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Abstract

H-ZSM-5 zeolite supported Ga (GaE#B5M-5) hasbeenconsideredas a selective catalyst for non
oxidative propanedehydrogenatioifPDH) for decadeshowever,the reaction mechanisremains a topic of
considerable discussion. In pattiar, the correlation between various Ga species present on the catalyst at the
reaction conditions and the PDH activity has teetbe establishedIn this work, intrinsic PDH rates and
activation energies wegeterminecon Ga—H" pair sitesand isolated Gasitesfor thetime on Ga/HZSM-5
samples with a wide range of Si/Al and Ga/Al ratibise turnover frequency d@a™—H* pair sites in the PDH
is higher than that of isolateda” by a factor of ~15Experimental measurements combined witualsite
model show the activation energy in the PDH on@a&-H* pair sites and isolated Gaites to be 90.81.5
and 117£4.7 kJ-mol?, respectivelyThese resultdemonstrat¢ghat Ga'—H"* pair sites are much more active in
the PDH than isolated Gaites Activation energy of Gajldecomposition to form FHvas determined to be 40
60 kJmol? higher than that of the PDbh Ga specigsuggesting that the Galdecomposition is unlikely to
be part of the PDH mechaniswilthough both Bensted acid and Ga sites interact with prop&TéR results
provide strong evidence suggesting tivatalkyl mechanisnis more likely in the PDHn Ga/HZSM-5.
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Introduction

The increasingdemand for propylene arah abundantsupply of propane in shale gas Hed to a
resurgence in thiaterest in the direct propane dehydrogenation (PDH) redétio@atalysts employed in the
two commercialPDH processegs.e., supported R&n for theOleflex processand CrQ/Al,Os for the Catofin
process suffer from eitherhigh cost and fast deactivatiar undesirableenvironmentalimpact!* which
incentivizes the search for alternative catalysAslarge number of catalysts have been investigatetuding
Gabased®'® V-based!’?% Zn-based?*??l Co-based?*?! Fe-based?*?® In-based?® Zr-based®***2 and
nanaarboncatalyst8334, H-ZSM-5 zeolite supported G&a/HZSM-5) hasbeenconsideredasnot onlya
promising PDH catalyst for its high selectivity but also an effective catalyst in thepropane
dehydroaromatization (the Cyclar proce$s)

Despite the extensive literature on G&ZBM-5, thedeterminatiorof activespciesand the mechanism
in the PDHreactionremain topics of considerable discussiBarlier studiedy Iglesiaand coworkerproposed
thatthe Branstedacid sites (BAS) of FZSM-5 activated propanand Gaspeciesacted aportholesto remowe
H atomsproduced in the PDH in the form &f. (carbeniummechanismf*>3¢ The applicability of this
mechanismvaslaterextended t@n/H-ZSM-5 and Co/HZSM-5 B3 Hensen andoworkers employediffuse
reflectance infrared Fourier Transform spectroscopy (DRIFTS) to demonstrate the replac&@mmstedacid
sites (BAS)by galliumafter reduction at higtkemperaturend formation of Gaklincluding Ga monohydride
(2059 cm') and Ga dihydride (2041 cHy andsuggestdthat GaH mayplay an important role in PDH2
They further proposed exchandeGa species in the zeolite as the sites that activate alkanfesm the
correspondingadsorbed alkyl specigalkyl mechanism) based on the observatioGefC;Hs and Gak.*
This theorywas supported by latexperimental andomputational resulfé**%! Several moreecentreports

hypothesized thahe proximity of BAS and Ga speciessa vital factor in determining the PDH activity of Ga
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speciesLercher and coworkef8 reported that GaH* pair sites were more active thsolatedGa' sites and
the parent FZSM-5. Bell and coworkef$”! proposedhatsingle [GaH}* siteswere theactive centes of the
PDH reaction and thec a t a Fregctivity'nermalized by{GaH]** siteswas independentf the Ga/Al ratia
Several factors contribute to the difficulty in elucidating the PDH mechanism onZ&iW¥+b: 1) The high
temperature (> 500 °C) at wmakéescdbtectiorh @f redctivi intermediatesi o n
challenging and mechanistic hypotheses are bdesegklyon computational insight®) Ga/HZSM-5 catalysts
with asingleSi/Al ratio aretypically employed in a given wotio draw mechanistic conclusignghich relies
on an implicit and largely unsubstantiateassumptionthat the reaction mechanism and active sitege
independent of the Si/Al rati@ifferent research groups tetmluse samples wittlifferent Si/Al ratios which
makes direct comparisomndifficult. 3) Catalysts are typically characterizedsity, at conditions at which Ga
speciation could be significantly differefiom Ga speciatiorat PDH conditionsln a recent work, we
thoroughly characterized Ga/HSM-5 with varyingSi/Al ratios(15, 28 and 39nd Ga/Al ratiog0 — 1.7).with
in-situ transmission FTIR spectroscdffyWe showed that th@ensity ofGa'—H* pair sites cald be correlated
with GaH bands on Ga/fZSM-5 reducedat 550 €, and determined stoichiometric factors in the exchange
between Gaand BAS during the reduction of GaZEM-5. These insights pave the way for understanding the
correlation betweethe formation of uniqu&aspeciesandthar PDH activity.

In this work, we determined the turnover frequen€i@€dF) and activation energied Ga'—H* pair and
isolated Gasites inthe PDH on Ga/HZSM-5 with varying Si/Al ratios (15, 28 and 39) and Ga/Al rati® -
1.7). Ga—H* pair sites are more active in the PDH than isolateds®es by a factor of ~15, and the activation
energy of the PDH on the former is ~26 kJ ¥rioler than the latter. This is the firggorous determination of
intrinsic PDH activity on these two Ga specfésActivation energies of GaHlecomposition on these samples

were alsadetermined in the absence and presencesldf. CsHs is shown to accelerate the decomposition of
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GaH;, suggesting its intiatte interaction with the sites capabléarming the hydride species. Activation energy
of GaH, decomposition i¢0-60 kJ mot higher than that of the PDH on G&l* pair and isolated Gsites,
suggesting against Galdecomposition as part of the PDH mechanism. Fuithsitu FTIR results provide

evidencesupportingthe alkyl mechanism.

Experimental Section

CatalystPreparationand Characterizations

NH4-ZSM-5 samplegZeolyst CBV 3024E CBV 5524G and CBV 80l#wascalcinedat 550 °C f o
hin flowing air with a ramp rate of Z mita obtain the HZSM-5 with varying Si/Al ratiosThe Si/Al ratios
of the samples determinég X-ray fluorescenceXRF, Rigaku WDXRF werel5.4 +£1.3, 27.5 +1.9 and 39.0
+2.8. Incipient wetness impregnation with an aqueous solution of gallijmitilate hydrate (Sigmaldrich)
was used to preparégh/HZSM-5 samples witlvarying Si/Al andGa/Al ratios Ga/MFI (8 wt% Ga)Ga/SiQ
(2.2 wt% Ga)Ga/ALOs (8 wt% Ga) were prepared by the same method with siliceous MFI prepared according
to a previos report?? SiO, (from SigmaAldrich, silica gel davisil, grade 64@nd ALO; (Alfa Aesar),
respectively. G#s wasobtained bycalciningg a1 1 i um( I T I ) nitrate hyldwithte a't
a ramp r a t Theobtaireds&0;imdominated byhey phaseasconfirmed by XRD measurement
on a Bruker D8 diffractomet eMicroparavahlumesoftiiesampl@tablie a t i ot
S1)were determinedy N, adsorption at196°C and the 4plot method N, adsorptionsotherms were collected
on a Micromeritics 3Flex systenA 1 1 samples were de gprier focthe adSasption 2 4 h
measurementSurface area of the @ sample was determined to be 80gi?via the BET methodn-situ

Fourier Transformed InfraredTIR) spectra wereollectedon an Agilent CARY 660spectrometeequipped



with an MCT detectorTypical spectra presented dr28coaddedscans per spectruataspectral resolution of
2 cnT?. Spectra for kinetic analysiare 32 coaddedscango improve the temporal resolutioBhemicalssuch
as h, CsHs and CsHg wereintroducedinto thetransmission celiindpressurevascontrolled viathe vacuum

manifold. Thedetailed discussion of th@eparation and characterization of these sampleshasenin ref (48],

Catalytic Performance

Catalytic reactions werperformed in a fixedbed plug flow reactorwhich consiss of a quartz glass
tube (1/4 inch in diameterYhe catalyst bed typically contain8@8 — 15 mg of catalyst with a particle size
range of CdalyssWereditutechwith Si@(SigmaAldrich, silica gel davisil, grade 648)ith a 1:3
mass ratioA thermocouple was placed directly above the catalyst bed inside the reactor tube to ensate acc
temperature measurement. The thermocouple has no detectable catalytic activity at the reaction temperature.
Prior to the catalytiactivity measurementshe catalyst wsheatedo 550 € for 30 min with a ramp rate of
10 ©min !in 10 vol.% H. with balancingNz (20 mlmin %), followed by purgng with N, at the same
temperatureThe reduced sampigasthenexposed t® vol.% CsHg with balaning N.. The total pressure was
maintained at 101.32 kP&as flow ratesvereadjusted in the range @d— 100 mLmin ! to vary thespace
times, which was defined @solx -s'molcsnst for Ga/HZSM-5 samples andcg-s-molcsns® for Gasupported
on different supportsThe reactor effluent was periodicabampled by an onlingas chromatograptGC)
(Agilent 6890), via a heated gas lieguipped with an HPPLOT/Q column and flame ionization detector (FID)
used for product analysis. FID response factors far, ChHa, CsHs, CsHg were calibrated prior to the activity
measurementd.he conversion of §€Hs was determinedly Eq. 1 theselectivity and yield of ClH CHa, CsHe

were obtained b¥gs. 2-3.
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wherei represents the hydrocarbon productsC&Ha, CsHs in the effluent gasn is the number of carbon

atoms of componenmj F; is themolarflow rate. The CsHg conversion was measured at differential conversions

(<5.5%) PDH rates were determinday theCsHs yields, andCsHs cracking rates were determinegdthe CH,

and GH. yields Testing the catalyst under lo@sHs conversionlimited secondary reactions, which was

confirmed by theequimolarformationCH, and GH.4 derived from cracking reactiomhen product selectivity

was extrapolated to zero space tiniRDH and cracking rates over GaZEM-5 were normalized to the Al

contentof the catalystApparent activation eneggwered e t e r mi ne d i

n

t

he

temperat

Deactivation was below 5% after 12 h on straamall casesCarbon balanc¢Eq. 4) in all experimentsas

higherthan 97%.

Results and Discussion

Deperdence oPDH Raten Si/Al and Ga/Al Ratios

PDH ratesveremeasured on reduced GaA$M-5 with varying Si/Al ratios (15, 28 and 39) and Ga/Al

ratios (0 — 1.7). NumerousstudieshavereportedPDH on Ga/HZSM-5 with a variety of Si/Aratioand Ga/Al

ratios,however thereactivity and kineticsveremeasured at different conditions and on samples prepared by

different methodsmakingdirect comparisondifficult .[#647:50%2] |n this work,all Ga/HZSM-5 samplesvere

preparedvia impregnation, followed by calcinatiomhese catalysts have been thoroughly characterized in our



recentreport® and their key properties are summarized ables S1and S2of the Supporting Information
Calcined catalystaverereduced in 10 vol.% or 30 min at550 € prior to the introduction of ¥0l% CsHs
(5.07 kPawith balanéng Ny).

PDH rates were measur@t the kinetic regime, as confirmed by theear correlation between the
propane conversion/product yieldsts, C;Hs and CH) and the catalyst loadirag 550 € and 570 € (Figure
S1).#7 Rates and selectivities are determined by extrapolating to zero space time (Rgimeo&ler to
eliminate the impact of product inhibition and secondargactiond*” Stableconversionand good carbon
balance wereobservediuringthe first10 htime on stream (TOS) on all cataly§sgure S38). The selectivity
for CsHg increase with decreaimg space timavhile the selectivityfor C;Hs decreaseon Ga/HZSM-5 (Si/Al
= 15 and Ga/Al #.21), while the selectivity foCH, remains constar{Figure 2a). At zerospace time, the
selectivitytowardsC;H is close totwice that of CH, (on a per carbon atom basis, Eqg.\@hichis consistent
with the stoichiometry o€sHs crackinginto C;Hs andCH..*"531 PDH rates extrapolated taero space timen
a per Al basis (referred to as TQFoverGa/HZSM-5 with variousGa/Al and Si/Al ratis areshown in Figure
la Rates are expressed in terms of k@& allow for fair comparison among samples with the same Si/Al ratio,
which will be converted to rates normalized to specific Ga species later on in thi©Qnedmples with &i/Al
ratio of 15 as the Ga/Al ratio increasghe TOF, increasesapidly at low Ga loadingsip to the Ga/Al ratio of
0.05and thergrows moreslowly asthe Ga/Al ratiorisesto 0.3beforedeclinng as theGa/Al ratioincreases
further (Figure 1a). This trendis in generabhgreenentwith the results reported gell and coworker& in
which GaH-ZSM-5 with aSi/Al of 16.5wereemployed TOFx peaksat a value 084.0x 102 molcansmola
Lst at the Ga/Al ratio of 0.31 which is B times higher tharthat on theparent HZSM-5 (2.1 x 103
molcsngmolat-st). The large difference between tABH rates on Ga/FZSM-5 and HZSM-5 indicatesthat

the contributon to theoverall PDH activity from the rasidual BAS in Ga/HZSM-5 is minor. A much higher
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enhancement in theDH rate (by a factor of ~500) after the introduction of Ga td$M-5 was reportethy
Bell and coworker§ this disparity could battributedto the differexes in the reaction conditions.g.,the
reaction temperature (4€Dvs. 550 € ). A similar 3-segment dependence of fRBH rate on the Ga/Al ratio
was observedn samples with 8i/Al ratio of 28(Figure 1a).TOFa on Ga/HZSM-5 with a Si/Al ratio of 39
increases almost lineadly up to a Ga/Al ratio of 0.5%eforedeclinng at higherGa/Al ratics (Figure 1a) The
result is consistent with the trend reported by Lercher and coworkers, in GaldrzSM-5 sampleswith a
Si/Al ratio of 50 wereemployed?¢! Importantly,Figure 1 showthatTOFx dependsiot onlyon the Ga/Al ratio,
butit is also sensitivéo the Si/Al ratio of the zeolite. This impli¢sat amechanistic interpretation ofactivity
on samples with a single Si/fdtiois unlikely to becomplete

A more quantitativeanalysis of thempact of Si/Al and Ga/Al ratios of GafASM-5 catalysts on the
PDH rates reveals two types of active sites. The low Ga/Al range of Figure 1a is replotted in Figiare 1b
further analysison samples witha Si/Al ratio of 15, the slopef the TOF4 versusthe Ga/Al ratioat Ga/Al

ratios below0.042isfitted to be 0.897+0.091molcsng molsa?-st (Figure 1b).This slope represents the TOF of
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Figure 1. (a) TOR as a function of the Ga/Al ratio onESM-5 with three Si/Al ratios (15, 28, 39), ar
(b) a zoomed in view of low Ga/Al ratios (boxed region in (a)). Reaction conditions: 55QHG, fartial
pressure 5.07 kPa with balancing Whe propane conversisare below 5.5%in therate measurements.



thePDH on a per Giancrementasis, referred to as T@Ewhich could be viewed as the intrinsic PDH activity
of a small amount of Ga added in a given range of Ga/Al. fa@éc, deceaseto 0.(894.011 in theGa/Al
range of 0.042 to @1, which issmaller than that in the lower Ga/Al ranigg a factor of~15. This drastic
change inthe TOFs, implies that additional Ga introduced at in the Ga/Al ratio of 0.042 to 0.21 exists in a
different state from that introduced to samples with the lower Ga/Al ratiostwa types of Ga sites with
distinct PDH activitiesare presentSimilarly, for samples with &i/Al ratio of 28, TOFs, are determined to be
0.2234.031 and 0.0414.021 molcsngmolsal-st in the Ga/Al ratio range of G- 0.15 and 0.15 — 0.46,
respectively.The reductiorin the TOFsaat the higher Ga/Al ratio rangey( a factor of~7) on Ga/HZSM-5
(Si/Al = 28)is lower than that othe Alrich sampleqSi/Al = 15). On samples with a Si/Al ratio of 390Fca

is low (0.045#).005 molcsngmolsat-st) from the lowest Ga loadingvaluatedFigure 1b).A striking feature

of TOFeavaluesis thatthey aresimilar (0.089 — 0.045 motsnsMoleat-s?) for Ga/HZSM-5 samples with Si/Al
ratios of 150.042 < Ga/Al <0.21) and 28(0.15 < Ga/Al < 044) after the initial rapid rise, and the sample with
a Si/Al ratio of 3%t Ga/Al ratiosbelow0.5 (Figure 1b) It can be inferred that within these Ga/Al ratio ranges,
increasing the Ga loading introduces the same type of active site in the RIDampes.For samples with
lower Si/Al ratios (15 and 28), a much more active Ga species is present at very low Ga |&zalinigs.
experiments on unsupport€a0s, GaOs supported on siliceous MFGE/MFI) andGa0s supported on ADs;
(Ga/AlO3) showmuch lowerPDH activities compared with #SM-5 and Ga/FHZSM-5 (Figure $4). This
showsthatthe fraction ofGa0Os; in Ga/HZSM-5 that does not diffuse intzeolite poresluring reduction has a
negligible contribution to the PDkate Similar trends arebserved in th€;Hs cracking rate (Figure $a)*”
The ratiobetween thé°DH andcracking rateincreases monotonically with ti@&a/Al ratio onall GaH-ZSM-

5 samplesnvestigateqFigure $b), that is,higher amounts of exchang&afavorsdehydrogenatiopathway

while BAS promote therackingof CsHs, in agreement with previous literatut@
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Figure 2. (a) Acarx (peak area of GaHhormalized by a per Al basis determined from infrared spectra)
function of the Ga/Al ratimn HZSM-5 with two Si/Al ratios (15 and 28). (bkSix (peak area of GaH
normalized by a per Ga basis) and TPDH rates normalized by a per Ga basisjveen Si/Al ratio of
15 and 28 at low range of Ga/Al ratid$e original data of the spectra showing Gaiimation as a functior
of the Ga/Al ratios were discussed in our previous reffofhe propane conversisarebelow 5.5%in the
rate measurements.

The observed reactivity trends @a/HZSM-5 catalysts with different Si/Al and Ga/#dtiossuggest
that G4 — H* pair sitesand isolated Gasitesare the active species in the PDBUr recentreportprovided
strongevidence fotthe presencewo Ga species, i.e., Ga H* pairand isolated & sites on reduced Ga/H
ZSM-5 with distinct abilities to formGaH. (a combination of GajHand GaH with the former being the
dominant specigsat 550 € after H treatment!® GaH, species were probed by transmission FTIR
spectroscopy, and theabundancevas monitoredvia the integrated area of the corresponding bdri
extinction coefficierd for theseGaH, species remain unknowand thus onltheir relative abundance, at
different Ga/Al ratiogather than absolute densitiean bedeterminedThe dependence of Gahdlensitieson
Si/Al and Ga/Al ratios have beaeportedin our previous repdff!, which is incorporatedn Figure 2a.
Importanty, thetransitionpoints from rapid ta more gradual rise in the density of the Gagdecies withan
increasingGa/Al ratio in Ga/HZSM-5 with Si/Al ratios of both 15 and 28 coincide with those oftd,, at

Ga/Al ratios of0.074and 0.15, respectively (Figure 2a). This is a clear indication that the changes in Ga
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speciation and th&OFg, are correlatedThe slopeof the Al hormalizedpeakarea of the GaHband Acany)
versusthe Ga/Al ratio (Figure 2a) referred to as &nx representshe Ga normalized peak area GaH; with

the unit of AcarxMOlea®. Scanx 0N GaH-ZSM-5 with Si/Al ratios of 15 and 28re determined to 28+ .8 x

10° and8.740. 9 x 10° Aganxmolea?, respectivelyat Ga/Al ratiosequal toor below 0.1 Scans TOFsa ratios of
Ga/HZSM-5 with Si/Al ratios of 15 and 2&greealmostquantitively (3.8 x 10* and 3.9x 10%, respectively,
Figure 20). This observatiofiurther confirmghestrongc or r e 1 at i on b e tpropensityo forime Ga
GaH, and the PDH activitat low Ga/Al ratios€ 0.1). In our previousreport, wes t a bl i s hed t hat t
ability to form GaH after H treatment ab50 € was dependent on thoximity of Ga' with neighboring BAS
i.e., Ga—H"* pair or isolated Gasites!*® It follows thatthe relative concentratisrof these two types oba
species artéikely responsible for the different dependence oftdéc.0n the Ga/Akatio (Figure 1).We have
shown that Gapreferentially exchanges with one" ith proton pairs to form Ga-H* pair sitesat low Ga
loadings*®! Thus, the observed PDH rates dhe Ga/HZSM-5 catalysts investigated (Figure 1) could be
rationalized asollows: On Ga/HZSM-5 (Si/Al = 15), onlyGa'—H" pair sitesareinitially produced during the
reduction of calcined catalyst due to the abundance of paired prottresfdrrich zeolite at Ga/Alratiosbelow
0.042 these siteslisplayhigh PDH rates In the Ga/Al ratio range of 0.0420.21, only isolated Gasitesare
introduced as the Ga loading increag&sheme 1ga which is less active in theDH reaction Increasg the
Ga/Al ratiofurtherbeyond 21 leads to the replacement of the pratpresenin Ga—H* pair siteswith Ga to
form relatively inactive Ga-Ga' pair sitesleading toafurtherdecrease in th€OFs. On Ga/HZSM-5 (Si/Al

= 28),the lower density of qpton pairs—as compared to that on the-d¢h sample—leads to the formation of
bothGa™—H* pair sitesand isolated Gesites even at low Ga/Al rasd0 - 0.15), and thu§OFgais lower than
that on samples with only GaH* pair sitesIn the Ga/Al ratio range of 0.15 0.52, only isolated Gasites are

introducedwith increasing Ga loading, leading to a simil@Fsato thaton Ga/HZSM-5 (Si/Al = 15) in the
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Ga/Al ratio range of 0.042 and2). The decline in th8 OFs, at Ga/Al ratios above 0.52 could also be
rationalized by the replacement of Gl* pair siteswith less active GaGa' pair sitesThe lack of proton pairs
in the Al-leanGa/HZSM-5 samplegSi/Al = 39) can only generate isolated Gaites from the lowest Ga/Al
ratio tesed The decreasef TOFs, at Ga/Al ratiogncreaseabove 0.55 on #ssesample cannot be explained
by the formation of Ga-Ga'" pair sites due to the lack &@a’—H* pair sites to start with(Scheme 1b)One
possible explanation is the formation of Gayomers as suggested by Bell and coworkérsyhich areless

active than isolated Gaites.

ApparentActivation Energy Measureentsand Modeling

Activation energy measurements confirm thatapparenactivation energyEapy of the PDH on the
Ga—H* pair siteds lowerthanthat on thdsolated Gasites Apparent ativation energgsweredetermined
based on the PDkateson reducedsa/HZSM-5 by varying the reaction temperature in the range o530
570 €. On H-ZSM-5 (Si/Al = 15), the Eapp of the PDHwas determined to b&88 kJ-mol? (Figure 3a)a

valueconsistent with the literatuf&] The Eap, decreaseto 89.4kJ-mol! when Ga/Al ratids increasedo

Schemel. Proposed structures ekchanged Ga species Ba/HZSM-5 after reduction.
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Figure 3. Apparent activation energy 4 of PDHon Ga/HZSM-5 as a function of Ga/Al ratios amor
different Si/Al ratios over the (a) entire, and (b) lower range of Ga/Al ratios (boxed region in (a)). |
lines in (b) represent the fitteddsbased on dual active sites modelstéils are providechithe Supporting
Information). The inset in (b) shows thedsof the Ga—H" pair sites and isolate@a’ sites in the PDH on
samples with Si/Al ratios of 15 and 39, Ga/Al ratios from@042 and G- 0.55, respectivelylThe propane
conversios arebelow 5.5%n the rate measurements.

0.13, showing thata small amount ofGa can effectivelyreducethe Eapp!*®#™ This is consistent with the
significantly enhanced PDH rate upon introducing Ga-#031-5 (Figure 1) as well as results reported by
Bell and coworker€”! Furtherincrease othe Ga/Al ratioup to 1.7leads to a gradualincrease othe Eqpp,
indicatingthe formation ofess active Ga speci@sth the increasé the Ga loading({Scheme 1a)The Epp
achieves a value df27 kJ-mol* at Ga/Al ratios of 1.7. A similar trendis observed foiGa/HZSM-5 with
Si/Al ratios of 28 The Eappfor Ga/HZSM-5(Si/Al=28) decreases from 880 110kJ-mol* as the Ga/Al ratio
increases from 0 to 0.15, before rising agaih26 kJ-mol? with further increase in the Ga/Al ratio (Figure
3a).0n Ga/HZSM-5(Si/Al = 39), the measuret.p, decreasefrom 156 to 113 kJ-mol? asthe Ga/Al ratio
increase from 0to 055, beforegradually leveling off al29kJ-mol? at aGa/Al ratioof 1.7. The Esppon H
ZSM-5 (Si/Al = 39) is in agreement witthe valuereported by van Bokhoven and coworkéfsAlso
consistent with the literaturehe Eapp (156 kJ-mol?) of the BAS on HZSM-5 (Si/Al =39) is lower than that

on the Alrich zeolite®® Threefeatures of the dependencetloé E,pp on the Ga/Al ratio are worth noting
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(Figure 3a) 1) the minimum Eappon Ga/HZSM-5 increases with the Si/Al ratio; 2) th@nimum Eappoccurs
at an increasingly higher Ga/Al ratio as the Si/Al ratio risesl 3)at the highest Ga/Al ratio tested (1.7), all
tested catalyst exhibit nearly the sakg, regardless of Si/Atatio. The initial decrease in thg,,p as the
Ga/Al ratio increases at low Ga loadingattributed to the introduction of more active sites in the PDH than
the BAS in HZSM-5, i.e., Ga-H" pair sitesandisolated Gasites.The observation thahe value of the
minimum Eappincreases with the Si/Al ratio the parent FZSM-5 indicates that the Gbased active sites
introducedareless active at higher Si/Al ratios. Thigerpretatioragreeswith the hypothesis thalhe more
activeGa'—H" pair sitesare more abundant &l -rich zeolites and the less actiwlated Gasitesare more
prevalent in samples with higher Si/Al ratidghe increasing Ga/Al ratio at which the minim Eayp is
reachedhs the Si/Al ratio in the parent BSM-5 increases could be rationalized by a similar line of reasoning
as above. FoBa/HZSM-5(Si/Al = 15), the minimam Eappis expected to be on the catalyst with the highest
density of theGa'—H" pair sites which occursat relatively low Ga/Al ratio$~0.05. Only isolated Gasites
are present oa/HZSM-5(Si/Al = 39)at low Ga loadings, which explains the slow reduction inBhe
with the Ga loading as BAS in the zeolite are gradually replaced by is@atesites. The Eapp 0n Ga/H
ZSM-5 (Si/Al = 39) does notncreasesubstantially at Ga/Al raticsbove 0.5Figure 3apecause active sites
for the PDH remain thisolatedGa' sites, and the proposed Ga oligomers are reported to be id&¢iive
Eapp trendon Ga/HZSM-5 (Si/Al = 28) versus theGa/Al ratio could be rationalized lilie coexistencef
BAS, Gda—H" pairsitesandisolated Gasites The fact that th&appat high Ga/Al ratios converge to a similar
value suggests all samples are dominated by a similar type of Ga sites, e.g., Ga oligomers.

A simpledualsite modelbased on the reasoning abdas beermonstructed to more quantitatively

understand the depemd® ofthe Eapp0n the Ga/Al ratioOn Ga/HZSM-5 (Si/Al = 15) with Ga/Al ratie<
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0.042, we assume that there are only two types of active sties in the PDH, i.e., B&§-antipair sites

as proposed abo¥®! The Eappcan beexpressed as E.below:

% TORK E, x#TOFK E, -
e x-TOF, X, TOFR

wherex; andx; represent the ratio of remaining BAS to Al amount and Ga/Al ratio, respectiedysum
of x1 andx: is the ratio of the BAS density the Al density of the parent zeolite, which was determined in
our recent work (Table 8.8 The value ofx; is an experimentally controlled variablhich is used to
determinex;. TOF and TOF represent thaneasuredBAS normalized and Ga normalizétDH rates,
respectivelyFigure 1) For Ga/HZSM-5 (Si/Al =15andGa/Al < 0.042, there are two types of active sites,
i.e., BAS and Ga-H" pair sitesTOFga+n+ is assumedo be equal ta OFga (0.5974.091 matsnsmolsat-s
1 based on the 1:1 stoichiometry in the exchange between the BAS arndiGthese samples determined
in our recent work¥® E,; and Eg represent the activation energy on the BAS and@heH* pair sites
respectively Details of the modehcluding derivationsre described in theupportinglnformation(Text
S1 and Table S3kE.: is experimentallydetermined to be 188J-mol?! on HZSM-5 (Si/Al = 15) and he
activation energy osa—H* pair sites(Eaz) could be obtainedy fitting Espp at Ga/Al < 0.042(Figure 3b)
which is90.8t1.5 kJ-mol*. This value is within the experimental errors identical to the lowgsti€&ermined
on samples with a Si/Al ratio of 15 (89.4 kbl?).

A similar strategy is applied to tiDHrates measured on GaZ8EM-5 (Si/Al =39) to determine the
activation of isolated Gasites in the PDH. Our previous waskowedhatexchanged galliurexists largely
in the form of isolated Gasitesin Ga/HZSM-5 (Si/Al =39)“8 Thus,we assume there at@o types of
active sitesn the PDHat Ga/Al< 0.55 BAS andisolated Gasites.TOFga-+is assumed tequalTOFs4/60%
(0.0756.008 Molcsqgmolsat-st) atGa/Al ratios below B5based o ~0.6:1 stoichiometryn Ga exchange

on thesesampls (~60% Ga atoms introduced exchanged with BAS to forrt).&aUsing the duakite
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model described above, the activatémergy associated witbolated Gasites is fittedo be 117#4.7kJ- mol
1 (Figure 3b and Table S3)he higher fittechctivation energyor the isolated Gasites than that dba—H*
pair siteds consistent with the mechanism proposed in Scheme 1.

On Ga/HZSM-5 (Si/Al =28, Ga/Alk 0.52), a triplesite model iemployedto fit the measured &,
because BASGa—H" pair sites andisolated Gasitesco-existatlow Ga/Al ratios The activation energies
on all three types of sites on GazA$M-5 (Si/Al =28)have beemletermined either by direct measurements
(BAS, 16 kJ-mol?) or fitting using the duasite modelon Ga/HZSM-5 samples withhow and high Si/Al

ratios The fraction of the exchanged Ga in the form$Gaf—-H* pair sitesandisolated Ga sitescan be
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Figure 4. (a) Fitted fraction oflifferent activespecies as a function of Ga/Al ratio on Ga&ZBM-5 with
Si/Al ratio of 28 and Ga/Al ratios ranging from 0 to 0.82Xz, X; represent the ratio of the remaining BA
Ga-H* pair sites,isolated Ga sites to Al content, respectively. Shaded areas are estimated
experimental errors. (b) Apparent activation energy(Bf PDH on Ga/HZSM-5 (Si/Al = 28) as a functior
of Ga/Al ratios ranging from 0 to 0.52. Shaded area in (b) represent the sdradtt@tion energy regiot
based on triplesite models and experimental error bars Sepporting Informatiorior detailg. Reaction
conditions: 536- 570 €, C3Hs partial pressure 5.07 kPa with balancing e propane conversiare
below 5.5%n the rae measurements.

determinedased orstoichiometry Egs. S6S8, details are provided in Text SThe fractios of three types

of active sitest differentGa/Al ratics< 0.52 areplottedFigure4a (data included in Table S4)ith the BAS
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(x1) and the isolated Gaites §s) decreasing and increasing monotonically, respectively. While the fraction
of Ga—H* pair sites X.) increases initially before droppjrafter Ga/Al > 0.2The activation energy can be
simulatedwith Eg.S9(Text S1 and Table S&)y assumingtypical +15%experimentalincertainty Figure

4b, shaded areapll experimentd) determinedEay, values on Ga/FEZSM-5 with a Si/Al of 28(Ga/Al <

0.52 arelocatedin theshaded areandicating the reliability othe estimatedhctivation energiefor Ga—H*

pair sitesand isolated Gasites This supports the three types of active sties identified in the PDH on Ga/H
ZSM-5. No attempt to extend the model adfourth type of site, e.g., G&a" or Ga oligomersat higher

Ga/Al ratioswas madebecause of the lack of independdatermination of Epfor this type of site

Interaction ofGaH, with Propane and Propylene

Since the first report of Gaképecies by Hensen and coworkébshese species habeen proposkto
play a number of different roles in the PDH, e.g., reaction intermediate and acti&*&tte% ' However,
experimental evidence regarding the interaction between @aHpropane and propylene has been s¢rce.
In-situ FTIRspectroscopyas employedo investigate the effect @;Hs on GaH on Ga/HZSM-5 at reaction
temperatureAfter redudion of Ga/HZSM-5 (Si/Al = 15, Ga/Al = 0.13at 550 € with H,, IR bands attributable
to Ga monohydride (2053 cth and Ga dihydride (2037 chp appear Figure 5b(i)), as previously
reportegi*:485Twhich were supported bRFT calculations by Bell and coworké?d Upon introdudion of
CsHs (0.27kPa}o the transmission cedk the same temperatypeals attributable tayas phas€:;Hs (2850 cm
1 — 3000 cm') aredetectedFigure5a (ii)), which agrees with bands detectedairtontrol experimentFigure
$6). The Gadyx bandsgradually diminishandlargely disappear withie0 min(Figure5b (vi)). The intensity of
CsHs bands alsodecrease over time (Figure5a), indicating thatCsHs is gradually consumed in its

dehydrogenatiofthe transmission cell is sealed after do<ialjs, asin a batch reactprMoreovertwo peaks
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centered at 3015 chand 3055 cm appealand become more intense over tiffikesetwo peaksio notmatch
those ofgas phase af3Hs or CsHg (Figure ), suggesng thatthey likelyoriginate fromreaction intermediate
Control experimenin which CsHe (0.27 kPa) was introduced a reduced Ga#ASM-5 (Si/Al = 15 and G&ll

= 0.13) at 550 € showdthe 3055 crt band with only weak bands corresponding to gas pBeade(Figure
S84). In contrast, only gas pha€eHs bands appeared whéhHg was introduced to #.SM-5 (Si/Al = 15) at
the same temperature (Figur8by These observations suggest that the 3055 lgamd can be attributed to
CsHe adsorbed on Ga species. Thus, the gradual increase in the intensity of the 3@BHmdwith time pon
introduction ofCsHg indicatesthat CsHs is produced via dehydrogenation on Ga8M-5 (Figure5a). The
appearance dhe3015 cm' bandupon introduction of €Hs to reduced Ga/FZSM-5 is likely tobe attributed
to the formation ofeactionintermediatessthis peak do not match those of gas plas#; or CsHg andis not

observed upothe introduction ofCsHs to reduced Ga/FZSM-5 (Figures S6 and S7. Upon evacuationthe

(a) 10.012 (b) 10.003 (C) 10-003
2055 2053= 2037 2053 2037

(i) ;
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Figure 5. (a, b)FTIR spectra ofCsHs treatment on reduced GaZSM-5 (Si/Al = 15, Ga/Al = 0.13): (i)
before GHstreatment; (ivi) CsHs treatment (0.27 kPa) for 2 min, 4 min, 6 min, 8 min, 10 min, respecti\
(vii) after evacuation. (cfTIR spectra of Ga/lZSM-5 (Si/Al = 15, Ga/Al = 0.13(i) before b treatment,
(ii-vii) upon evacuating Hfor 2 min, 4 min, 6 min, 8 min, 10 min and 30 min, respectivegckground
spectrunis collectedn the spectral cell with a dehydrated sample pali®50 € under vacuum.
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GaH bands do not changgpreciablybutall hydrocarborbands in the @ stretching regiodisappea(Figure
5 (vii)), suggestinga wealer interactionwith the catalyst surfacthan the hydride speciefs expected,
increasing theCsHs pressureto 1.33 kPaleads to faster accumulatiomf bands corresponding teaction
intermediate and product$3015 cm! and 3055 cm), and lessemainingGaH (Figure S9 (vii)). In contrast
theGaH, banddargelyremainunchangeafter10 minin vacuumwith the integrated peak area odigcreasing
by about50% within 30 min (Figure 5c), showing that the presence GfHs significantly accelerates the
decompositiof GaH.. Similar observatiosweremadeon different Ga/Al ratie (Figures S9c and dand 2.0).
Control experimergrule out thepossibleinfluence of tracén the evacuated cell on the spectra based on the
lack of the Ga(OH)band at ~3662 crh(Figure 91). The lack of Gaklbands observed on Ga/&iFI and
Ga/SiQ samples (Figure 12) suggests extraframework Ga species do not impact the spectral assignment in
this work. Extraframework Ga species in G&ZBM-5, if presentare expected to resemble those on Ga/Si
MFI and Ga/SiQ@, and thus do not contribute to the Gddtdnds observed on GaESM-5. In addition, Gakl
bands on bulk G&s and Ga/AlO; appear at significantly lower wavenumbers (1996'@nd 1992 cm for
GaH collected at 550 € on bulk G&; and Ga/AlOs, respectively, Figur&12. The lack of these lower
wavenumber bands on Ga#SM-5 suggests that bulk @ does not exist on reduced GaA$M-5.
Propangoromotion ofthe decomposition of Gah alsosuppored by kinetic measurementa which
the decomposition rate of Gak$ determinedria transmission FIR spectroscopyOn Ga/HZSM-5 (Si/Al =
15 and Ga/Al = 0.042), the Galdonsumption ratés determined by thiaction ofdecomposed Gahwithin
10 min under vacuum & minin 0.27 kPaof CsHg (or GsHe) in the temperature range 80— 570 €. The
apparenfctivation enerigs of GaH. decompositiorare 17541 6, 150+15 and 10749.%J-mol* under vacuum,
in CsHg and GHs, respectively (Figuréa). We note that Epis extracted by the Arrhenius equation, which only

requires the knowledge relative, rather than absolute, decompositiaf @aél. Thereduction ofEayp by 25
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Figure 6. GaH consumption ratas a function of temperatuoyer Ga/HZSM-5 (Si/Al = 15) with Ga/Al
ratios of (a) 0.042, (b) 0.13 and @)31 The GaH decomposition rate is determined by % decompo
GaH during 10 min under vacuum or 2 min under 0.27 kPa propafenin under 0.27 kPa propylene.

kJ-mol? confirmsthat the presence ofs@s promotes the decomposition of Gafihe lower By, observed in
cases in whiclCsHs is presensuggests that 4l is more effective in facilitating Gaktlecomposition. Tlsiis
consistent witlthe observation of an IR band (3055 %9rsorresponding to adsorbedHs on Ga sites (Figure
5a), without acorresponding band fadsorbed €Hs. This could be rationalized by the stronger interaction
between Ga sites and the Cb@nd in GHg than the saturated bonds igHz.°®! The promotional effect of s

on GaH decomposition indicates thatlds intimately interacts with the type of siteapable of formingsaH;,

i.e., Gd-H* pair sitesSimilar GaH decomposition activation enéeg were determinad thesame conditions
on Ga/HZSM-5 (Si/Al = 15) withGa/Al ratios of 0.13 and 0.31 (Figue andc). This is consistent with the
hypothesis thathe GaH, speciesobserved via IRare only present on thea'—H* pair sites ab50 €, as only
the densityrather than thetructure of the GaH species varies dBa/HZSM-5 (Si/Al = 15) withdifferent Ga

loadings.

Interaction of BAS with Propane and Propylene
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FTIR spectroscopytmwsthat afraction of BASon Ga/HZSM-5 is consumed in the presenceCalls

andCszHe. Theband at 3591 crhassignedo BAS decreases in intensitypon introducing 0.27 kPa @fHs to

Ga/HZSM-5 (SilAI=15, Ga/Al=0.13) at 550 Cwhich isclearly showras a negative bard the spectra using

a spectrumcollectedprior to propane dosage as the background (Figareriginal spectra are included in

Figure 93). This isclear evidence dEsHsg interacting with BAS at the reaction temperature. The negbtind

disappears upon evacuatioh propane, suggesting a dynamic, rather tineversible interaction between

propane and BAS, e.dgrmation of carbeniunon.5®f% A similar negative band is observed upon introducing

CsHs (Figure7b), which can bsimilarly attributed to the BASCsHg interactionNo decrease in thBAS band

intensityis observedipon intoduction of H to the same GaAdSM-5 sample at 550 €, confirminghat the

negative band stems fraime interaction between hydrocarbons and BA8ecreasef the BAS bandhtensity

was also observed whé&hHs and CsHg were introduced to . SM-5 (Si/Al=15) at 550 € (Figure7/c andd),
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Figure 7. FTIR spectra ofa) GHs treatment and (b) 4€ls treatment on reduced GaZEM-5 (Si/Al = 15,
Ga/Al = 0.13), (c) GHs treatment and (d) 4Els treatment on FEZSM-5 (Si/Al = 15)at 550 €: (i) before
CsHs or GHs treatment; (iivi) CsHg or GHg treatment (0.27 kPa) for 2 min, 4 min, 6 min, 8 min, 10 ir
respectively; (vii) after evacuatioBackgroundspectrumis collectedin the spectral cell with a reduce
sample pelleat 550 € under vacuum.
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indicating the BAShydrocarbon interactiordoes notdependon the presence of Ga specieSimilar
observationsveremade onGa/HZSM-5 and HZSM-5 samples with different Ga/Al ratios angdnocarbon

partial pressures (Figus&14-S18).

Propane Dehydrogenatidiechanisnmon Ga'—H* Pair Stes

To date, proposedPDH mechanisms on &H-ZSM-5 can be largely categorized intbe alkyl
mechanism andhe carbeniummechanisn®3646471The key difference between #& mechanisms the
identity ofsites on whiclCsHs is activatedCsHs is considered to bactivatedon Ga species to formGa alkyl
intermediatén the alkyl mechanisn#®47while thecarbenium mechanisargueshatCsHs isinitially activated
on the BASto forma carbenium iorwith Gafacilitating therecombiration ofH atom to form H.>3¢1 The in-
situ FTIR spectroscopic results presented above show that prioparaetsboth with Ga species and BAS,
which do not readily rule out either mechanism. However jlddtanalysissuggestshatthe alkyl mechanism
is morelikely. If the primary function of Ga species in the PDH is to facilitate the evolution,dhéh theEa,,
of the PDHis expected to be dominated by the decomposition of,(dt is inconsistent witthe higher &y
determined for Gakldecomposition in the presence of propane than that of the PDH onASaAFb (~150
kJ-mol? vs. ~90 kJ-mol?, as shown irFigures6 and 3, respectively, indicating that the recombination of
hydrogen atoms on GaHtio form H; is not part of the PDH mechanism.

IR spectra of adsorbed intermed&peovide further evidence supporting the alkyl mechanBoe to
the relatively weak interactierbetween hydrocarbons and the active sites of intareshigh temperature, no
detectable hydrocarbon intermediate is present upon evacuation of the propane trea@8NG&/sBample at
550 € (Figure 54d). Introducing CsHs to reduced Ga/FZSM-5 at high tenperatureandthen coolingin the
presencef CsHs was employed as a strategy to preserve adsodaetion immediatéor spectral detection at

lower temperaturel60 €). On H-ZSM-5 (Si/Al=15), afterexposureo CsHg at 550 € before quicklycooling
21



to 150 € followed byevacuaibn, four peaks centered at 29g6r!, 2037 cnv?, 2903cmt and 287&mt were
present(Figure 8a(i)): these peakbave been assigned to antisymmetricsChitisymmetric Chl symmetric
CH; and symmetric Chistretching modesrespectivelyé%% These peaksould correspond t@ reaction
intermediateassociated with BA$rmed during the cooling procesghich remains adsorbext 150 € after
evacuationOn GaH-ZSM-5 samples (Si/Al=15, Ga/Al= 0.042 and 0.1Byreepeaksdistinctfrom those on
H-ZSM-5 centerecht 2966cn?, 2931cnt and 2874m! were detected with similar procedures (Fig8aéii,
iii)) . These three new peakave been assigned to antisymmetric;Giitisymmetric Chland symmetric CH
stretchingmodes respectively¢*%%1 No hydrocarbon bands presenton HZSM-5 or Ga/HZSM-5 after
evacuation when propane is introduced at 150 €, indicating that these adsorbed hydrocarbons originate from
CHg” s interaction with ¢ atBhisiginageement with tieaanethylhspegidse r t
deteced by*C sdid-state NMR spectroscopy during Ctieatment on GaAZSM-5 at 300-550 .64 The
distinctC-H stretch bands on-ASM-5 and Ga/HZSM-5 show that different adsorbed intermediates are present
onthese two catalysts.

The relative intensity of the GaH and Gahfraredbandsprovide additional mechanistic insightss
expected, no Gatband is present on-BSM-5 (Figure 8b(i)), while both GaH and GabBands appear at
150 € on Ga/HZSM-5 (Figure 8hi, iii), black traces).The GaHband is the more intense featuretio@CsHs
red traces). It could be inferred ththe hydrocarbon intermediate is more effective in displdcorguming
Gah: than GaHThe lack of the Ga(OR)and at ~3672 crhat 150 € confirmsthe negligible impact ofiny
trace amount of water in theacuated cell on tlsespectra (Figure &). Heatingleads to the desorption of the

adsorbechydrocarborspecies on GaAdSM-5 (Si/Al = 15 Ga/Al = 0.13 from 150 € to 350 €, while the
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Figure 8. FTIR spectra of €Hg treatment on (a, lpaH-ZSM-5 (Si/Al = 15) with Ga/Al ratios of (i) O, (ii)
0.042, (iii) 0.13 and (c, dpaH-ZSM-5 (Si/Al = 39) with Ga/Al ratios of (i) O, (ii) 0.12, (iii) 0.448lack and
red traces represent spectra on the reduced-BaN#5 cooleddown from 550 € to 150 € under 1.33
kPa GHs, followed by evacuating the cell and under vacuum, respectively. Background spect
collected in the spectral cell with a sample pellet dehydrated at 550 € and cooled down to 150 €
vacuum.

GaH bandsremainuntil 500 € (Figure 20). This is consistent with the observationadfza®*(H)(C.Hs)]*
species byHensen and coworkerghenheatingreduced Ga/FESM-5 in the presence of ethate 250 €42,
Similar observations were made ld-ZSM-5 and Ga/HZSM-5 with aSi/Al ratio of 39(Figure8c and d). The
lack of GH stretcting bands on FZSM-5 could be attributed to the loié density in this sample.
A number ofmechanistic deductioranbe madéased on the spectral resiffsheme?). CsHs can be
activated at BAS, isolated GaitesandGa—H" pair sites though theresulting intermediates are different on
BAS and Ga species. We hypothesize that carbenium ions are formed on the BAS as proposed by Iglesia and
coworkers(Scheme 2&f° and alkyl species are foad on Ga specig$Scheme 2tand (. The fact that the
C-H stretching modes on Ga/ESM-5 with primarily Ga'—H* pair sites (Si/Al=15, Ga/Al=0.13) and isolated
Ga' sites (Si/AlI=39, Ga/Al=0.44) are almost identical (Figure 8a and c) suggestSahatgardles®f its

isolationor pairingwith a neighboring protons the site activattg CsHs. The neighboring Hin the Ga™—H*
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pair sitesis proposed tdacilitatethe abstraction of the hydride in the propyl group, leading to the formation of
CsHe, Hz, anda [GaHF* species balanced by two neighboring framework negative chdargieshypothesis is
supported by two observations:thg GaH species is prafentially preservedr less consumeghen exposing

GaH containing catalyst® C3Hg at 550C (Figures 5b and8b); and 2)he Espp0f the PDHreactionon Ga/H

ZSM-5 is lower than that of the GaldecompositionSinceGah: is the dominant hydride species on reduced
Ga/HZSM-5, the measuredaf in the GaH decomposition should lrepresentative of the decomposition of
GaH. It follows that the decomposition of Galis not part of the PDH mechanism, otherwise GaH
decomposition is expected to be the rate limiting step (RLS) of the mechanidimeaneasuredp, of the

PDH shouldbe equal tothat of the RLS This mechanisnagreeswith two recently proposechechanismby
Schreiber et dff! andPhadke et df’!in recognizing the importance tfe proximitybetweerGa' andH* sites

in the PDH.Instead of considerinzaHJ** as the active site in the PDidaction*”! we propose thafGaHP*

is merely an intermediate formed in the rhibaiting hydride extraction of the propyl group (StepScheme

2c). This is supportetly the observation that the GaH ban@@&3cnm! isless impactedpon introducingCsHs

to the reduced GatASM-5 (Si/Al=15, Ga/Al#9.13 at550€C (Figure 5b), asactive sites folCsHs activation

are expected to interact wi@Hs andtherebylosetheir infrared signatureThe interaction betwee@sHs and

GaH is reflected in the accelerated rates and lowered activation energy ofi€aiinhposition in the presence

of CsHs. This analysis is further corroborated by the coexistence of the adsorbed alkyl species and the GaH band
when the catalyst is coolgd 150 T in the presence of propane (Fig@td. Our mechanisnibearsmore
resemblance tthe one proposed Ifchreiber et alargely based on computatigfi8 with the key difference

being whether the hydrogen evolution occurs prior to or concurrently with the hydride abstraction of the

adsorbed propyl group. Our rationale for the lattdraised orthe observation of the GaH baimdthe presence

24



Scheme2. Schemati®f proposed mechanisms for the PDH on (a)(H) isolated Gaand (c)Ga—H".

+ C3Hg

+ C3Hg + H,

+ C3HG + Hz

of the CsHs, which does not appear in the stepwise mechaiéennote thathe proposed mechanism is also
compatiblewith the earlier isotopic labeling results by Iglesia and cowo&i&which indicated multiple fast
C-H activations inCsHs prior to theRLS in the PDHWhen a mixture of €4s and GDs is introduced to Ga/H
ZSM-5, H/D scramblings expected tmccur on BAS, eithewith or without aneighboringGa', leading to a
mixture of GHDs.x. The dehydrogeation of this mixturethenis expected téead toa corresponding isotopic

mixture of GHyDe.,, as observed by Biscardi et&Ic”

Conclusiors
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In summaryPDH rates on Ga/FZSM-5 with varying Si/Al ratios (15, 28 and 39) and Ga/Al ratio{0
1.7) were measuredemonstratinghat catalytic activityis sensitive tdoth Si/Al and Ga/Al ratiodntrinsic
PDH activity of two Ga species, GH* pair and isolated Gasites, were determined, with tf@mer being
more active by a factor of ~15. Activity energy measurements and modeling provided further evidence
supporting the superior activity of the @d* pair sites, and determined the activation energy for each type of
species in the PDH. Activaticenery of the decomposition of Gahis lower by ~25 kJ mdiin the presence
of C3Hg than under vacuum, indicating the effective interaction betweldnahd Ga-H* pair sites. Moreover,
the activation energy of GaHlecomposition is higher than that of the PDH, indicating that the hydrogen
evolution from Gakldecomposition is not part of the PDH mechaniSogether with additionahisitu FTIR
spectroscopic evidenc€sHs is proposed to be activated on*@4# pair and isolated Gasites, followed by
hydride elimination and the concurrent formation gifi€and H. GaH is proposed to be a reaction intermediate

in the PDH, while Gakldoes not participate in the reaction
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Table S1.Physical andleemicalproperties of HZSM-5 samples investigated in this work

Sample Si/Al ratio® BAS der_lls :,ty I\/\I/Ict):lrgr?](ge
(molg™> D
H-ZSM-5(15) 154+ 13 636 0.12
H-ZSM-5(28) 27.5+1.9 460 0.12
H-ZSM-5(39) 39.0£ 2.8 281 0.13
®Determined by XRF.

PMeasured by pyridine adsorption FTIR.
‘Calculated with the-plot method obtained fromJdyhysisorption isotherms.




Table S2.Composition properties of the prepared GaBM-5 samples.

Sample Ga/Al ratid Ga loading (%)
GaH-ZSM-5(15)
0.014 0.10
0.024 0.16
0.042 0.28
0.061 0.42
0.074 0.51
0.083 0.55
0.13 0.89
0.21 1.52
0.31 2.18
0.45 3.29
0.56 3.75
0.7 5.07
1.0 6.61
13 8.27
17 11.60
GaH-ZSM-5(28)
0.025 0.10
0.071 0.28
0.097 0.37
0.15 0.62
0.32 1.28
0.44 1.77
0.52 2.05
0.7 2.80
1.0 4.05
13 5.25
1.7 6.88
GaH-ZSM-5(39)
0.12 0.35
0.26 0.76
0.44 1.24
0.55 1.54
0.67 1.89
1.0 2.96
13 3.68
1.7 5.04

“Determined by XRF.
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Figure S1 (a-e) GHs conversion, @Hs yield, GH, yield, CH: yield and carbon balance as a functi
of thecatalyst loading over Ga/H-ZSM (Si/Al = 15 and Ga/Al =0.21) &50 °C. (f-j) GHs conversion,
CsHs yield, GH. yield, CH: yield and carbon balance as a function ofdaglyst loading over Ga/H
ZSM-5 (Si/Al = 15 and Ga/Al =0.21) at 570 °C. Reaction conditionsis@artial pressures.07 kPa
with balancing N (total flow rate wasL00 ni-min™).
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Figure S4 C3Hg dehydrogenationates and cracking rateser various catalysts. Reaction conditions:
550 °C CsHs partial pressure5.07 kPa withbalancing N; space time13440 @ars:molcans®. The
propane conversioraebelow 5.5% irthe rate measurements.
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Text S1.Simulation of PDH activation energyof exchanged Ga species based omaal-site model

Assuming that there are tviypes ofactivesiteson the GafA-ZSM-5 for PDH reaction at low Ga/Al
ratios, i.e.BAS and exchanged Ga species, respectilélg.assumption is reasonable since linear increase
relationshipbetweenTOFa and Ga/Al ratio has been observed at low Ga/Al sdfiagure 1). Thus, the
TOFa canbedecoupleddy the contribution from remainingAS and exchanged Ga species, as shown in
eq St

TOF, x TOE™ x, TOE -

wherex; andx; represent the ratio of remingBAS/AI ratioand Ga/Al ratigrespectively. TOFandTOFR,
represent thd OF4. (PDH rate normalized on a per BAsis)andthe TOF of exchangedsa species,
respectivelyWe note thak; + xo < 1, as the measur&®iAS density is lower than that of Al density in the
parent zeolites employed to prepare Ga/H-ZSM The TOF of theexchanged Ga speciesuld be
determinedrom TOFsa(shown in Figure B) divided by the stoichiometrratio betweerthe replacement

of BAS andGa atom determineith our previous work.One Ga atom roughly replaces one BAS at low
Ga/Al ratio( d0.5) on Si/Al ratio of 15, and on@a atom roughly replaces (BAS at low Ga/Al ratio @
0.52)on Si/Al ratio of 39" TOF could be expresseseq S2below.

TOF k P A e®RT p ~ - (S2

propane propane
wherek andPpropanerepresenthe rate constant arnte partial pressure of propaneespectivelyA, E; and
Rrepresent pre-exponential factor, activation energy, and gas constant, respédtiltglie studies have
confirmed that propane is first order in the reactiéimhus,the TOFx canbe represented as shown i e
S3:

TOF, x A e®=F p x, A, e p ~ ~ ~ (S:

propane propane
wherethe subscrips 1 and 2 represent the BAS and exchanged Ga sp&zéH" pair sitesor isolated
Ga' sites),respectivelyWe note that the Hin the Ga™—H" pair siteis still counted as a BAS capable of

catalyzing the PDHh the current model. This assumption is not expected to have a significant impact on



the overall result because of the low concentration 6&&apair sites, e.g., highest density of the GH*
pair sitesin Ga/H-ZSM5 (Si/Al = 15) occurs as a Ga/Al ratio 0of0d2! Based on e@2, theapparent

activationEapp could be derived teqs S4andS5:

d In TOFAI _ R et Eail ) Eas/RT E..§° '
Eapp R d1/T - TO|:A| X AL Ppropane e- ?1© % A Pgrgpane e ?2'©(_(I (84

_x TOF E, X, TOF, E, ~ i
app x TOF x, TOR ~

Based on g S5, The Eapp 0f the exchanged Ga species on Si/Al ratios of 15 and 39 with Ga/Al

ratio from ® 0.042 and 000.55 were obtained by fittingusingthe least square methodhe fitting

conditions and results are summariasdn Table S.



Table S3. Summary of simulation conditions and results of the-gditalmodel.

SIAl  Ga/Al . TOR TOR, Ea Ea
X1+X
ratio  range .~ (MOlcagMOk-sYP  (Moleagmolegl-s)e  (kImol)d  (kImotte
15 0002 0612 0.0033%0.00008 0.597:0.091 18847.9  90.8+15 0.997
39 0055 0694 0.002220.00017 0.075+0.008 15641 11724 0934

%1 andx; represent the fraction of BAS, G&l* pairsites (Si/Al = 15)or isolated Gasites(Si/Al = 39)
to the Al amount of each samptespectively. x1+x, represents the BAS/Al ratio of H-ZSBlwith each
Si/Al ratio, BAS concentration is determined on pyridine adsorption Fé&$Rlts and Al conterdre
calculated based on Si/Al ratio deteretinby XRF (Table S1). The chemicatishiometrythat one Ga
atom roughly replaces one BAS at low Ga/Al ratio has been appli&l/Al ratio of 15, and thaine
Ga atom roughly replaces BAS at low Ga/Al ratio has been applied Si/Al ratio of 39"

"TOFR.. (PDHrate on a per BAS basis) was determined from theaT@¥ded by theBAS/A ratio on
H-ZSM-5 without Ga (0.612 on Si/Al ratio of 15 and 0.694 on Si/Al ratio of .39)

“TOFga++ (Si/Al = 15)andTOFga: (Si/Al = 39) on Ga/H-ZSM5 at low Ga/Al ratios were determing
from the TOFsa (showin in Figure 1bdlivided by thestoichiomety ratio between the replacement
BAS and Ga atoron the reduced GafASM-5 determined in our previous wotK1 on Si/Al ratio of
15 and 0.6 on Si/Al ratio of 39)

9E,,p0f PDH on BAS obtained by parentZ8M-5 without Ga.

°Fitted Eapp of PDH on exchanged Ga species, which decouples the effect of renéting

d




A triple-site model is needed when BASa'—H" pair sitesandisolated Gasitesare all present
on a catalyswith Si/Al ratio of 28and Ga/Al ratio at or below 0.5Zhe fraction of the exchanged Ga

in the forms of G&-H" pair sitesandisolated Gasitesto the Al amount can be determined baseédqgsn

S6-S8
TOF, =% TOE x, TOE X TOF - (S€
X, X %= BAS/Al ratio ¥
X, %= Ga/Al ratio (S8,

where the subscripts 1, 2 and 3 represent the BASHG@air sites and isolatedsa” sites, respectivelyt
should be noted thatOF,, TOF; and TOFE are known variables since they are determined via either direct
measurements (TQJor fitting in the duakite model Similar derivatiors as in thedualsite modelead to

the following expression dheEapg

_% TOK E, X%, TOR E, X; TOR E; i i
P x TOE x, TOF, X TOR -

whereE.s, Exz and Esin the triplesite model are known variables since they are determined via either
direct measurement&) or fitting in the duakite model.Taking into accounthe experimental error

for the measured activity and measuregh, Ehe fraction of three types of active sitesléerminedy
solving eqs S6-S8 within errors of £15% (including TQFTOF,, TOR;, TOFy, BAS/AI ratio, Ga/Al
ratio). Then,the Eppare catulatedfor Ga/H-ZSM5 (Si/Al = 28) samples with Ga/Al @52 using g

S9 within errors of £15% (including E&a, Ea). The results are summarized in Table S4 and plotted
in Figure 4 We note that the tripisite model cannot be applied to samples that might contain a fourth
type of site, e.g., GaGa', thus, no attempt was made to use this model on Ga/HZ$BNVAI = 15)

samples with Ga/Al > 0.1, and Ga/H-ZSBSi/Al = 28) samples wh Ga/Al > 052.



Table $4. Summary of calculated fraction different activespecies anéapp 0of PDH on Si/Al ratio of

28 with Ga/Al ratios ranging from 0 to32.

Ga/Al Eapp(cal) Eapp (€XP)
ratio X X X (kJ-mort)° (kJ-morY)°
0 0.664-0.898 0.000 0.000 140-190 166
0.025  06430.869  0.000-0.000  0.021-0.031 121-164 153
0071  06040.817  0.003-0.007  0.0564-0.079 94.4-137 133
0.097 05810787  0.0150.020  0.063-0.097 87.4-125 124
0015 05360726  0.089-0.046  0.081-0.134 83.4-117 110
032 03920530  0.085-0.049  02230.333 86.5-123 99.5
0.44  0290-0.392  0.014-0.034  0341-0.492 90.6-131 99.8
052  0.220300 00040027 04150594 92.6-134 106

i, X2, and x represent the fraction of BAS, G&l* pair sitesand isolated Gasitesto the Al amount

of each samplelThe BAS/AI ratio of H-ZSM5 with Si/Al ratio of 28is 0.781.BAS concentration is
determined on pyridine adsorption FTiBsults and Al amount are calculated based on Si/Al 1

determined by XRFGa/Al ratios are measured by XRF. TQ&re Al normalized PDH rates, as shoy

in Figure 1.TOF;, TOR and TOR are 0.002320.597 and 0.0780lcznsmolsa® s?, respectivelyThe
fitted x4, X2, X3 are obtained bygs S6-S8 within 15% error.
bCalculatedEap, based oreq S9. Ei, Ea» and Ex are 166, 90.8 and 117 kol ?, respectively The
calculated Eypare within 15% error.

‘ExperimataEapp
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Figure SG FTIR spectra of (i) eHs with 0.27 kPa and (ii) s with 0.07 kPaat25 °C. The kackground
spectrumwas collected in the spectral cell witht a sample @let at25 °Cunder vacuum.




10-004 3055 3015

Absorbance (a.u.)

I I I I I
3150 3100 3050 3000 2950 2900 2850

Wavenumber (cm”)

Figure S7. FTIR spectra of (i) Hs gas phase, (ii) §Hs treatment on reduced Ga/H-ZSBA(Si/Al =
15, Ga/Al = 0.13) for 2, 4, 6, &1d10 min, respectively (from bottom to up, Figure 5a), and (iR
gas phaseAll spectra are normalized to the highpstk intensity of the s gas phasspectrunfor

clarity.
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Figure S8 FTIR spectra of gHs treatment on (aeduced Ga/H-ZShb (Si/Al = 15, Ga/Al = 0.13and
(b) H-ZSM-5 (Si/Al = 15) at 550 °C: (i) beforezB8¢ treatment; (ii-vi) GHe treatment (0.27 kPa) f&,

4, 6, 8, andLO min, respectively; (vii) afteevacuationThe tackground spectrum is collected in t
spectral cell with a dehydrated sample pellet at 550 °C undeawacu











































