)3 [10,12,13] However, sifation isalso
reversible SO, from the catalyst surfade detected talesorbalreadybelow 400°C andthe morestable
support suflates decompose above 700[13]. According to Kinnunert al [14], sulfur hindesthe

mobility of oxygen and desorption of watdrusdecreasinghe catalyst activity for methane combustion.
3



108 Fromthetheoretical perspectiyeensity functional theory (DFT) based calculations have bagted

109 outto investigate theoisoningmechanism o8O0, ( x =4Pon Pd catalyst$15i 18]. Using infrared

110 r e p e abisdrptiom spectroscopy (IRRAS);ray photoelectron spectroscopy (XP&)d DFT

111 calculations, Luckast al reportedthe adsorption and reactivity of 36n Pd/BaO, Pd(11115], and

112  oxygen precovered Pd(10®urfaceg16]. The energetically preferred adsorption orientation of @O
113 Pd(100)wasthe molecular plane perpendicular to the Pd surfacekthe oxidation of S{ed to SQ

114 and eventually to SOn the presence of oxygen. Basedtloain situ XPSand DFT calculations, the

115 reaction kinetics of sulfur oxidation on Pd(10@ alsobeeninvestigated17], andthe observednain

116 reaction intermediagavheresulfates while the amounts of S£and SQ were minor. More recently,

117  Sharmeet al [18] havestudied the SQ( x = Ookidadion onthePt(111) and Pd11) surfaces using

118 DFT calculations with microkinetic modeling. Thegncludedhat the oxidation of SCandthe

119 formationof SQ; species are favorable on both Pt anddPdithatthe Pd surface isnoreprone to sulfate
120 formation. So far, theoretical studieavemainly focugdon the interaction of SQwith metal surfaces,
121 and investigations of sulfur species on supported Pd nanoparticles are missing.

122

123 Forpractial purposeghereactivation of the sulfupoisoned catalysis a very interesting topje.g, for
124  extendng the catalystiifetime. However, onlyafew scientific articles on the regeneratimirsulfur-

125 poisoned natural gasidation catalysts have been published. Avesial [19] havestudied the

126  regeneration of the sulfypoisoned Pd/AOsz catalysts by short (2 minutes) @pulses. Significant

127 regeneration was observed already at 550 °C and almost complete reactiVite@natalystvas

128 achieved at 600 °QRegeneration was associated with releasegdd€to decomposition of support

129 suffatespromoted by Chactivation onto the reduced metallic Pd surface. Thus, periodical feeding of
130 short CH pulses to the NGV mufflers can regenerate the catdli8}sAccading to Kinnuneret al

131 [14], asulfur-poisoned catalyst can be regeneratederlow-oxygen conditions by decomposing PdSO
132 to PdSQfollowed bytherelease of oxygen and S a wide temperature rang@00i 1000 °C)

133 However, decomposition of Pd$@rms metallic Pd which is an inactive phase for methane combustion
134 [14]. Thus, scientific studies are definitely needed to understand and improve regeneration behavior of tr
135 natural gas oxidation catalysts.

136

137 In this work,sulfur deactivation and regeraion behavia of a Pd/AlOsnatural gas oxidation catalyst
138 have beestudied Fresh andreated catalystisave beerharacterizedy transmission electron

139 microscopy, Xray diffractometry, hfraredspectrometry, antheir activity has been studied in catalyst
140 performance testén addition, we complement the experiments by performing DFT simulations of PdO
141 catalyst model structures alumina suppomith and without interacting SGpecies.

142

143
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2. EXPERIMENTAL

2.1 Catalyst material

The studiectatalystmaterial is Pd supported @g-aluminawashcoat om metallic monolith. The
catalyst was manufactured and designed by Dinex Ecocat Oy febleamnaturatgas applicationslotal

palladium loading in the catalyst 7s06g/dn?.

2.2 Sulfur poisoningand regeneration treatments

A sulfur with water (marked as SW) treatment was carried out at 400 °C for 5 hours in 100 ppmi@&O

% HO + 10 % air + Nbal. The gas hourly space velocity (GHSV) wids000h? during the treatments.
Heatingto 400 °C and cooling to 25 °C were carried wudlerN2 / 10 % air. A regeneration aftdreg SW
treatment (marked as RegH.) was carried out at 600 °C for 30 minutes #ICH; + N2 bal. Heat

treatments for the regerated (marked as ReQHs+Reg.02) cat al yst were carri e

for 30 minutes in air.

2.3 Characterization

The fresh, SWreated, and regenerated catalyst samples were studied by field erscssiamg electron
microscopy (FESEM, Zeiss, Crossbeam 540) together with energy dispersive spectroscopy (EDS, Oxfor
Instruments, 80 mAXMaxN silicon-drift detector) to determine the distribution and amount of suffur.
addition,backscattered electron (BSE) images by an energy selective backscattered (EsB) detector were
collected. The crossectional samples for FESEM studies were prepared with a conventional
metallographic method: molding to resin, grinding and polishing follblayecarborcoating to avoid the
sample charging in the FESEM studies. The structure of the catalysts was studied by transmission
electron microscopy (TEM) and-My diffractometry (XRD). A TEM (Jeol JEM010) was used for

imaging. A high resolution (scamg) TEM (HR(S)TEM, Jeol 2200FS) with two aberration correctors
(CEOS GmbH) wassed for high resolutioBTEM imaging. Brighffield (BF) and darKield (DF)

STEM images were collecte@lhe Pd particle diameter for the fresh, $S\&ated, and regeneratedatgst
samples were measured from the DF STEM imaQeser 50 particles were measur&tie catalyst

samples for all TEM studies were prepareciyshing the scraped catalyst powder between two

laboratory glass slides and dispersing the crushed powdeethidhol onto a copper grid with a holey

carbon film. The scraped catalyst powder was also used for XRD (PANanalytical, Empyrean with the

PIXcefP detector, using Cu & radiationwith a wavelength 0.1348 nm) studies. Phasesere identified
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from XRD patterns bysing the database (PBEIF 201§ from the International Centre for Diffraction
Data (ICDD) and crystallite sizes were determined with the aid of the HighScore plus software based on

the Scherrer equation (shape factor 0.9).

Specific surface aas, pore sizes, and pore volumes of the fresh and treated catalysts were determined
usingthe Micrometrics ASAP 2020. Specific surface areas were measured fromabsdyption

isotherms at196 °C (77 K)according to the standard BET (Brunat@nmettTeller) method. Pore size

and pore volume distributions of catalysts were calculated frodesbrption isotherms by the BJH

(Barreti Joynet Halenda) method.

A Fourier transform infrared (FIR) spectrometer (Bruker Vertex V80) equipped with a diffuse
reflectance infrared Fourier transform (DRIFT) unit and a liquid nitregeaed mercury cadmium
telluride (MCT) detector was utilized to find the information attive bonding of the sulfur compounds
on the scraped catalyst powder. The DRIFT analyses were performed at room temperatanaliedéer
atmosphere condition$he background spectrum was measured using a nfipectravere recorded by

using a resolutin of 4 cm.

2.4 Catalytic testing

Laboratory scale lighoff tests were used tbetermine theatalyst activity of the fresh and treated

catalysts. Catalytic activities were determined in lean reaction conditions using the following gas mixture
600 ppn CH4, 500 ppm CO, 10 vol% CO12 vol% Q, 10 vol% RO, and N as balance gas. The total

gas flow was 1 ddmin resulting in a GHSV of 31000" The measurements were carried out at
atmospheric pressure in a horizontally aligned tubular quartz reactor. The temperature of the catalyst be
was increased from room temperature up to ®®ith a linear heating rate of 2C.min%. The reactor

was frst heated up to 100 °C undes fiow and therthe gasmixtureand watemwasinsertedo the

reactor The catalyst was kept at steady state for 15 min atG6@hd after that theeactorwas cooled

down to room temperature under thefldw. Gas flow rates were controlled by using mass flow

controllers (Brooks 5280S). The gas composition was analyzed as a function of temperature by a
Gasmet" FT-IR gas analyzer. Oxygen concentration was determined by using a paramagnetic oxygen
analyzerfABB Advanced Optima).

2.5 Catalyst modding

Spipmwml ari zed density functional theory K@DFolgr am

pack[a2gOef 2] al | the model systemg rrecpgerdt ddi nlce i ei
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cat al yagtl .usA ed wibtals et lpey rsagmu adrad s ttrhoeotd el est sucban
Pd catalyst. The corresponding PdO cat awtyisltheec |
surface is sufficiently covered by oxygepfsat om
Note that the Pd subd f trtthiscstedy,ithe cataljsetfiePdBueclustes onf o r
the Al>Os substrate i€onsideed as a representative model. A larger model catalyst would need a much
larger substrate to ensure no clustieister interactions. This would result in several thousands of atoms in
the model structure and such DBimulations are not feasible in this coritex

3 RESULTS AND DISCUSSION

3.1 Fresh catalyst

The crosssectionaFESEM (BSE) image of the catalyst material, Pd supported og thieOs washcoat,

on the metallianonolithis presented in Fig. 1d@he size of the Pparticles is too small to be detected by
FESEM.Accor di ng t o t)ae XROCERNG. Z) Fesuliss well asSgeland BJH values

(Table 1), the fresh catalyst has a nanocrystalline and pgis©s support with weHdistributed PdO
crystallites. The crystallite size of PdO in the fresh catalyst is 2 nm measured from the XRD pattern base
on the Scherrer equatiofihe average diameter of the PdO particles iv8s 0.5 nm measured from the

DF STEM images, thkistogram is presented Fig. 3. According to the BF STEM images (Fig. 1d), the
PdO particles are single crystals and the crystallite size measured by XRD and the particle size measure

from STEM images correspond to each othEre model catalysstructure of @044 Cluste ong

7



250 Al>03(100)has been optimizeloly DFT (Fig. 1¢. Upon optimization,le PdoOaa4 cluster exhibitsa

251 hemispherdike overall shapevith the base diameter of 10.96 A and the height of 7.18 A. The nearest
252 PdO bond |l ength var i ed, whighistomparabletnthedulkovalue 2.0287The . 0
253 optimized bond distances between the cluster a
254  calculated cluster adsorption energy () of PdigOuasis 17.46 eV (0.185 eM?). Here,O s defined as
255

256 O = E(PtkoO4s4) + E(AL2O3) 1 E(PthoOa4 /AlOs) (1)

257

258 whereE(X)is the total energy of the related syst&nThe Bader charge analyseealsthat the PghOaa
259 cluster gains 4.1of electrondensityin total, originating from the AlOs substrate, which results in that
260 the negatively charged catalyst is prone to interact with adsorbate mol@tdesatalyst model structure
261 of a Pdo cluster ong-Al>03(100) is also optimized and shownthe Supportinginformation (Fig.S1).

262 Thepyramidlike geometry has a base dimension of 8.0398 A and height 06.50A. The bond

263 distances between the cluster and support surface vary betweed.29A. The calculated adsorption
264  energyof the Pdso clusteron g-Al203(100)is 12.80 eV (0.200 eV/A, andaccording to the Bader

265 analysisthesupport donates 1.62f electron densityo the cluster.

266

267

268

269

270

271
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Figure 1. The fresh catalyst, (a) the cressctionalFESEM (BSE) image showing the structure of the
catalyst monolith, (b)he TEM image withthe selected area electron diffractic®XED pattern and(c)
theDF STEM imagéothindicating uniformly distributed palladiumarticles and nanocrystalling
AlO3, (d) BF STEM image of the palladiuparticles wherein lattice fringes cospond to PdO, and )e
DFT-optimizedmodel structure (sidgiew andtopv i ew) of a P d O -AbOz(csldr key:
Pd, dark greenO, red; Al, pink)
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281 Figure 2. XRD patterns for the fresh ai®WWtreatedcatalysts.
282

283 Table 1.Specific surface area ¢&r), total pore volume, and average pore size of the freskhy&wed
284 andregeneratedin CHs conditionsafter SWtreatment) catalysts.

285
Specific surface  Total pore Average pore
Catalyst 5 :
aregdm</qg] volume [cni/g] size [nm]
Fresh 180 0.38 8.5
SW-treated 175 0.34 8.0
Reg.CHa 184 0.40 8.6
286
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288 Figure 3. Particle size distribution histograms of (a) the fresh catalyst, (b) ther&atéd catalyst, and
289 (c) the regeneratefin CH4 conditions after SWreatment) catalyst.
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To understand the chemical nature of theo®gh cluster adsorption on ADs, theprojecteddensity of
states (PDOS)f electronic structurecharge density difference (CDD) and HOMIOMO orbitals are
visudizedin Fig. 4 PDOS(Fig. 4a) showsthe projection of KohtEham singlgarticle statesnto
atomics-, p- andd-components in the catalyst and support, respecti¥elthe Fermi energy, PDOS has
significant weight on the catalyst, while the supgor$ulator) displays a band gap. The corresponding
electronic states have predominant contributions tlematomicp- (oxygen) andl-orbitals (palladium)

in the PdoOa4 cluster.Especially, the metallid-contribution at the Fermi level is a promisinglicator

for the interaction with reactant molecules and catalytic activityn theCDD visualization (Fig. 8),

one can observe significant charge accumulation and depletion at the interface betweg®the Pd
cluster and AlOs substrate, in agreementth the observed pronounced charge transfer between the
cluster and substratkn particular, the accumulated charge is distributed around the cluster perimeter.
Furthermorethe HOMO and LUMO orbital distributi@(Fig. 4) show that both states are mainly
ddocalized around the BgDa4 cluster(supportinghe PDOSresultsin Fig. 4a), while there is
insignificant electron distribution around thex®4 support.Similar observations were made for the hon
oxidized Pdp cluste catalyst orAl>Os, and the correspondi®DOS, CDDvisualizationand HOMG
LUMO orbitalsare given inFig. S2

11
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Figure 4. Calculated electronic properties of the 30044/Al203(100) system: (aprojecteddensity of
states (PDOS)ntoatomic s, p- and d orbitalsin the cluster and support, respectivelje vertical
dashedine indicates the Fermi lelyevhere the main weigltan be associated with-2p and Pé4d. (b)
Side and top views of charge density difference (CDD) and HOMO/LUMO orlital €DD, the yellow
and cyan colors represent charge accumulation and depletion, respeotwdly the net accumulation in
the cluster is 4.12.¢-or HOMO/LUMO, the different colors mark different nodes (signs) of the
corresponding wavefunctioithe isosurfacealues are +0.002 egafor CDD and +0.01 efg for HOMO
and LUMO.
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3.2 SWireated catalyst

Based onlte XRD (Fig. 2) and TEM (gL 5) results

t he

mo r p RAOssupport atéthet h e

SW-treatment is similar to thieesh catalyst. In addition, palladium particlesredetectedn the PdO

form afterthe SWtreatment (Figs. 2 ancth similarto the fresh catalyst. However, tRelO crystallite

sizein the SWtreated catalyst is 4 nasmeasured from the XRD pattern (Fig. 2) by the Scherrer

equatiorwhile it was 2 nm in the fresh cataly$he average diameter of the PdO particles waz 8.8

nm measured from the DF STEM images, the histogram is presented 3b.FAgcording to the BF

STEM images (Figsc), the PdO particles are single crystdlgere is aslight fluctuation betweethe

measurements by XRD and from the STEM imdigety due to a small sampling of the particles in the

measurement from the STEM imagkel®wever accordingp both measurementis slight crystallite

growth of PdO occurred during the SWéatment. Leet al [31] haveproposed that SEinduced

sintering of Pt particles in the PtA&s catalyst results from theeaction of S@with oxygen at the PO-

Al interface weakenintheP t

O

nteract.i

on

and

]

promoti ngAthe

similar mechanism may cause a slight sintering of PdO crystallites in the studied catalyst. According to

our earlier study32], a slight sulfusinduced growtlof the PtPd particles in the PtPd/8% catalyst was

observed and a small amount of bulk aluminum sulfate species veasediehear the PtPd particles. In

the studied catalyst, the miesgale distribution of sulfur studicoy FESEMEDS was observed to be
uniform and the amount of sulfur was ~2 wt%. Acaogdo the DRIFT spectra (Fig)gat 116 01
cmt the formation obulk Alo(SQs)sonthe SWireated catalyswvas detectefB3,34] However, he band
at~1300 cmt indicating surface A(SQy)3[33] was not observed. Alsthe band a+1435 cmt

correspo®0)or g PspesiE}35]was not foundlt can be assumedtiatthe bands at 1035

and 1639 cm are material originated ones as they exist in all spectra and their intensities and band

positions were not changed or affected by treatméritas been reported that thelfur poisoning of the

Pd/AlLOs catalyst starts by oxidation of S@ SQ on thePdO particle followed by the formation of
PdSQ and/or Ab(SQy)3[10,12,13] Based on theeresults, it can be deduced that sulfur miggatethe
Al>0s-based support forming bul »(SQs)3. Sulfur compoundsikely block a part of thgpore opening

12

resultingin aslightly decreasdspecific surface are#otal pore volume, and average pore size during the

SW-treatment (Table 1).

13
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Figure 5. The SWreated catalyst, (abhe TEM image witlthe SAED pattern an¢b) the DF STEM
imagebothindicating uniformlydistributed palladiunparticles and nanocrystallingAl>Os and (9 the
BF STEM image of the palladiuparticle wherein lattice fringes correspond to PdO.

Figure 6. DRIFT spectra for the fresh and SY#ated catalysts.

Since thesulfur oxides (S¢) will modify the catalyst surface chemistry and preaseess ofeactans to
the surfaceit is necessary tientify and get detailed knowledge tive adsorption properties thfe SO,
species on the BgD44/Al O catalyst anastimate the saturation adsorption ofcSThe optimized most
stable structures @f singleSCy adsorption on the BeD44/Al 203 catalyst are shown ifig. S3 The
calculated adsorption energ® ( ), net charge and geometric parameters are suaedanTable S1.
According to DFT optimizations, the adsorbedy$@®ms thefollowing configurationsSGC; for S, SQ
for SO, and S@for SG: and SQ@, respectivelythrough binding more O atoms from the Pd@ster
surface. This is in agreement witle experimental observations, where stable configurations gfes@
thenSO; and SQ have been observed upon,Sfdsorption on Pd catalyststhe presence of oxygen
[15i 17]. The SQ (x=0-4) species show a strong interaction with the catalystto covalet binding

where the adsorbed SO has the largest adsorption energy. Bader charge analysis shows that PdO dona

14



