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Abstract

KegdiPMD:p*>and WelwlspoRVi9Os}het eropalrpamiamms i ze e xtyrgems i t
clusters belonging to the heteropolyacids (HPAs)

Br°nsted acidity, and their dispersion ogemsalilg s
incradscatngl ytic activity. A series ofDawsnoar yHRmast ea
Si; 0 Tamdr-as been prepar egolbwo tnheeprhn@amimart K ol eordi f f
have beiem ctfalbtean ¢ t iacmoancgtnis vhiptpaoer d esduldPAThseeld f f er ences
beewmrr elnattdido paset structur al c hanegag pofr tt H et iR gabc t
idi ffeepernddrmmgpaomati on met hodol bgi ebeopr elmedids wafr k
interaction between t he tDwowstoynp e sasnodp pvicarAi,s0 ksaay i 1 e
by-rXy absorppiyonThpeobtasoempcaat avi hdoveé hlreemar act e
mat er i albse froerpeorbtyedusand duffacenphipel kochemical te
reswéte then usedntteo accoriroenl armioed etsheb et ween athget HPAS
performance2prreepaonrdledddhhoywdr ati on to propeoempdadahahnhd f
results reveal that the depositionmay ¢i&dsstboyr tiinopnrs
thePWOscl ust er st r unstturogTgdh@pejZdvidenagk &) Obaspceséehee
in the suppMotr eovespethevelpe of preparation met ht
of t he suppmorptagdiuirHiRplegaerp, ar atawa »wif OF | DBA tbuy sol vot h
me t htoldeeacti on of the HPA wiitdkst hgdpobgatss oot ume
destrutche ohe@di meeff oucettuatléyd iTc act isviitsy pmforsuch ma
These modifications, in addition to the bul k and

2propanol dehydration to a significant extifdntence@n
probdbeyto t hepoplraorp ennaet unroen.
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1. Introduction

Met al oxides can be subdindadesi raetdotchascsicaal set
called polyoxometal ates (POMs) t hat o f[fle]r T hae f macssct
expl ored POM materials are sheohgt éenopghwndgefiidsd d Bl
mol ecul arl mtoudéwur €98. colnaes sciany ctohnesmidlfgra rdgbd yani on,
among tthlee e g gibma wsro nWesITihse ctt sse eaf c HiP&AS yastitsr act ed gr
becawfisikei r Betnabgdity and redoexaéabnbeedemns dHof tuh
cat al,ySstesfnhdt2er i al s are also economically and envi i
POMs are inexpendlnvadandi omh o tHdRodasdc adhboovi Wi ho megeneo
[5] and heterofeneous systems |

We l-DasswsoiKegmd n heteropol ytungst at eslthser K efggri me s tbryw
the polPWDa},08 composeldi lod @l wdtoebre of cC ostumdrt sancd a
encl osetat celm@dathre t usumg$ t ssnsp \WenseeeCs htoerrtmiWwal -Obond,
W bonds, an®OPomenbdong Whet rcemd & mpmre PiIOpWSOrtdIl oc k s
compl etect awie hebeveehlo,s e ¢ eonctceurpsi eadr eb y g nswriedrixthe-o aslol e d
faddeadamhicé ubber a di anem7e[B8] ofitnhdeai d it csP W®sowni [HI be
| abeild etdhe d®&#W:ODwenfack of one (monovacant) or m
formati dnacobi®tAlye i n coné@prd adardgh e hphdephotDenwgotni ¢
heteropolytungstat eW,Po}é,aasimag b éeclbaeisdioegré aveedP f r om
Keggin8 ®hnt $ hp fs®WilOewi hly alie!l LbW.dFiagurPe 1 shows a
represent ake goghiaami/e bOoaswhs (obt)l ust er s. c elrhizet alm amgRer e s en
whereas the bl uefWbacrtea hseudrrraolu npdoesdi rtheyb naboyoge n s
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FI GURE 1. Pol yhedr al repragglsemd rayt iykpees gLiPBVntdiwe 1-$ s u c
Daws oW:9Qf}Phet eropol yani ons.

The acidity of ba vwsHiMigg i hi gmer We hh e pdisast eposti enngi n
Br°nst edheaicri dpirtoyt.onfs pl ay a maMiocsronrooled ian .c adtealeytmi
of hierarchinc &lP.Aes.t ,r ucrtiumersy, sec o8 fitarayt ammeas uletr tafar
i mportance to understand their role as cattal st s.
the heteropolyanion iitss edsfs;itghnfedeangaercso maharly agstn@ungteu

counter cati*amd, wan eac@3iridilansceald€l s ti on, the arrangen
is dependent oand heigerenmoapeaslyotpppauet ssireesponsi bl e
are®PAsnd for the accessibilityThefcts whestsridteess itno t

i .tehper otroenpsr,es et epebiyedd on t he t sadncgo npdaarrty i srd ¢ttuticat nicr ae
artehe active Br°nst esde caomidiarsgiotseasr uacre atcfeea nfPBAx an be
t her eii mh et epadcetugdia d p hldes recceceoaadti ingn .t ot hMi scoantoa | eytt iacl .b,e
HPAs is stromygltyhe nihd diiefnicealti ons t hat Baly, onchciucrh i
woul d be altered by the number thfe wattearl ymmdlce dowelhes

materials is strongly inflaenmag begpcrtihmaersypndeat yr a
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terti ry structures and it depehdsnambdehted es dgtylid a a

a

acid sites al ong wsiubhs ttrheet ¢éas < ¢l sER)GTidd | Stléyegdodéch 4 Wieo u r

observed in catalysiatteabut edt h & ilHahtAtH Pche, xstwahai tciht vy

reagent mol ecules can be dthsesreb ed ogpred tri eeasc tpron itdle

excl ssl getivity Honwke vheisgh mpotritainttty lteo ehxi tgehnl til domtu it tdhhea
[

behaviour observed i n catcaaltyatliyct irce atcrteiaotnnse ndte poefn dHsF
concerns onl YAmpolgdiPAsreaygbnons s .thyapved ngt rKeogtglirne  ar e«
i ndustrial c 44 a lwynti Weel-Dpestves oens sHePA s[ h a ¢ &i enbpecernt aunste ds ef I
catalytic oxidativenedethg/ytdpwlgeame i ©inS @ hfddins loreutel) v [ 1t
butyl ether (MJBE) production [ 1

HPA ushave alued hseephshtec@atsaeh starteby | i ght by the gr
producing a -eXairtgedH R A& taghts dc dann easily ™"behceommeel | HEA
fhet er opod egdbiyeusmeans of one (or more) electron tran
(HPAs pea@ires rel atively s-oxaibdfbzatile aemeharmraad | e gread
compounds i aprtcheeesV/iTn Ot he pr esteynpre HRAsSs uhpapsor it ed
6, 7 & .

Di spersing HPAPpont es pe tshutkrifdagche ar ea i sba@graftioail aly
i ncr eawer yt hled wgacrae.h i 5% hm c o uiltds huasnep ead’s het.Howgeerpou
contrasting results are rapdrtied, degperediofd h eapdP
Gaigneaux et al . havea®bs@pny exda niphaati stome twsaihteh uTsie
a more hydr opdwlihdda ceuraf delyt evri rdtiusep earfsiiothbubhydt ox ¥
s ame Ttii@meugidve adeceatfaost he acoéofdi chjesd NE8AQhiceaasal yt i c
p hoasosiadteidvi hsyu ppfoHPtAéssd c onicter had, been dleenesms torfat
semi conduas os uplgaywdsnefitcheal plhwdtecratidyici mbdi d hey
of the acddspeaitesd tHRtAbe gpemamwméewledr ons of t Hédhee IVduc
activated BEemiconductor

I n order |toosadrtwcedtyurtanle ef f ect s gdiPAis att Xdasyh palsdher mtuil
spectr os ccoapnyw &(eXYA Qu)sxdA@nle of et nhpel dmeesdi nii ng utelse het er oc
c atsddsydans baasaidanf or mpectwveoscWdpygpon ssewdy 21-23|shu pp o r t
combi n aXtriadpns oo fpetaedogrst r u CXANES et t endreadp sXor fitnseamuct ur e
(EXAFS) me & ame enpmé ddasn altyhsee st ruct ur al molde fi caeél @a
bet weensamagd HPAf erasntwed p moprrtesher at ivlem gidel dolwa dhg u s
estitmae eoxi dat Woabs taat bemridgifo ctahle environment .

The present resealedalai sodtdhHPtdw hsetbued ys uphpeor t ed on

sur f.acBeost h commerci al amsgl hawme Ipeemar g iansdy p\YWdaolelds w
Dawson AMHRIAS . oanal Ayt ernative pr epasrodtviootphreortneatihee bh
allbeen expl ored. Remar kabl et Hceaftfaelryetnicce sa chtaivvei tbye ebne
HPAs/ support ,biwkieyh mad ¢ mo @iukiecati ons in the HPA
i nteractitohePAhetaweern hHreh mme ttgapyoged nu st er def ormati on c
compositieBuamccidng yt he That allnyteifdd Pantde snigt pngemgnt s

materials would help to elaborate and i mprove the

2. Experi ment al
2. Photat al ysts preparation

Threesets ofmaterialshave been prepared by usiting two HPAs, namelyhe Keggin,HzPW:204o,
provided byAldrich (reagent grade 99.7%), labelledRa&/,, and the Welldawson,HsP>W150s0, labelled
as BW.g, which was prepared in our laboratory by following the procedure desaibmdherd24. In the
first set of HPA supported samplesptih Keggin and WellsDawson have been supported et



impregnation ortommercial Si@(fumed, Aldrich) orTiO, (Evonik P25).The dispersion of thelPA onto

the oxide surface wasarried outby adding theSiO; or TiO, solid powderto anappropriate amount dhe

HPA solubilisedn water. The resulting suspension was stirred for 1 h, dnddinnealed at SC overnight.

The resulting powders were labelled as B8IO, and BW14SiO, or PWiA/TiO, and BW1g/TiO; as

described before iref. [24]. The aqueous HPA suspension containedraount ofPWi, or RW1g enough

to theoretically form ca. one monolaye&rthe HPAonto theoxide surface Consequently, the quantiof

HPA usedwas differenfor HPA/SIO, with respecto that used foHPA/TiO, materialsdepending upothe

oxide specific surface are&EA). The theoretical coverage has been calculated by taking into account the
diameter otthe anionic HPA clusterwhich was considereelqual to ca. hm for both Keggin and Wells
Dawsonthereforeby considering a roundish shape, its surface areaedsalt78.5 Ain the case of Keggin

HPA. According toSambethet al, the parameters of the primary Wellswson HPA structure can be

assumed as a rectangular prism sized (21.5 x 15.5 x 1325];Aconsequentlythe area occupied by each

cluster resulted ca. 94 and 167 @ve have consideredn average value df30 A?) by considering the

upright and reclinedpecies, respectively.

A sesehdof sampslteos tnhantseegiseglosn dt he HPAnIPWa hhbss bea
supported bytibmmpmee gpme&tpiacre dp PEi E¢Oampl es Bed®ring t
meaning that the oxi el hhasrheabtreneand pfrreopna r &Tdh eblyd @ax & id
preparat$io® ahdcA®eOdes has beemuexpravheteog eles ea
met hodol ogy by s uis.édanrga eatlhkyolxdo F t a®i uimc dwsotpro o osiud e e
sol vot her mals stf2fle.a bEne®@ t b e e n a n a |l sotgaorfutrsicmpg @mriewm.r kewt o x
39l ofko idlee wahler e h5y@dlr odfy sweadt érn and t hteo sa spefnisad o na u
and tgselwedmadd yh fa&tr Th@aA dolliftcdwaaded amidt hd owaetde r
obtain otxhzZzre®.Tha&l i mpr ecgenrattaii onnSao®qluonét gt)p f TA (D6 i’ g?)
andlr.8a(11mgh)wi th an aqueeond ssisfofllRgWiaeomtunt t o theoret.i
one mo mdPa#yne ros utphpeair tfwaacse car2426pd out |

A third seliearfi nsgantplee asu frfeipxordx d ipmepabbaddihyg Hhas
correspbkdemteaqtsmdaus i on cienfTaienihygrBWysi s of t he
out in the pr esreenscuel toifn gh hselesHPAras. iTdim$o lhhwe@ f mak by e dn
for 48 hTlhme @2MOuM@ soft PaWt keougthi ¢al |y form ca. on
onto the owsdessunfjatbe surface area of that prep
HPAThe final fpdwdee shdasl eahde par at manh eb & 8 ktBlesreoughl vy
describe@.TabFergé fa@mmari zes the prepared powders

TABLE 1. Pristine and pgwepmaratsgpd o e thasmdp If easclee ar e
t heorneatsisc apler cent age of HPA.

Sample SSA2d[gn| Mass peofteHP
Pr i gntaitreg i | Si20 319 -
Ti20 52 -
PW- 15 -
P.W1 g 5 -
s et PW¢ Si O 53 70
(HPA i mpreg PW§(TiO 50 26
commer ci al PWig Si O 38 70
PWié Ti O 46 26
"% et PW§ SiAO 32 58
(HPA i mpr eg PW4 TiAO 43 40
home prepar |PW§ Z35A0 95 36




IEet PW§ Siexx A 219 58
(sol vother mPW§ Tiex A 161 40
of the conNMPW}) Zsex A 145 36

2.2ur face,stul ¢cthaamrablct erfi 2 datei dphot o) cat al yst s
2 .12X R D, SEM/ EDX, SSA measurement s, Ra man, FTI F
Bul k and surface character i z atthpeh g sciheeenri ec ad a rprrioepde ra

powd@ryss.t all ine structure of ttehmp egamplr es abyyadpi ofdiedtes ¢
analysis (PXRD) carried out by uarndmgonandm\x&elypitm)c al |
detector. Scanning electron microscopy (SEM) was
operating at 20 kV on specimens upon which a thin
used in apeeséewvgymdde (EDX) was empl oy e d( ttuon gosbttean
content preseamtd icrontsheeggueaamdlyed he act ual HPAt d oadi
evaluate the overall di spefrisci osnuroffacteh earHPPA aomd t pheer
in accordance withEmnhdeteldteand(@B®ET)Brmetaluced from t |
desorption isotherm using a Micromeritics ASAP 20

Vi brational spectroscopi esi,f ysTtlhRe tannmideqggR a thdye, HRAr e |
aft efrortmaet i on of tt hETbRnapgctmaada eofi att he sampl es in
by using§4Q0FFhRmadzu specesomat e onwRinhmia@RsdEtmeax awme

recor dRan ibyymaivan st reugnueinptped wi th an i ntegr actoeuwp Inme d r
device (CCD) camera. A He/ Ne | aser operTaitei nsgurdtac
composition and bi ndtisngc eemsetrigti letsi rod tthhe Erl eepay ed
Photoel ectron Spectroscopy (XPS), using a SPECS s

oper ationngstiamta pass eanagiatigny(D=1258.6 eM}pt Ma K ol t age of 1
power and the emissiThber dertensgsbtuvwtiobn l1l1df 5t m& W 4f
supported HPA samples was carried -2u2 eVWnasndetrhaea g
of t:hbeosMdfé6ntri butions of 4:3 as constraints.

2. 2XAMmeasureme&XmMiNES and EXAFS

XAS measur e mesatnd-eadltget weerW Iper f-BM2Zn2 A Sl it meThkEeRaGmI i
European Synchrotron T(heeRMNno m@c éamaolnaé of Fi-awnta epistehu
two Si(111) crystals refrigeratedTdate 20@rigyby aadilb
al | scans was carried out with a Zn foil. XrAeS dat
and a tot al of two scans were measured to aver ageé
beam intensity was f il Iwhde rwaash t7h e% cAra nabnedr 9e3mp% oNy ¢
signsalfiwlal ed of 9XAS SAtru chineds 5we¥% eKrf.ocused on both
order to reveal information about the | ocal7 sy mme
Ther Xy absorption data were anal ysedARTEMI S ssdafatnw:

[ 2 .

2. 2Me3a.surenmends cokites amounts and their strer
The acidity of the (photo)cocmtadryssmme dvade dert mir imo m ec
TPD) experiments that were clhemi285®Guapparndat s Ma

t her mal conductivity detector (TCD), a quadrupol e
ultraviolet gas analyzer -t(r/ABB,e dL ii ma’sHefl & )| .03 aamp hledad
coolingrdomntemperatur e, ammonia adsorptions was

5



cont aHenisntgr eam®)( Frmll rhi.n I n order to remove all t
were purged Hy Holho wienftfLal Oin h. Thenat osofnt ere npoealait
ammonia desorption star ecandy hehoihgg wuH4EEt @G 6

hol ding tAC meorat3®O0®@i n. Ammoni a coorndceedn twiatth otnh e r wlf
analyzer. TCD and QM data were used to qualitatiyv

224.Cat alaycttiicvi ty

Theat adgttiswithgs beedaf orer bpandl @% &y dorra tpiroonp y[I ene
[29-31]i n ptrhees et iSa@ ,@onfd U Op HHPWAend btrcioefs,i sh erdi Dddntaal | y pc
cylindrical continfuo@asnePgrex 1phommhred 25igg hof 1HD@! ima
werpd aced as Aapohionsl g¥yass septum all owed to homo
mi xtRare.t he expenipmamnmti s dethg@ naif Dinintgra®g e Ap rcoopnat naoil n |
added by means ofi tdn ai rfoarfs istmsr mbhmg@eseo o 08t me ami n
For the hydexpe oithmee agtams| yfpeheodtionrge atchteor consi sted of
mol ar conafenda.am@om8V redphmadd wvevl yontroller all ow
propene, wha&gs emisxevhhtwirth t he ptrioegpénei 9shr pampby Tme
the gaseousr sng emint mMd@ptrrdeaat ment of the catadtysts
100 AC Abrcahadxppdarchmeret been carri ed oauttt eanpeatamas
oft a8.FACThe reactdsmalfilyyweal 0GICO Shi madzu geagsuicphpreddmaat o -
Phenomenex -Zlelbsy omodRdmn and

3. Results and discussi on

3.XARD, SEM/ EDXRa,d8SMRn¥P 8 haracterizati on

A physicochemical characterization B¥V:» and BW1s on SiQ and TiQ composites studied in th@resent
research has been reporiadorevious workg24,26]. Both pristine PW; and BW1g XRD patternsshowed
several diffraction pealavidencing the crystalline nature of the secondary and tertiary structure of the HPA
[24].

All the binary materialstudied herepreparedoy usingcommercial and home prepared suppgtesented

XRD patterns wherghe main peaks attribed to the PW;, were presenthowevershowing very weak
intensities due tdoth the low amount of HPA and alssogood dispersion on the suppdfor the insitu
preparation of the supporédong with theHPA under hydrothermal conditioiiexA composite} the peaks
attributable to théW, wereabsentThe predominaniaxima onthe compositeXRD patternscorrespond

to those related to the suppéot all of the binary materialsl he characteristid®W,s reflectionscannot be
observe for P.W1g/TiO2 nor for P.W1g/SiO;, due to their good dispersion on the surface of the support, as
confirmed by EDX[24]. XRD patternswere reported before for the binary powders on,S6d TiQ
[24,26,29-31]. SEM/EDX characterizatioshowedthatthe morphabgy of the supported materialasnearly

the sameto that of thebare support EDX analysis revealed th@\Vo amounts resulted homogeneously
distributed on the particles surfadénfortunately, due to the partial overlapping of Si and W signals in SiO
based catalyst it was not possible to properly analyse the percentage of Si and W for these samples. Anyhow,
the measured HRAupport ratios for the other samples were very close to the nominal ones (values reported
in Table 1) showing small oscillations uetenthe probes taken frodifferent areas of the samples, indicating

a good dispersion of HP[R4,26]. The SSAsof the commercial supports are reported in Table 1. The SSA of
home prepared solvothermally obtained SAQTiO, A and ZrQ A were 195, 161,110 nf g?, respectively

In generalthe SSAof thebinary materialslecreased with respect to the bswgports, as shown in Table 1.
The bloclageof the pores of thexides due to the presence of the HPA clusters, cexjdainthis result. On

the contrary, it is remarkable thidite SSA of thecompositematerials preparedolvothermally(PW:2/SiO;

exA; PW/TIO2 exA; PWi/ZrO; exA) did not decreaseompared to the bare solvothermally prepdrace



oxides(SiO; A; TiOz A; ZrO2 A), indicating that théWi, has been incorporated into the porous structure of
the binary system without reducing the porosity of the gxddaeported in previous research,p].

As we have previously publishedyth Raman and FTIR spectra confirmed the retention of both Keggin and
Wells-Dawson structures after timpregnationof the HPA ontoccommercialSiO, and TiQ oxide surface

[24] and he sameccurred on home prepared Siéhd TiQ [26]. Indeed, thespectra of both pristine P\

and BWgshowed their characteristic strong vibration bands, and the dispersion of the HPAs amdSith

did not shift their vibrational mode&or PW.,, the four characteristic bandsttributed to the cluster were
mainiined iNPW12/SIiO; A, PWi/TiO, A andPWi/ZrO; A andPW12/SiO, exA with no significant shiftas
previously reported bgome ofus [26]. On the contrary e solvothermal preparation of RO, exA and
PW1,/ZrO, exA composites gave rise to materialeshichtheheteropolyacid skeletal vibrations auet clearly
evident[26]a n d o nJd{W=0d) Was observedalthough,red shifed of ca. 10 crt with respect to the
pristine PW5, indicating a stronger interactidmetweenthe heteropolyacidnd thesupportas previously
observed by Oreltal. [32]with analogous samples

The structure of the Keggin clustens also preservead boththe binary PWY/SIO; exA and inPWi2/ZrO.

exA sampleswith slight widening of the vibration bantlsatcan be attribted to electrostatic interaction with
the supportOn the contrary, as previously report@d]| in PWi2/TiO, exA, both FTIR and Ramaspecta
evidencedthat the Keggin structure wadrongly compromised not only because the characteristia.PW
vibration modesvereabsent but because a new band at 961 attributed to a vibration mode of a strong
deformed Keggin clustestructure appeared

The XPS spectrum of the W 4f region of unsupported KedgiA (PWi2) reveaédthe presence of tungsten
species inoxidation state VI and V. The WI) manifestd itself by a doublet with a characteristic peak
difference of 2.12.2 eV positioned at binding energies of about 35.9 (W) 4ihd 38.0 (W 4f,). The presence

of reducedungsten speciesasalso evident by the peaks at 34.4 (W2Hand 36.5 (W 4f,) (Figure 2(A),
Table 9. Although, considering the colour change occurring during the measurements, one can suppose that
the partial reduction of W was most likely to takaqa at high vacuum of the XPS system. Similar observations
were made earlier by Haber et[83]. The O 1sspectrumalso indicatd on the presence of reduceshgsten

in the pristinePWi,, the peak attributed to the oxygen of WV bondswas significantlydisplaced to 530.2

eV (Figure 2(B)) compaedto that reported in literatur&4]. Anothermaximumappearing at 532.4 eWas
likely to be assigned to the oxygen of@/P and WO-H groups, while the one at the highest binding energies
showedthe presence aoordination water molecules (Fige 2(B)).
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sati sf adctwoirtyh fointltye one Gaussi @Fi 0heti on centred &

XPS surface el emental analysis presented in Tabl e
fori @MW Rleposited on;radarhmer dihaln Toib0O ssmmeedi BPASC¢ &
penetrate inside the silica particles, dueana it :
mesopores, hence surface sensitive XPS tegplhmiogse
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Apparently, the thepacoimmesuwp mdr t5R8 abi | i zes tungst
inside the ,XRBS nzepWriael ufsiitnt of t he spectrum has nc
Nonet htee et ting of t wot e d W )acnatld reledanp o ri theust g lotn G

significantly higher FWHM valguwelE tTradfhed ign.c rod a st eh e
FWHM parameter might be explaiacilnuesdt ebrys tdheem agpsrietsaedn aan

and inside the pores, which is in agreement with
the i mpmwedgmat(PivdimllUen flo)r t unatel vy, the fittingPAf th
sampl es might give unreliable data, due to the ov

assume that 8aB&. peakdm8biamageV clhiae aicn drilge8af)) Thef W
XPS data obtWigdneepde dfinotrt htehes uPr f ac e;caofd .06 Omé mosal s &M
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the case of Keg@dginhoHPAesRprg®B®)pmpaotHitgh FWHM vatlhuees o
deconvoluted XPS MWW 8is@ppad fei lad sof stulgggeR t s t he pres
i mmobilized inside the sili oge3po Talshes BHPUSC tsipree t a rnu
of WP, TiiG near lty itdeantjofisCh ime| Er3f i g

W A wer B
v‘ifxl
;:‘ = PW /ZrO, exA
= =
2 P
E g
g 3 [Pw TiO, exa
o+ W
PW /TiO, A w
PW /8i0, A PW /SiO, exA
~ . I A S : h \ .
42 40 38 36 34 32 44 42 40 38 36 34 32
Binding energy [eV] Binding energy [eV]

FF GURKPS spectra of the W 4f r egisonp paomnt dphmepa rdeed
oxi des {@gabnddoyby he al koxbhylasisag@@AyYyoraahdr mal procedure

The surfaceanaobfygero stitbdl pRpWr t e-dgr epah edite& i thebar resu
those obtained for the HPAhdepostcéertranit oncomMm&rrt
i n 1PWiAO andf PMO t han ifnSiACheamMMM es owing to the deve
t hsei | i ¢ a( Tsaubplpeo r2t) .

Unl i ke in thei O0Obabe dec@hwPSusf ospett tibh@BiA®fa mpHe P
resdudlintddvo narrow maxi ma)camd r 2 ds /)& theaddvsi( NBg £PWH MV vaa |
eV ((Fdefy, Talbllhe oX)siinbd iyznaotrees homogeneous distributio
honper epared silica supaporotnet.h alm ei nX PtSP 8} ddADnsgarenp i e u
shows al most the same posiigd Tiotat @fr iutade®))(TtFhivew ipretaekrsa af
of HPA with zirconia differs to that Wwiotrh tdhtethesmpeg
deconvolution are in the range of 1.84 eV{ Ewrgenci di
2(A), Tabrlha s2)s.uggests that the deposited HPA specie
The-siimu preparataloon @ fwittule dielue pbRW T ® t h(eer xmfa | ¢ ocnopnodsi it
was al so anal yséddagiallgo XFhSE N eolwensit qINe, o0 &lrif) angginbpong t he
al | i mpr egnausieodn tahpipsr pshtz Bidlg B9 eThi s can be attribut
of incorpots attioon hef imMWeri or of the oxide particl
PWz;and for ma®@X banddasWconfirmed bgonphoesigteisdybyofvi
spectroscopi es 4 piaxtAbl.¢ 2l arly for PW

TABLEXP2S surface el ement al composition and the res
Sampl XPS surfac({( W/Xsur W 4f peak posit
compositi o] rati [ eV]
W4f7/2 W4f5/2
PW:, Wi65077.1Ps.4 - (W®%) 35.9/1.84 (W®%) 38.0/1.84
(W) 34.4/1.84 (W) 36.5/1.84
PWig Wa2.dO72. s - (W) 35.4/1.78 (W) 37.5/1.78
PW§ Si O Sis063sWo Po. 3 0.03 (WS 35,7/ 2.40 (W8*) 37.8/2.40
PW¢ Ti O TioOz1We R 2 0.39




PW1g/SiO, Sis7.061.8W17Po.4 0.05 (W®) 35.5/2.40 (W8") 37.6/2.40
P.Wig/TiO; Ti1s O71. W11 P1s 0.69
P W} S4iAO S440a2We Po. 6 0.07 (W% 35,5/ 1.94 (W) 37.6/1.94
PW§ TiAO TioOz2We P 4 0.34
PW§ Z3A0 Z1705sWs P2, 4 0.37 (Wy 35.5 (Wy 37.6
PWj Siex A SisO0esWp Ry . 2 0.02 (W% 35.4/2.28 (W®") 37.5/2.28
PW§ Tiex A TisOrsWe Py 3 0.10
PW§ Zsed A Z1s0z.We P2, o 0.21 (W 366.0( (W 38.1

& indicates Si, Ti or Zr

Al t hough the deconvol uti o Spefx A hsea nvp | 4ef sshpoewcetdr utnh ao
t he maxima and their FWHM;yvaanldu ek echari mesdpamaihmeg gte d

to the mat emidetrise ro bd eap cmxeidt i on met hods, one can o0b
about 39.2 eV, which can h#& Fargs(iBgn elfch et oV t4dHe sdheacd
PW§ Tiex A sdhoweer y broad maxima with | ow intensities
W species. The appearance of the shoulder at abou

HPA as the result of the reacthiyadm owihtelh mtadef B.)o inTdhinet ii ¢
XPS W 4f spect r-auump pdr ttehde HHAA cdoindi an ot show the sa
described met al oxi des. Nonet hel ess, a ®b gannd iX8&.n
eV (sW:4ifndi cates on the changieusniitns rdéhiBi) gsa baltee 20)f. tTu
of the BE to higher values can be related to the
reacti ons we dihe &Zr O

0

32 XAShar acterization of t
32 XAANESSt udy

XAS analysis of st:3¢(L0PRO0&red(VIp2alsOeOd eoVvhe dd asteadilp toowmtha i n
structur al information about the codegiemai ngn,onv
met hodol ogy pr eptalreattisyoppep badfg WO A d shBYWANES measur e me
performedcdantdetlhe Wek paelclt iovfedtnts ef phirPA d ppomatnad bi nary
under study.

e supported HPAs

T T T T T T T T T T T T T T T T T T
A B e ! |
P,W/TiO , 1
c 04
5 g 2.0
a c c
5 S 2
a 2 @ 1.5
g 2 °
o 2 ° PW,/TIO , exA
g 3 5
= PW_/TiO , A
< ks S 1.0 ALK
IS N _‘é’ PW,/TIO ,
S g 2 PW,/SIO , exA |
g g 0.5+ PW, /SO ,AT]
UE) PW,,/SiO, |
0.0 1 ! P
W L ;-edge W L,-edge 1 1 W Ledge
— T T T T T T T T T T T T T T L— T T T
10180 10200 10220 10240 10260 10280 12100 12150 12200 12250 10190 10200 10210 10220 10230
Energy (eV) Energy (eV) Energy (eV)

Fl GLIEB.(A) XANES specgetdageat( BheXWNES-esdgec tamab nfot®)tt hiredd TW
second derivative cureedgeoof alvhi todl itrhe d&tPAshe bWt h
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Samples from bt tRAW4 OPMBIAQ : BRBNeX A, 14 YW O PIWT i AQ
PW¢ Tiex A, 14 ZWAQ R seX AWi1gPVWRE Sia@ dWiR TiaG | abel l.ed i n g

XANES spectgea get ptrlees ewitL a whiteline associated wi
|l evelf02phe | evel 5d. At this absorption edge, the
than aabs$sbreptlcomsedgeawalnygt ense transition peak.
whiteline, i s Ctitshhampley diegppemtdisf ioend tdred parti cul ar st
XANES spectr at lhsealmlpréesgserdd ftritoen ampl i t udeTlaen dd iwfi fdd rhe r
at the whéowled nantbeirppeneieesph@ tid ngt atfe tthy t he |
are pmgomrebi t aolcd.a h®eldastahreuct ur al di storti adn okfnotwne t
| ealdamde BHid csftfmarest he t et r ath epdorsasli b/ nea tivgasye tdymfa & .hen g
final state of thevhbd edmomighabhethsemoinide delidgatse s
shown Fb@gCG)yA splfithiensgtcoabraset geafaldldhmepl es and t he
bet ween bot hdist atoel hies dr elrdti ¢ |l spl i tticrog.t alimd nsgp
studied inaltvkiry womk |-3areg seladidite 3an2d a | ooweul de nkee ¢
assaiwe t h a great distortion of octaheatlyale@m.otolredi n
ot her hand, the relati vearadoseabriptailon aitn ttehnes iwhy tbed ti
absorption edgen calmo wtf ftelme i tnd tomr anlae¢ d roa | and octahe
order to analyse iswhi tX&INIErfse swerce rdae@aanvy dleutted repr
(tangd e o vacant 5d orbitals begveal Loy ean zarf wwtnarn g em
the same for all the spectra. Anal 3285 & .walsh es iamielaa |
obtained between the peaprbithbwandehbéegypené&l ated
t heprebit 2l were around 1.5. This value corresponds
analysed in this work.

As far adrecdmdaearnn absor pti oonbtianitneends iftryo no ft hteh es uwnh i ot
rel atbt@aadomebitt abee Wweuwdl tbatat beablt ddmmplbasneurd dear
andepend on thendWreatiroctéensiety is related to the
symmetry and the sterreeichgrmboadd arhangiEdhemstbiandg
consequence, the higher i s, tthhee ohxiigdhaetriOoires dttatwedt ew hoif
may induce a change at the whiteline is thaecov:
pr obabi I|-i5d tyansitioh is Bkply to increase due to screening effects on the eledirani@ n si t i on
Besidesscmoljeppbeesses should be considered in thi
et. 2AJjpresented a XAS study in W species ameédgei de
shows a | inear Dbeednhgaev i aorue a;-evdlfy &t HeheWaplrieng t he whi t e
structure of theodWosrpkb,er e s itsrHeondodhsEkoepauinedse r,t fev ey or e
oo her effects should be considered toWegeplga®in the
XANES spect i-eadgped shhoew Wsilmi | ar char act5 Biswutcitichsesf or
smaldpepkearound 12102 eV, 5dceldctron taositionsl This peakfisartypicad d e n
signatucenbofosnymmetric sites and it has a Il inear
intensitpeak rthat bpreel ated to a distomtdieon sitmudtyh
order to obtain a more detai-tegde awasyshbsriaddegbD
function and an arctangent fsengtiomoatcet hengaimbée
absorption edgefori talwlassamel esami ndi catf)ng atnhde ssoa n
changes in the whitedgeaeoi nsampl ey abnhbe KelLrel:
st a&thee.smel evant results obtaicedviol ami toimenldaatidnd ead i &
are summarBsed in Tabl e
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TABL3E Results obtained fromsedage seridgte d odeadhv alau
of peak axeadagse amhitthed ilhe, energy sgdpeoXANEBES -apldi &

edge aetdgve .L

Sum of p Energy gap o Areaegpge

Sampl e at gwhei tLel st at eseadge WX/ W tedge
(eV)

PW: 25. 8 ( 3.68 (6) 2.87 (
P2Wi1 g 29. 3 ( 3.67 (4) 2.56 (
PWé Si O 30.6 ( 3.42 (4) 2.86 (
PW¢ Ti O 31.1 ( 3.38 (6) 2.82 (
PWid Si O 32. 7 ( 3.44 (6) 2.62 (
PWié Ti O 32.3 ( 3.66 (4) 2.62 (
PWé SiAO 29. 5 ( 3.21 (4) 2.87 (
PW¢ TiAO 31. 2 ( 3.39 (6) 2.69 (
PW¢ Z35AO 31.8 ( 2.99 (6) 2. 75 (
PW§ Siexx A 32.0 ( 3.20 (4) 2.90 (
PW§ Tiek A 32. 7 ( 3.94 (4) 2.37 (
PW§ Zsedx A 33. 1 ( 3.38 (4) 2.45 (

3.2XANES analysi saofl MravwssaWi&HBV c o mme pan da LT iSO O

XANES spectra measuredat L; and Li-edge for the pristin®Wi, andP.W1g, andfor the binary materials
where thePWi, andP,W1s weresupported on commercial Si@nd TiQ are presented in Figufe The most
visible effect induced in the samples where :PWéas supported on thaxides is the increase of the whiteline
intensity at the W t-edge as we commented aboesides, the intensity of the W-edge whiteline varies
depending on the type of oxide employed as support, being lower Bi@hsupported®W:» and higher for
the TiOz-supportedPWi,, as observed in Figu®&A). A slight decrease of the energy gap in split of the 5d
orbital (within the error)s noted in the supported R¥Wsee Figuré(E)).

Comparing the pristinKeggin (PW2) and WellsDawson(P.W1s) heteropolyacid structures, it is observed a
highest intensity of the whiteline at the W-édge for the structure.Wis(see Figures(B)). Besides, the
incorporation of the RVigstructures onto the oxide supports induces an increase of the nehiteknsity,
being slightly higher for sample supported on SkEbssible explications of these modifications of the
whiteline inensitymay be related to variation$ octahedralW speciegintensity ofpre-peak at the 1-edgg.

It is observed for the case of pristiR&Visclusters where thpre-peak at the l-edgedecreases with respect
to the pristine PWé structure indicating alarger coordination of th&¥/ species. For species supported on
oxides, the changes are slight arider possible explanations must be considdreglire6(C-D).

As far asthe energy gap between thgand g orbitals at the b-absorption edge and the greak area at the
W Li-edgeis concernedit is possible to find a relatidior some sampleshelower the energy gap in split of
the 5d orbital, the larger the ppeak area at the Wiiedge and therefore the octahedral distortion of W
structures Table 3,Figure6(F) and {)). Specifically, a lower distortion in the octahedron was found for the
pristine P,Wigstructure with respect to the structure of PVBy comparing th@ristine structures with those
supported on Si@or TiO,, no significant variationbavebeen observed in the W octahedr@mly for the
P.W1s supported on Siga lower value of thenergy gap in split of the 5d orbitalremarkake (see Figure

6(F))-
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FIGUREG®6. (A-B) XANES spectra at the Wstedge, C-D) XANES spectra at the Witedge, E-F) energy
gap of the split 5d state in Wsdedge whiteline and@-H) pre-edge area at the Widedge for theKeggin
structuresPWi,, PWi2/SiO, andPWi/TiO, andthe Wells-Dawson heteropolytungstaté®Ws, PW1g/SiO;
andP2W18/Ti02_

3.2.1.2XANES analysis of Keggin PW2 on different types ofoxides prepared by home routes
SiOgz, TiO2, and ZrO2

XANES spectr aszaonbdteallignee & oart t\aeh dp rfiosrt itnhee POW nari;y mat «
was suppogt dgamobprSO@poar ed from t he aadnkoyxitdhes sOOA viodat
procedur es h(ewnA) harFe gur e

The most visible effectiawasusepgpomt edheomnsamipé es x iwdh
whiteline i ngeedngsei,t yasatwet hiedggwelp &di ed om ¢ bGmendNEI @U r
6). The i nitrecnrse asye 1 Bseahmipd heesr bpfrogrphaer esdo| voFhgéEahdpr oc
Table Besiadefh, t zeaelWelLwhiteline varies depending

support, beingsupwenrié¢@and thiegrhPelMBas pPWr t e,d asn FZirglur
7A-B)shew Posspbhdatri arhe whiteline intensity are pr
t hseampl es suppodt 8 ©owhiZt ©l i ne i nmensincgeasei bat r
forWtédpepecies (feakeasegya@amhpd eclf ogt P sutpper e¢fefde ot
are | ioghteramadssi ble explanatZ/iCon® )modt Gbe consi der
As far as the enyangdyo regpa g ab smtbvaeoernp hteloeh tedge i s con
7(F) ), the val uesi:strreudtouweas fsoarmpd divaet gHd¥ ro nt Morr Gt dhhwo esre,
it is possible to note an increasel odt héemamay gwi
Ti0O whereas the behavi olhess oppobki peako b ke alfa D
edge, (®i)guriendhicat@mgdianfat:Pddnust er s prepared by

met hodoAdfgoyr (telxe ciaBaendofBuPlpeor Ts. These results ¢
incorporation of the £l uanheér2;r $p&cngsi nhboatbeuR
XANES regsonepaondted below by EXAFS measurements.
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FI GURKR-B) XANES specstedag@B)t (XANESNV dpeciterda att(oHhael WAT
at t hedgygve Lwehi)t(elniem gy gap of #ehdeges pwhiitt g5l de mbet eaat ;ed eat
at t h-ed gNe Lfor 18 ainéWilzﬂ, PR8N ,© x A, 1 TP V@ HTW 0 x A, 1 6Pr\MD

A andiZPX@®xA.

A comparati v &XANmESd syysli tssadad bWt ddeentbgle f s ttrluec tRIWes s uj
on &in@ ,di ©pat Btdhrbeye di f f er entomr otuhtee sc, o hiemephr cengenl apt ri eop
oxi(Mangdol v otphreorcneadkupwear s( per f or metde emercgey ngag@nidet we
egorbitalsabadtrphieobh etdlge ,f awlel ovhiskre® sterod ncener gy gap
t OW1BS5i,0 RMBi. A > BWOxAele Tdahklese3)esults can heakhsso
area ateddesiWhdmichryyvases as the energy gapTaobfl e h3e)
i ndi craddtnagh ead r a | dcsuet r e n ponbep Bhiweddon tthpyteoxwrst he or

PWgcl usters prepared by i mpregnation.

On the othstrbahdreBPWssuulppwramr dopmposliitOprepanedt ban !
The pperack ea atiretd e Ws LI owerfTih@x Asamg!l i ¢WMWefTitgor s a
i ndi charingugnbaeorc t ;afiNe dsrpeelci es | iet eP¥W prepar elddoWegorre x A
PWg£l usters prepafBGedi bariiisp meogneaduifoor HBRASeseppesucé
are in wigtrhbemeurets obtained of the enesegy TgapeoBB)th
One can suggest thiahet &leoaeopaseestvitaotmi eodgnsson sf drhe nat
More basic cpraomctes ofrdn@®er hspecaetsi ovimi wiht toatd
destruction of a characteristic W armranpamdomeimoitme
increasing amounts of HPA i nsé SlieO RINSIAP eI ® ®seOGsA r u C t
avoiding -bsatsreo nigntaecriadct i on.

3.2EXAFS 9fudywe supported HPASs
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EXAFS analysis waalsoperformed at the W 4edge for allof thesamples and the R fitting was carried out
in the range of the first VO shell between 1 and 2.1, A& order to study the local structure around the W
absorbing atormiThe Fourier TransformRT) was carried out in thi c(k) weightedEXAFS signal between
2.7 and 10.5 A All samples were fitted with two VD distances at the first shell whose bond length is
different. Obtained EXAFS parameters are shown in Tableo.the fitting,the shift at the edge energy
was calculated for thpure PW. structure and was fixed for the rest of samples.

TAB L4E First neighbour parameters obtained from t|
coordination number, R1s(1¥a ds(2R®:2 : Dé\Watled reart of nai cct odri. s tTe
carriedkolt wen gthteed EXAFS si gnal bet ween 2.7 and

Sampl e N1 R1 (i |s@P(D |N2 R2 (i |s?(D
PW, 1.0 1.732|0.007|4.0 2.184|0. 0(036)
PWi g 1.3 (|1.723|/0.008(|3.4 (|2.178]0. 005
PW4 Si O 1.3 (|1.740/0.009|4.4 (|2.178]0.00D6
PWé Ti O 1.1 (|1.728]0.®d01)[3.6 (|2.184|0. 006
PW:d Si O 13(5) [1.729|/0.009(4.9 (|2.180]|0. 0D7
PWié Ti O 1.5 (|1.735/0.009(4.5 (|2.177(0.007
PWI{Si.@ 1.(D 1.734(0.0D8(4.3 (|2.187]|0.005
PWTi.@ 3.1 (|1.738|/0.004[3.6 (|2.160[/0.010
PW§ Z A 2.9 (|1.722/0.093[3.8 (|2.179|0.0D6
PWiISi.O0xA |1.3 (|1.734(0.009|4.9 (|2.189(0.0D6
PWITi@x A 3.8 (|1.732j000mn (1.2 (|2.121]0.006
PWIZr.@xA |4.4 (|1.714(0.0M2[3.8 (|2.091]0. 0(910)

3. 2EXAES analysi sanotl Weavssoi:&#HV c o mme eaxn d LT iSO O
The FT of the EXAFSticaireeiWRE't f oanahed os e csaunpnpeorrctieadl
oxi 8e@nd @i ® reporBécd bothi gype of structures, a
obtained.

Figure 8(A) shows the EXAFS signals obtained for the pBW. structure and that prepared 8i0, and

TiO2. The PWi; structure supported oBiO, presentsan increase of theoordinationnumber in both \AO

shells,an elongation of the WO bond length at the first shell and a shortening of the secor(d able 4).0n

the other hand, for the sampkgpported on iD, shows a coordination decrease at the second shell distance
ard a shortening of the YO bond lengttat the first coordination shellVith respect to the Deby&aller (D-

W) factors, an increase is obtained fBlPAs supported at the first neighbours, which may indicate a large
structural disorder although the octahédistortions of the structure observed by XANES are not notable.

The pristine RV1s cluster structure shows a similar profile at the R space than that of the bara®stiown

in Figure8(B). The most significant changes in th&\Rsstructure are related to the relative intensityhef

two W-O shells.From the fitting of the FT of the EXAFS signal, an increase of the coordination number in
the first WO shell and a decrease in the second one (see Tadnle dptainedMoreover,a reductionof the

bond lengths in \AO shells was observed with respect to the,Bt¥ucture As far as the DW factors are
concerned, we caiot appreciatsignificantmodifications related to the structural disorder.

As P\Wagstructure is supported @&iO, and TiO,, small modifications at the R space, as showhRigure3(B),
havebeen observed slight increasat the first W-O shell is found for the #/1gsupported on Si®which

rises for that prepared on TiO'he most appreciable changes have been found in the rétdéwasity of the

two W-O shells as th&Vells-Dawsonstructures are supported on timetal oxides. Anincrease of the
coordination number at the second®&hell was found, being higher for samplpported on SiBesides,

at the first WO shell an increase fopW1gstructure supported orO- is also notedtaking into account that
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these variationare within the fitting error)As far as thd-W factoris concernegdwe find a trend tincrease
for P,W1ssupported with respect to the bare HPA (clearer at the second shell), which may be related to an
increase of the structural distortion of th&\Rs cluster in theséinary materials.

14 14
A — PW12 B - I:>W12
121 PW,,/SiO, 124 ——PWy,
—— PW,,/TiO, — PaWy/SIO,
10- 10- P,W,/TiO,
0 7] T T T T T 0 7] T T T T T T
0 1 4 5 0 1 4 5

2 3 2 3
R (A) R (A
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The PWi; structure supported ddiO; presents similar profile at the R space indifferently from the route of
preparationas shown in Figur®. An increase of the coordination number in bothO/éhells (Table 4) is
found for thePW;. clusters supported d®iO, with respect to the pristine HPA structure, being greater for
sample prepared from solvothermal conditions 580, exA thanfrom the impregnation of the home
prepared oxide PWSIO;, A.

For the samplesupported oniD, the FT profile of the EXAFS signahsws clear differences depending on
the preparation route (see Fig@®eThe second D distance is shorter 8Ny, structure is prepared onQs>.
Besides, sample prepared under solvothermal conditiongy/ @4 exA, showed a larger shortening of the
W-O bond lengths than the RWIiO, A. On the other hand, at higher distances we can find a different
structure of the local coordination depending on the method employed for the binary material. Specifically, for
sample PW/TiO2 exA, a coordination shell around 3ié clearly identifiedand possiblycorresponds to a
shell combiningV-Ti and WW distancesisreported byHilbrig et al.[38] and S. Yamazoe et 4R1] who
foundit in WO4/TiO, catalystsWith respect to the coordination number we observe an increase in the first
W-O shell and a clear decrease in the secord ®ell, as reported in Table 4.

As far as thé®Wi; cluster supported on @p by the two methodologies is concernedQM\istances ecrease

for both supported PWwith respect to the pristine one, being the shortest for the/B¥@, exA (see Figure

9). On the other hand, the coordination around 3 A varies for the sample prepared solvoth{enAdlly
indicating a modification of th®W; structure induced, probably, by the incorporation of the Zr atoms into
the structurend generating a V¥r contributionidentifiedin WO/TiO, systemsasreported byCarrier et al.

[23] and Wong et al.39]. With respect to the coordination number, fed an increase for first YO
coordination and opposite behaviour of theOAoordination shell.

From a comparative point a viest the PWi, structure supported ddiO,, TiO,and ZrQ by two preparation
routes, we identify that the samples prepared lyrivethodologies present structural modifications at short
order, mainly for PW; on TiO, and ZrQ (shift towards lower bond lengttad considerable changes in the
coordination numb@r However,in the case of samples prepared by the solvothermal métbiaie exA),
major structural variations in PM/has been observed for all oxide supports analyzed. Bedadgsy
modificationsare localizedat longer interatomic distances for the W structure supported omalDZrQ

(see Figure9(B)). Thesevariations in the local coordination at larger distances may batedl to the
incorporation of Ti or Zatoms intdPW structure Thelargestructural modifications found both in the RV
cluster prepared oni@, andZrO, may be related to larger octahedral coordination W speciewbserved

by XANES, which ishigherfor the samples prepared solvothermally than those obtained by impregriation o
the home prepared oxide.

3. 3. Me a s mruembeenrt sanadf strength of acidic sites
The mrcopgplerti es of bare and HPAs sUPDPoex pdr ismanptl ® sc
from room temp@P@.r aSwal hiipgh ot éf@@er at ure was chosen
of strong acid sites;tathaemaee akoo s tHogweerseat, hdhH 35
of temperatures sel eatwsdo nb oachi adide lysgtieml lathdu AR Des [ 9

technique gives information on the tedtwalenadird@intsy e
Lewis acid sitedesdhbedmbpppin/ gf HRAs) gives a quani
active sites, while the temperature of desloPrDpti on

profil esbydrisPtWargdRd anBnIi-GuPportEetbedProsf catal yst
weriemvestingat epdr e@aindus ompaercd with conmenrdciladBlO bar e
Briefly, for all of sdkeompteonabscoosi mpot eamper AH
the absence o08DweBéa&r abasdueppooaVvd selijfe®P main desor pti on
broad and intense peak cend06dan@0® BB esoa Midesd ome
gram of HPA, respectively. A pronounceW: Shadud dietr
can be concluded that such | ow t e mpBerrPantsutreéed ufme aatcu rc
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sites. Wumdmmkteethei case ofippargehden EVdSinO desor pti on |
(ar ouynodo 1ppm/ g HPA) was detected at 600 AC indicat
strongehrodtenWad wsonMelPAover, t hHed g ersetnicen odedks at
AC, respectivel y,siupptod &eTld PPMionkesr mé§ Sh&®Ot the ac
of the HPAs isheiaepasibined atvéeersilica.

As far AlsPDt hceurNbsu ppfor Te@e HPA@BTsertneod caa abrysad )p {:
centred at ar oumeddidu2nd AsG,r etnygptihc aalc i odff is@ tweass aosb stehrovse
both sampl ¢ $ipee dMos e wrérnog stphodd dS tmrgd gt pgdbTtial he HPAs
detected at0O0409 PAHCY (pcf &l NLWAfTdan @ at ASBO0BCp p/ny NHPA)
for 1P ®uch statemehhessgPpsbre@BWlbepbdbsi ted oves com
presesvebmnigeasctciedi ty typsical of the HPA
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by RBRVWiMn effect of ambendt saper sainods, i btfhcearheef old ReX on
be spedAufatrelier decrease afdtaei dicdi dstr esndgtels oawan
desorption cur vieSidk spl agethabymbPiy gf HPA7Wa&s popers dlHD
ACFi gue@B)suggesting that the solvoadeirmadbeaplaleypdr
properties of the supported HPA.

The sBWpTRPAQ (Figure 10 C), shows a braoamh xpgeaemrukn oean
of 0IO@p m s/Ngd HPA caba nwiebbhr previous results [24], S U (
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conftimants t-phree him@H6242 gm i nduci ng ot heet HRA tdhiasnp etrhsei o
suppori ggi52esm ri se to a decrease withhéhacididisappet
strong acyipdiccals ioti@#& hweniptrs.st i ne

A similar behavi our walsp rdepeadeald \distiietx At, h e i sgaulrveo t1h0e |
was characterized by ¢ baredloavg ohu sgvhgahmppeldesceimic p f t han
medium atsidiugs (o 12,600HPAMId&SHOr bevid ttoud4 9 @nACrvid
strong acidity.

As ciotncKHi-T"BD proo W4 2,5ACand PXseOX A (Figure 10 E, F) .
characterized by medidm araixdinou ns iotf¢ € , HPLo hlapismo gNoHN H
case 16ZsMWat ca. 410 ACg, gwhdiRlAeo r3b,e7d6 5a tp pafa ZMée@& 45 AC
I n the owefrarl Inhepgdiret sd dat a hslu@gpoatumpe edf otuise f $ oy
preparation method, especialdiyspéamdisatioratcher@BA ur
and consetqueetdrnyd tshter engt h of acidic sites.

3.4. Relation between characterization of the supported HPAs and catalytic activity

Catalytic experimentsfor 2-propanol dehydratiorfiorming propeneand propene hydration to obtain 2
propanaol has beerarried out by usingristine andsupported Keggin and WelBawson HPAsand they
were reported in some previous papl@4 26,29-31]. Table5 summarises the reaction rates for these two
catalytic reactins at 85°C in the presence of the pristine HPAs and the supportesicH&Aacterised in the
current researcilhe heteropolyacid species playadays the key role as catalysts in the mechanism of the
reaction R9]. As seen in Tablg, the WellsDawsonHPA presented a higher catalyfepropanol dehydration
activity than the Keggin one particularly when supported.

In order to correlate the different catalytic activity obserbgdusingthe variousbinary materials, it is
fundamental to consider that it is strongly dependent oB the n acidity of the HPA present in the catalyst.
Indeed, the activity of bare supports (8i00, and ZrQ) versus Zoropanol dehydration or propene hydration
was negligible and consequenthit has been concluded thaheir acid sites are not suitable for
dehydration/hydration reactions. @dursethe specific surface area of the supparid the dispersion of the
HPA on the oxide along with the interaction between the heteropolyacid and the support canfthalsme

the activity. In particular, as far as the lastightis concered, the metabxygen cluster deformation induced
by the HPA-supportinteractioncould modify the acidity of the composites influencing its catalytic activity.
The XANES/EXAFS study carried out in this work gave information on this aspect.

TABLE Cat elryotpiacn o2 dehydrati oneantdi opnr orpatnes hlyyd r at
supported HRAS$ dmat enil alesde ao [ppéagdng @M N SA val ues
reported.

Sampl el 2propanol ¢ Propy!l ene| Maximum value of desorbedHs
r [ mitogel h |1 [ o AL | [opm-g e
PW: 0. 3602 0. $@01 10, 0490 [ 2
PWé Si O 3 .+00.15 1.+£30.05 10, 040 [ 2
PWé SiAO 1.+90.10 1.+0.10 5,200
PW§ Sietx A 0. 5002 1.+£30.10 1,775
PW¢ Ti O 4 .+8).20 1.+£30.10 6, 00 [ 2
PW¢ TiAO 1 .+0.05 1.+9.10 10,000
PW§ Tiex A 0. 601 negl i gi 1500
PWé Zs5AO 0. 5002 0. #@03 5,000
PW§ Zselx A 0. 2001 negl i gi 3,765
P:Wi1 g 1 .£0.10 - 15,240 [ 2

19



PW:4 Si O 3 .+80.15 - 12, 780]
PW:ik Ti O 6 .+9.35 - 12, p00]

In generalit was observed that ttaetivity of the materials for-propanol dehydration to propene waghe

for thecatalyst in whiclKeggin and Welldawsonstructuresvere impregnatedn thecommercialSiO, and

TiO- oxides;in these casesve observed thatot significant modifications in the local structurethe HPAs
occurs On the other handhe lowest activity valueswere obtainedor those materials in whicthe HPA
clusters showd highercoordinationof W at the first WO distance, a larger shortening of the secor®W
bond lengh, a lower distortion othe W octahedromand variations in the shape of the XANES prafile
particular these characteristics waybserved foPW12/TiO2 exA andPW12/ZrO,exA that were the least active
samples. In thsecass, it was alsdoundthat Ti and Zr could be incorporated into the R¥lustersgiving to

the destruction of a characteristic W arrangement in the clustiartunately, it was impossible to individuate
anunambiguous correlation between the catalyst adjgitierms of maximum amount of ammonia desorbed)
and the interaction HPAupport however, the shape of TPD profiles reflects the interaction ¢ifeswith

the supports and the modification occurring as a function of the preparation method, especially for exA
samplesThe difficulty to correlate the number and the strength of the acid sites present in the catalysts with
the catalytic activity is due tthe impossibility to discriminate, by NH'PD, between Bronsted and Lewis
acidity. Indeedthe catalytic activity seems governed lihe presencef medium and strong Bronsted acid
sites consequently some samples IRé/12/TiO2 A, PWi/TiO2 exA and PW./ZrO, exA showingthe largest
coordination andtructural changes by XANES and EXAFSsults although desorbing a large quantity of
ammonia, show a low catalytic activity because probably Hdsorption sites are essential of Lewis type
deriving from the suppoliit was reported in a previous stuthatthe destruction of HPA Keggin structure
occurs during the syntheslge to its reaction with the products of metal alkoxydes hydro3&jk [Therefore,

the acidbase interaction between HPAs and the suppamtaffect the local structure of W atoms clearly
influenang the catalytic respons# the binary materialA more deepnvestigation to discriminate about the
amount of Bronsted and Lewis acid sites (for instance by IR spectroscopy upon pyridine ad$46pyionil

be useful to better understand what type ekéhsitesre mat important for the catalytiactivity, but this

topic will be investigatedn anextstudy.

As far as thepropene hydratiomeactionconcernsjt can be observed that, with the only exception of the
PWi./TiO; exA and PW./ZrO; exA samples, the various catalysts showed very similar activity that was not
affected by their different acidity. This apparent contradiction can be easilained by considering the rron
polar nature of propene that hindering its adsorption on theysatalirface induce a levelling effect of the
catalytic activity.On the other handhe hypothesizeldewis acidity present on PMTiO, exA and PW»/ZrO,

exA samplesand the interaction between the HPAs and the corresponding support that modify the cluste
structureas we found by EXAFS analysisouldbe also in this case responsible for the very low activity
showed by these two catalysts.

Concl usions

The |1 ocal structKe ggHRWhpatnedr opeed i gdhRW (D) Support ed
di fferent materials Dbot $i0oFam@rhn aasl detenedhi reamdd gp rXeAE
results were related with those deriving from sur
and acidic amount/strength sites measurements) an
both for propepeopygdohtidemydinidd i2brey i mesgualst s r eve
depositiboyn ionfip rHePsmla v o v ecambanie Blio@ sp rnoodsuicgeni f i cant di
i b hFeP W®soc |l ust er sttrhpeotour eabd e aydwassadk i nteracti on.
supports ;amdhga®viid@ simeodomyernoxHEARA interactions d
HPA and signiftihfeamstid ycadrfeicnhoameean sthhel bsiohg Wmi | d
conditi omts ttlhe stdpANO he Wb e t-diydjad evhoetphiearpnaarla t;a o d 8F OT i
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with HPA Ideecasdsr aifca HKiegesitm uct ure due to its reactic
al wbexs hydraolrysshued tc,atsa |l ystuicch antatpiewiitayl so fi s

The fittizeaggeof EXNMAS spect:maanadoHRhdh®pBPAASIDQ i mpre
commer ci al or home prepared oxides revealed only
tungsten atom bOW hb oinnd sW= G uagngde sW i n gr & rhaitn & ch ea Ismqppt
The solvotaeromal opréepar anal ogous binary materi al
however, on the contrary, dr ast iacnadl |IHPAd fEZfhec ti endt rteta
the coordination number of WO andatddbdetdenr®aswean
di stdampds,ed the occurrence of standngBuUu@P e ciest e rFaoc
sol votphreerpmaarlat i on of the HPA/ oxide binary materi a
foll oavededhenTtia 6D®OVvi ng t he3 va&8l 8es 404, serde apnac ti icv
chaswereex pl ai nleel payrti al HE At cu wtsit @ m; sdpfe raddibtess gt VOt h
interaction between Ttmeel écdlisatt eard dasntd osnu pppoo rtthe bul |

of the supported HPAs, influenceedrtolpanoéadteihyrdr p
significa@n k¢ beoptropryyene hydration was hess af
polar nature that hinders it adsorption on the ca
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