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Abstract

The effects of support identity on catalytic 2tAool dehydration rates, Brgnsted acid giémsity, and reducibilitare examined for WQ
domains supported on ZEQAI»03, SiO, (MCM41), and SnQ@. On WO,—Al,03, 2-butanol dehydration rates (per W atom) increased
with increasing WQ surface density and reached maximum values at,\§@rface densities (9-10 W nrR) similar to those required
for two-dimensional polytungstates, as also found on WE¥O,. UV-visible edge energies showed that \W@omains become larger as
WO, surface density increases. Selective titration of Brgnsted acid sites by sterically hinderede2t@&aliylpyridine during 2-butanol
dehydration reaction showed that this reaction occurs predominately on Brgnsted acid sites,fdokv&ns on ZrQ, Al,O3, SiOp, and
SnG, supports. Pre-edge features appear in the UV-visible spectra gFM@03 samples during 2-butanol dehydration and their intensity
increases with W@ surface density in parallel with measured Brgnsted atéddensities and dehydration rates (per W atom). These d—d
electronic transitions reflect the formation of reduced centers, consisting of aéitlig\HDs3),,*~ species, using 2-butanol as a stoichiometric
reductant. These processes resemble those op-\Ei@», indicating that temporary acid sites generally form from neutral V@@ cursors
on all supports. Dehydration tusaer rates (per Bragnsted acid site) were unaffddiy the identity of the support, but for a given WO
surface density, the number of reduced centers and the density of Brgnsted acid sites, but not their intrinsic reactivity, depend on the identity
of the support; both reduced centers and Brgnsted acid sites are more abundanp-cuy@ted than on AD3-supported samples, as
a result of electronic isolation of WOdomains on the more insulating and unreducible@y supports. The dehydration regioselectivity
on Brgnsted acid sites is strongly influenced by support, with more electropositive support cations leading to stronger interactions between
a-hydrogens in reactants and lattice oxygemsoring sterically hindered transiticstates required for the formation @&-2-butene.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction form during catalytic reactions from neutral VWW@recursors
via reduction of polytungstate structures, which balance the
The ability of porous WQ@-ZrO, solids to catalyze  reducibility and accessibility of WQdomaing[8,9]. Spec-
alkane isomerization at low temperaturdg has led to troscopic and kinetic studies showed that W&kructure
detailed studies of the inorganic structures and reaction path-and domain size and the catt and electronic proper-
ways responsible for acid catalysis on these matef2aig]. ties of these domains depend only on the density of WO
Some previous studies have shown that Brgnsted acid Site%pecies on Zr@ surfaceq2,8,9]. Raman spectra have de-
tected similar WQ structures on AlO3 and ZrQ supports,
" * Corresponding author. which evolve from isolated monotungstates to oligomeric
E-mail address: iglesia@cchem.berkeley.edE. Iglesia). polytungstates with octahedral coordination as W&DIr-
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face density increas¢s0]. Monotungstate species ona8; g~1) with aqueous solutions of ammonium metatungstate
catalyze cracking reactions at relatively high temperatures (Aldrich, reagent grade). Sargs were dried in ambient air
[11,12} alkene isomerization rates on W@AI,Os3 catalysts at 393 K overnight and then treated in ambient air at 723 K
increase with increasing W contdid3,14], suggesting that  for 4 h.

oligomeric WQ:, structures are required for selective acid Silica with a MCM-41 structure, one-dimensional pores
catalysis at low temperatures. W@tructures supported on  (~ 5 nm), and a surface area of 780°gT! was pre-
SnQ catalyze acetonation of sorbose antbcopherol syn- pared using known method49,20] WO, was anchored
thesis with high rates and selectiviiys], but their properties  on MCM-47 surfaces by controlled hydrolysis of WCI
for other acid-catalyzed retans remain unexplored. Thus, MCM-47 was treated in ambient air at 813 K until only Q
the reactivity of Brgnsted acid sites in W@tructures, as-  lines were detected in it€Si NMR spectra, indicating the
cribed to specific interactions with ZpGsupports in early  absence of Si—OH groups. This material was dispersed in re-
studies, may well extend to WOdomains on other oxide  fluxing toluene, and deionized water was added in stoichio-

supports. metric amounts required to form a silanol monolaj2t].
Santiesteban et al. first reported a relation between re-WClg (Chemat Technologies, 99.99%) was then added to
ducibility and catalytic properties in WGZrO; [7]. Later, the refluxing mixture and tokne washes were repeated until

UV-vis spectroscopic studies showed that absorption edgeWClg was not detected by titration of the effluent with wa-
energies decreasaslith increasing WQ surface density, ter. These samples were then dried in ambient air at 393 K
suggesting a concurrent increase in Widmain siz€2,8]. and treated in flowing dry air at 773 K for 3 h. Sp®@as pre-
These spectroscopic probes@detected the evolution of  pared by hydrolysis of tin(IV) chloride pentahydrate (98%,
reduced centers during reduction and catalytic reactionsAlfa Aesar) with NHOH (14.8 N) and treated in dry air at
[8,16] o-Xylene isomerization rates increased in parallel 773 K for 3 h. SnQ was impregnated to incipient wetness
with the ability of the mateals to chemisorb hydrogen with aqueous solution of ammonium metatungstate (Stem
from Hp; both catalytic rates and chemisorption uptakes Chemicals, 99.9%) at 298 K, dried at 383 K, and then treated
were proportional to bipressure, as expected from a role of in flowing dry air at 773 K for 3 h.
H. in forming H+(WO3),,°~ with acidic OH group$s,17, The W content, thermal treatment temperatures, and
18]. These reduced centers forniHspecies via Hdisso-  nominal W surface densities are reportedTable 1 Sur-
ciation and require charge delocalization by W@bmains.  face densities were estimated from the W content and the
2-Butanol acts as a sacrificial stoichiometric reductant dur- BET surface area, measured using a multipoint physisorp-
ing its catalytic dehydration, thus requiring that Bransted tion isotherm for N at its normal boiling point. The nomen-
acid site densities be measured during reaction. These meaelature used throughout (e.g., W(9.8)Al) lists the surface
surements were carried out on W&XrO, catalysts using
2,6-ditert-butylpyridine as a selective titrant of Brgnsted

R . Table 1
acid sites and UV-visible spectroscopy to measure the num'Tungs'{en content, thermal treatment, We6urface density, and notation

ber and electron-deficient nature of acidic OH gro[i. used for all samples in this study
On these samples, catalytic dehydration rates were ProPOryy concentration Treatment Nominal surface Nomenclature
tional to the number of reduced centers and to the number of o, wog) temperature (K) densitf (W nm—2)
Bregnsted acid sites, measured by UV-visible spectroscopy ¢ 723 n W(L DA
and site titrations during reaction, respectively. 10 723 21 W(2.2)Al
Here, we extend these previous catalytic, spectroscopic,20 723 43 W(4.3)Al
and site titration studies to WOdomains supported on 27 723 58 W(S.8)Al
Al,03, SNG, and SiQ (MCM-41) to examine the effects 3> ;22 gg wg'ggﬁ:
of supports on the density and the reactivity of active struc- g, 723 1% W(1é.0) Al
tures. We report the first systematic measurements of acid-sg 773 65 W(6.5)Si
catalyzed turnover rates, indioat of the intrinsic reactivity 67 773 232 W(23.2)Si
of Brgnsted acid sites, on WQlomains dispersed on vari- ;g ;;2 g wggip
ous inorganic oxide support materials. 20 873 it W(E.4)zr
30 923 68 W(6.8)Zr
30 973 9 W(9.6)Zr
2. Experimental methods 30 1023 148 W(14.8)Zr
30 1073 in W(17.2)zr
; 15 873 29 W(2.9)Zr
2.1. Catalyst synthesis methods s 1023 s W§7.9;Zr
15 1073 16 W(10.5)Zr
Detailed synthesis procedures for W&ZrO, samples 15 1123 1% W(13.5)zr
were reported previouslji6]. WO,—Al,O3 catalysts were 15 1173 2%8 W(29.8)Zr
prepared by incipient wetness impregnatiomoeflumina @ Estimated from nominal W content and BET surface area of samples

(reforming grade provided by ExxonMobil Corp., 19 m after indicated thermal treatment.
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density in parentheses (as Wnfj) and the support cation  edge region plotted aéF (Ruo)hv)Y? vs hv [8]. UV-vis

immediately thereafter. spectra were also recorded on similarly treated samples dur-
ing steady-state 2-butanol dehydration (0.5 kPa 2-butanol,
2.2. Catalytic reactions of 2-butanol He (1.33 cnis™1)) at 423 K (WAI) and 323 K (WZr).

Catalytic 2-butanol dehydration rates and alkene selec-
tivities were measured at 373 K in a quartz flow reactor 3. Resultsand discussion
(2.0 cm i.d.) using samples (0.027-0.250 @) dispersed on
a quartz frit. All samples were treated in flowing dry air 3.1, Catalytic dehydration of 2-butanol
(0.83 cnts 1) at 723 K for WQ.—Al»03 (WAI), WO, —
Si0, (WSi), at 773 K for WQ-ZrO,; (WZr), and at 2-Butanol dehydration was used to probe acid proper-
673 K for WO,—SnQ (WSn) for 1 h before catalytic mea-  tjes and in situ formation of Brgnsted acid sites in WA,
surements. Liquid 2-butanol (Aldrich, 99.5%, anhydrous) \ysj and WSn samples with varying W surface densities.
was vaporized into flowing He (Airgas, ultrahigh purity Only monomolecular dehydration products (1-butetis,
grade) at 100.1 kPa and 373 K by controlled injection and trans-2-butenes) formed; ether products of bimolecu-
with & syringe pump to give a constant 2-butanol pressure 3¢ reactions were not detected. 2-Butanol dehydration rates
(0.5 kPa). Reactant conversion was varied by changing thegecreased with increasing reactant conversion, varied by
He flow rate (0.3—4.85 cfs~! for WAI, WSi, and WSn and changing residence time, on W/ig. 1), WSi, and WSn, as
0.15-5.78 crits™* for WZr) at constant 2-butanol pressure 450 found earlier on WZL6]; these effects reflect compet-
(0.5 kPa). Reactant and product concentrations were meaijye adsorption of the KO formed during reactiofL6]. Re-
sured by gas chromatography (Hewlett-Packard 6890 GC, action rates were obtained by extrapolation to zero 2-butanol

30 m HP-1 methyl silicone capillary column, flame ioniza- conversion, using a rate expression (E; [16]) containing
tion detector). 2-Butanol dehydration rates are reported peryyo constantg’ anda
W atom and as turnover rates per Brgnsted acid site, esti-

mated by site titrations during reaction. (2]

Ltko/ks k'
: L . , (1+M[H201)=1+Q[H201’
2.3. Titration of acid sites during 2-butanol dehydration kki(1+kz/ks) [A] [A]
catalysis where [HO] is the water pressured] is the 2-butanol pres-
sure, and ] is the total concentration of active sites; kinetic

1)

Liquid mixtures of 2-butanol with pyridine (Fischer,

99.9%) or 2,6-diert-butylpyridine (Aldrich, 97%) were 10 1.0
prepared using 2-butanol (4.5 ml; Aldrich, 99.5%, an-
hydrous) and 10-20 pl of either organic base. The re- ~ or -1 09
sulting titrant-reaeint mixture was introduced into a He <'rw sl Jos
stream (1.33 cris™?) at a liquid volumetric flow rate of  © Regioselectivity (trans/cis) '
0.09 cn?h™?, resulting in mixtures containing 0.5 kPa 2- & 7 N 4 o7
butanol, 1.25-2.5 Pa pyridine, or 0.45-0.90 Pa 2,6di- © o
butylpyridine. The amount of titrant adsorbed on the cat- né 6 — 0.6 §
alyst was calculated from itsoacentration in the effluent, 2 >
measured by gas chromatography, using the same chromato-& 5 —05
graphic protocols as for 2-butanol dehydration. E» 4 o4 g
3] “ D

2.4. Insitu ultraviolet—visible diffuse reflectance % 3l o3 @
spectroscopy =

. . . g:;] 2r 1-butene/2-butene —02

Diffuse reflectance electranispectra were measured in & - o= |_>

the UV-vis range using a Varian (Cary 4) spectrometer with 1p B8 -mome - — 0.1
a Harrick Scientific diffuse reflectance attachment (DRP-
XXX) and a controlled environment chamber (DRA-2CR). 0 0 0'1 0'2 0'3 040

Reflectance measurements were converted into pseudo-
absorbance unit$F (R~,)) using the Kubelka—Munk for- Conversion
malism and MgO as a standard refled@]. Samples were , _ Ny _
dehydrated in flowing dry air at 723 K, cooled in air to Fig. 1. 2-Butanol dehydration ratedr W atom) and selectivity ratios

. ’ . at 373 K as a function of conversion for W(9.8)Al [0.5 kPa 2-butanol,
298 K, and treated in He at 298 K before measuring spec- 100.g kpa He, 5-34 mol 2-butarii-atom W h)].@ Represents average
tra at 723 K in flowing dry air. Absorption edge energies conversion and rate values at a certain space velocity; — calculated rate
were estimated from theintercept of a linear fit of the near  using Eq(1) as a function of conversion.
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Scheme 1. Proposed elementary stepfbutanol dehydration on supported \Weatalysts.

constants were obtained from residence time reaction rate 1.0

data using nonlinear regression methods. 09 a
The mechanism for 2-butanol dehydratidbchieme 1 ' A

[16]) includes the reversible associative adsorption of 08 L ’-'

2-butanol on conjugate acid—base pairs via concerted inter- ' v

actions of OH groups and A-hydrogen in 2-butanol with 07k o

this site pair (step 1). This step is followed by irreversible bi- o ' /‘

molecular (E2) decomposition of adsorbed butanol to butene 0.6 | Regioselectivity )

isomers, leaving two vicinal OH groups (step 2). The cat- X '

alytic cycle is completed by versible recombination of OH 2 05 L -

groups to form HO, which desorbs to restore Brgnsted acid = ' m -

sites (step 3). Eq1) was derived from these steps and con- E 0.4 _l.l """""

firmed by kinetic data on WZ11.6]; we note thak’ in Eq. (1) 3 . u

is the zero-order 2-butanol dehydration rate obtained by ex- 03+

trapolation of rate data to zero reactant conversion.
The extent of reactant conversion did not influence alkene 0oL  1-butene/2-butene

selectivity on any catalyst (e.grig. 1, W(9.8)Al). This in- 04 5 e

dicates that alkenes do not readsorb and isomerize during 0.1 F -G DA

2-butanol dehydration, apparently because active sites are

saturated with butanol-derived intermediates, as shown by 0 L L L L

the observed zero-order kinetic dependence on 2-butanol 0 5 10 15 20 25

reactant pressurfl6]. Thus, observed selectivities reflect ) 2

primary reactions of butanol-derived intermediateig. 2 WO, Surface Density (W nm™)

showstrans/cis 2-butene and 1-buteyi2-butene selectivity Fio. 2. Selectivity ratios at 373 K function of Weurface density at

. . : 1g. 2. Selectivity ratios al as a tunction o urrace density a
rat!os for representapve Cata,lyStS On,e_aCh S,quHnS/,CIS ~ 5% conversion [0.5 kPa 2-butanol, 100.8 kPa He]. Different ratios and
ratios, de.noted herein as regioselectivity ratios, are higher oncatalysts are shown: regioselectivity ratio of WABY 1-buteng2-butene
WAI, WSi, and WSn than on WZr (e.g., 0.9 (WSi) and 0.4 ratio of WAI (Q), regioselectivity ratio of WZrM), 1-buteng2-butene ra-
(WZr)), but even on the first three samples, they are below tio of WZr (0J), regioselectivity ratio of WSi4), 1-buten¢2-butene ratio
equilibrium values (2.5 at 373 KL6]). On WAI, regioselec- of WSi (A), regioselectivity ratio of WSnY), 1-buteng¢2-butene ratio of
L o . . ’ i WSh (v).
tivity ratios increased with decreasing W®urface density, ")
but did not depend on surface density for WZr and WSi.
1-Buteng2-butene ratios were similar on all supports and and type of acid sites responsible for these catalytic dehy-
independent of WQ surface density. This dependence of dration reactions.
regioselectivity ratios on supports and, for WAI, on surface  Next, we examine the effects of support and Welir-
density, will be discussed later, after examining the number face density on 2-butanol dehydration rates for WAI, WZr,
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supportg8,16], but which can also depend on the chemical
identity of the support on which these domains are dispersed.

N
o

] T .
PR 3.2. Sdectivetitration of Brgnsted and Lewis acid sites
during 2-butanol dehydration

—_
(e
T

m = \ Here, we probe the effects of support and surface den-
/ : sity on the density of Brgnsted acid sites’{tW0O3),,’")
: measured by site titration methods and on the number of re-

[N
N
T

\ WZr
/ duced centers detected by in situ UV-visible spectroscopy
\ during dehydration catalysis. Then, we use these site densi-
' ties to report turnover rates (per Brgnsted acid site) on.WO
¢~ 1 domains supported on ZpOAl»03, SiO,, and SnQ.
“ "‘ Titration methods can be used to measure the number of
acid sites during catalytic reactions, as well as the respec-
tive catalytic involvement of Brgnsted and Lewis acid sites.
n @ . _WAI Sterically hindered pyridines titrate Brﬂnstt_ad acid sites. se-
S o A ; lectively because their N at@rtannot coordinate to Lewis
e \ acid centers, as shown by Brown and Johann¢28hand
P ' A later by otherg7,11,16,24,25]in contrast, pyridine titrates
' ' both types of acid sites via protonation or coordination.
0 5 10 15 20 25 Pyridine and 2,6-dtert-butylpyridine are used here to de-
. 2 termine the involvement and reactivity of Brgnsted and
WO, Surface Density (W nm™) Lewis acid centers in 2-butanol dehydration. On WZr and
Fig. 3. Initial 2-butanol dehydration rates (per W atom) at 373 K as a func WO,-based polyoxometalate clusters, 2-butanol dehydra-
ti0?1 of WO, surface densit{/ [0.5 kPa 2-bl::anol| 100.8 kPa He]. Different g?—?e?’i%tglg;?%?r:gl naacgglii/ioonn (I;ng?]itteﬁ] fal‘ Slednslet?-'bi’tg—nol
catalysts are shown: WAK), WZr (H), WSi (A), and WSn ¥).
dehydration ony-Al>03, on which only Lewis acid sites
exist, but suppressed dehydration catalysis on WZr and poly-
. . . oxometalate catalysf{46].
WS, and WSn Kig. 3). Dehydration rates (per W atom) Figs. 4-6show dehydration rates as a function of cu-
on \_NAl are lower than on WZr at all Wpsurface de.n.s" mulative titrant adsorption on W(5.8)Al, W(6.5)Si, and
ties, they Sho;” a maximum value at WQurface densities W(7.7)Sn. The leftmost section in each figure shows time-
(9-10 Wnm) slightly above a theorepcal polytungstate on-stream behavior before the titrant is added, while the rest
monqlayer, as also f_ozund on Wer at slightly lower surface gy, s rates as a function of the amount of titrant adsorbed,
densities { 8 Wnnr) [16]. WSi catalysts show lower — oaqred at constant intervals as titrant was continuously
dehydration rates (per W atom) than WAI samples, while 5464 pata points become matesely spaced as acid sites
dehydration rates on WSn are intermediate between those,ecome saturated with the titrant. Catalysts titrated with 2,6-
measured on WZr and WAHg. 3). _ di-tert-butylpyridine maintain some residual activity, even
Dehydration rates per W atom reflect the combined ef- atter saturation Figs. 4-§, reflecting minor dehydration
fects of the dispersion of WOdomains and of the reactivity  ¢onributions from Lewis acid sites, which do not interact
of Lewis and Brgnsted acid sites coexisting in these sam-ith 2,6-ditert-butylpyridine.
ples. Their relative importance is difficult to discern, among  Titration with 2,6-ditert-butylpyridine led to a linear de-
other reasons, because Brgnsted acid sites form by reducgrease in dehydration rates witicreasing adsorbed titrant,
tion of WO, centers with H or 2-butanol during catalytic  consistent with stoichiometric titration of active sites. The
reactions[8,9,16,18] Site titrations with hindered organic  |inear nature of this decrease in rate does not unequivocally
basesduring catalysis showed that rates on WZr depend reflect the presence of sites uniform in catalytic behavior,
only on the number of Brgnsted acid sif@s16]. Stoichio-  pecause strong binding leads to sequential titration of all
metric reductants, such as kuringo-xylene isomerization  acid sites along the catalyst bed, irrespective of their re-
[9,18]and 2-butanol during its dehydratifi6], formactive  activity. The small residual rates observed after saturation
H*+(WOz),°~ centers. Their density depends on the avail- with 2,6-diert-butylpyridine were similar on WAl and WSi,
ability and reactivity of the reductant and on the ability of but three times higher on WSiigble 3. On WA, they re-
accessible WQ centers to stabilize the active’H species mained constant as surface density increased, but ultimately
by delocalizing the balancing negative chaf8®,16] The decreased as W{Zlusters formed at surface densities above
latter depends on the reducibility of W@lomains, which 10 Wnnt2. Residual dehydration rates after 2,6teit-
increases as the size of these domains increases on ZrObutylpyridine saturation may reflect exposedWeations

[o¢]
T

Initial 2-Butanol Dehydration Rate (10'43'1)
N
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Fig. 4. Titration of acid sites on W(8)AI during 2-butanol dehydration.
Reaction rates (per W atom) at 373 K as a function of the cumulative
amount of titrant (2,6-dtert-butylpyridine or pyrdine) adsorbed during
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Fig. 6. Titration of acid sites on \V.7)Sn during 2-butanol dehydra-
tion. Reaction rates (per W atom) at 373 K as a function of the cumula-

reaction [0.5 kPa 2-butanol, 100.1 kPa He, 1.625 Pa pyridine, 0.45 Pa tive amount of titrant (2,6-diert-butylpyridine or pyrdine) adsorbed dur-

2,6-ditert-butylpyridine].
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Fig. 5. Titration of acid sites on W(B)Si during 2-butanol dehydration.
Reaction rates (per W atom) at 373 K as a function of the cumula-
tive amount of titrant (2,6-diert-butylpyridine or pyrdine) adsorbed dur-

ing reaction [0.5 kPa 2-butanol, 100.1 kPa He, 2.5 Pa pyridine, 0.74 Pa
2,6-ditert-butylpyridine].

Table 2
Comparison of residual 2-butanol dehydration rates on WAI, WSi, and WSn

Catalyst Residual dehydration ratg 04 s—1)
W(4.3)Al 044
W(5.8)Al 0.54
W(7.6)Al 041
W(9.8)Al 0.50
W(13.0)Al 008
W(6.5)Si 024
W(23.2)Si 018
W(7.7)Sn 170

@ Determined from residual 2-butandéhydration at 373 K after satura-
tion with 2,6-ditert-butylpyridine (per W atom).

sured on WSiTable 2, even though silica lacks Lewis acid
sites, suggest that sites on support surfaces are not respon-
sible for these residual rates after 2,6teit-butylpyridine
saturation.

Titrant uptakes are greater for pyridine than for 2,6-di-
tert-butylpyridine, because pyline saturates both Lewis
and Brgnsted acid sites before titrating downstream active
Brgnsted acid sites involved in dehydration reactions. Pyri-
dine titration suppressed 2-butanol dehydration activity al-

ing reaction [0.5 kPa 2-butanol, 100.1 kPa He, 2.5 Pa pyridine, 0.45 Pa most completelyFigs. 4—, suggesting that Lewis acid sites

2,6-ditert-butylpyridine].

are responsible for the residual rates measured after 2,6-
di-tert-butylpyridine saturation; the number of Lewis acid

acting as Lewis centers, the dispersion of which ultimately sites is given by the difference between the amounts of 2,6-
decreases at high surface densities. These data together witHi-tert-butylpyridine and pyridie required to saturate each
the negligible dehydration rates on Lewis acid sites presentsample. For example, the density of Brgnsted acid sites on

in purey-Al,03[16] and with the similar residual rates mea-

W(5.8)Al (Fig. 4 was 0.017 siteANV atom, while the to-
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0.06

tal number of acid sites, obtained by extrapolating the ini- (a)
tial slope of dehydration rate as a function of the cumu-
lative pyridine adsorbed to zero, was 0.058 sitd¥satom;
their difference (0.041 sit¢8V atom) reflects the number
of Lewis acid sites, whether they reside on®@4 and are
catalytically inactive at 373 K, or on WOdomains and
contribute to residual rates after saturation with 2, edt-
butylpyridine. On this sample, the apparent turnover rate for
Lewis acid catalysis is given by the residual rate divided by
the number of Lewis acid sites. This apparent turnover rate
(~1.3x 1035~ 1)is much lower than on Brgnsted acid sites
(~17.4 x 10~2 s71); the latter was obtained by dividing the
part of the initial dehydratiorate influenced by 2,6-dert-
butylpyridine by the number of titrant molecules required to
suppress dehydration rates.

Fig. 7 shows Brgnsted (a) and Lewis (b) acid site den-
sities in WAI, WZr, WSi, and WSn samples with different
surface densities. The WAI sample with 9.8 Wnhshows
the highest Brgnsted acid site density (per W atom) and
also the highest 2-butanol dehydration rate (per W atom)
(Fig. 3) on Al>O3 supports. This site density corresponds to
one H* per 35 W atoms, indicating that effective charge de-
localization requires significant spatial isolation of reduced
centers as they form during reaction. Lewis acid site densi-
ties on WAI (Fig. 7b) are highest+ 0.051 sitegW atom) at
low WO, surface densities (4.3 W ). Brensted acid site
densities on W(7.7)Sn are similar to those on WAI samples
with similar WO, surface densities and lower on WSi. WZr
samples show higher Brgnsted acid site densities than WO
species on other supports at all W6urface densities; they
also show higher 2-butanol dehydration rates per W atom
(Fig. 3). Lewis acid site densities (per W atom) on WAl and
WZr decrease as Wsurface densities approach theoretical fig. 7. Bransted (a) and Lewis (b) acid site densities as a function of
polytungstate monolayer values 8 W nnm~2) (Fig. 7b), ap- WO, surface density. Acid site densities were determined by titration dur-
parently because the accessibility ofWcations decreases  ing 2-butanol reaction at 373 K with pyridine (Brensted_ewis acid site
as three-dimensional Wilusters form. At low WQ sur- density) or 2,6-dtert-buty|pyric_jine (Branstedcid site density). Catalysts
face densities, ADs-supported samples contain significant 5"V WAI @), WZr (), WSi (&), and WSn'Y).
exposed support surfaces, which can contribute to measured
Lewis acid site densities but not to measured catalytic rates,gioselectivity ratios; slightly different ratios were obtained

—&— waAl
— ¥ wzr
A wsi
Y  WSn

WZr

0.04

(per W-atom)

0.02

Bronsted Acid Site Density

0.04

(per W-atom)

0.02

Lewis Acid Site Density

4
WO, Surface Density (W/nm?)

8 12 16 20 24

because of the negligible @dytic reactivity of exposed
Al,03 surfaceg16].

The ratio of initial to residual dehydration rates during
2,6-ditert-butylpyridine titration indicates that surface den-
sity effects on regioselectivity for WAl samples may reflect
parallel dehydration pathways on Lewis acid sites, which be-
come less prevalent as W@®urface density increases. These
sites, which are not titrated by 2,6-@hrt-butylpyridine, give
rise to the higher residual regioselectivity ratio observed af-
ter saturation with this titrantians/cis = 0.88) compared
with that measured befothe titrant is introducedians/cis

on WSn. Different regioselectivities on Brgnsted and Lewis
acid sites may well account for the changes of regioselec-
tivity with WO, surface density, but not for the different
regioselectivities found for different supportsiqg. 2). Be-
low, we discuss how supports can influence regioselectiv-
ity.

A kinetic preference focis-alkenes is typical of E2 elim-
ination dehydration pathway26—28] for which the basic-
ity of lattice oxygen anions controls regioselectiv[88].
More basic lattice oxygens favor interactions with the
hydrogen, as depicted Bcheme 2. Thus, electron density

= 0.68-0.84 Fig. 8)), apparently because of differences atthex-C atom increases, which favors OH abstraction from
in regioselectivity between Brgnsted and Lewis acid sites. adsorbed butanol. This interaction stabilizes transition states
Contributions from dehydration turnovers on Lewis acid leading tocis-alkenes $cheme 8). More basic oxygen an-
sites appear to be responsible for the observed regioselecions and the stronger interactions that ensue compensate for
tivity changes with WQ density on WAI. In contrast with  steric strain in the eclipsed conformation required dis

WAI, WZr and WSi give similar initial and residual re- selectivity Scheme a), which would otherwise be much
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Fig. 8. Initial regioselectivity ratio on WAI samples at 373 K as a function
of residuafinitial rate ratio. [0.5 kPa 2-butanol, 100.1 kPa He, 1.625 Pa

pyridine, 0.45 Pa 2,6-diert-butylpyridine].

@

CH3

CH3

(b)

Support Metal Electronegativity

Fig. 9. Brgnsted acid regioselectivity ratios at 373 K as a function of Sander-
son electronegativity of the metal in the oxide support. Catalysts shown:

WAI (@), WZr (l), WSi (A), and WSn ¥). For WZr and WSi Brgnsted
regioselectivity equals overall regioselectivity (OR), for WAI and WSn it

had been calculated taking into account the different selectivities on Lewis
acid sites as obtained by 2,6-@¥t-butylpyridine titration (seé\ppendix).

[0.5 kPa 2-butanol, 100.1 kPa He, 0.45 (WAI), 0.9 (WZr), 0.45 WSi) and
- 0.74 Pa 2,6-dtert-butylpyridine (WSn).]

a_

g-H OH

O:a- 0’ H'8+ o~ these cationsFig. 9 shows Brgnsted acid regioselectivity
ratios as a function of support cation electronegativity for
supported WQ catalysts. The Brgnsted acid regioselectivity
ratio is calculated from the overall catalyst regioselectivity
ratio taking into account the different selectivities on Lewis
acid sites obtained for WAIAppendix). On each support,
the regioselectivity on Brgnsted acid sites is independent of

WO, surface density and increases with the Sanderson elec-

less stable than the staggered conformat&rhéme B) in- tronegativity[29] of the support catiorHig. 9).
volved intrans-alkene formation. These interactions may be ~ Titration of Brensted acid sites with 2,6-tért-butyl-

regarded as inductive effects that increase electron densityPyridine during 2-butanol dehydration was carried out at two
on thea-C atom. temperatures (373 and 403 K) on WAI(5.8) to probe the in

2-Butanol dehydration ory-Al>03, MgAl,04, AIPOg, situ formation of Brgnsted acid sites. Brgnsted acid site den-
Bag(PQy)2, Cas(PQy)2, and CaHPQ Lewis acid catalysts  Sities increased from 0.017 to 0.026 sjtés atom as the
show lower regioselectivity ratios with increasing oxide ba- reaction temperature increased from 373 to 40Fig.(10.
sicity [28]. The intimate contact between W@omains and ~ These findings cannot be reconciled with the catalytic in-
the support in well-dispersed structures leads to electronvolvement of permanentacid sites, the number of which can-
transfer mediated by bridging oxygens, the basicity of which not be influenced by reaction temperature. These data reflect
increases as the electron withdrawing tendency of supportinstead the effects of temperagon the extent of reduction
cations decreases. Thus, less acidic support cations wouldf WO, domains, which lead in turn to an increase in the
lead to more basic oxygens and to a preferencecisr number of Brgnsted acid sites. The observed strong temper-
alkenes in E2 elimination reactions, as indeed found when ature dependence of 2-butanol dehydration rates therefore
regioselectivity ratios are related to the electronegativity of reflects both the activation energy for E2 elimination path-

e

Scheme 2. E2 dehydration transitiontstarequired for the formation of
cis-alkenes (a) antrans-alkenes (b). The additional interaction of the lat-
tice oxygen (electron pair donor) with thehydrogen (a) is likely to be
responsible for the preference of the formatiortisfalkenes, although the
eclipsed conformation in transition state (a) is energetically less favorable.
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Fig. 11. Absorption edge energies as a function of W&Drface density.
Catalysts shown: WAI®) and WZr @).

ways and an increase in the number of Brgnsted acid sites

with increasing temperature.

These data show the predominant contributions of Brgn- this requirement for charge delocalization for many oxide
sted acid sites to measured 2-butanol dehydration rates orsystemg30]. The formation of reduced centers is detected in
WAI, WSi, and WSn. Even for the sample with lowest sur- UV-visible spectra by the ajarance of absorption features
face density (W(4.3)Al), Brgnsted acid sites contribute more in the spectral region below the edge; these features reflect
than 70% of measured dehydration rates. Previous studiesd—d electronic transitions that become possible upon reduc-
have shown that these Brgnsted acid sites form on poly-tion of W8+ to W8~ * centers during 2-butanol reactions
tungstate domains supported on Zr@uring reactions of  on WZr [16] or during reduction in K [8]. Their intensity
2-butanol[16] or Hy/o-xylene[18] reactants via reduction  increased in parallel with the ability of the materials to cat-
processes leading to®H(WO03),°~ reduced centers de- alyze dehydration and isomerization reactions.
tected by UV-visible spectroscopy and titrated by hindered = The absorption edge reflects the energy required for
pyridine bases. Next, we extend these spectroscopic studpromoting an electron from the highest occupied orbital
ies to show that similar in situ reduction processes lead to (HOMO) or valence band to the lowest unoccupied orbital
the observed catalytic behavior of WW@omains supported  (LUMO) or conduction band. In WQ relevant electron
on Al;Ogz; these measurements are also used to probe the eftransfer occurs from O atoms to W centers and the pho-
fects of supports on the electronic properties of WsPecies  ton energies required depend on local coordination, domain
by comparing spectra of WAI with those reported for WZr size [31,32], and suppor{31]. Fig. 11 shows absorption

(8,16] edge energies for WAl and WZr as a function of \We&ur-
face density. WZr showed three distinct regions. At low
3.3. UV-~vis spectroscopy studies—Nature of active sites surface densities< 3 Wnn2), the edge remained con-

stant ¢~ 3.49 eV), as expected for isolated species, and then
On Wzr, absorption edge enpes decreased with in- decreased as surface density increased (4-8 Wie-
creasing WQ surface density, because charge delocaliza- cause of the growth of two-dimensional polytungstate do-
tion becomes more effective on W@omains of larger size  mains. A polytungstate monolayer (with an edge energy of
[2,8]. More effective charge delocalization leads to more 3.2 eV) coexists at even higher surface densities with three-
reducible domains, because retioc introduces additional  dimensional structures with edge energie2(6 eV) typical
electron density. The size of semiconductor domains, their of bulk WOz crystallites. In contrast, WAl samples show a
reducibility, and their cataljc reactivity are connected by  gradual decrease in edge energy with increasing, Wa@-
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1.0

face density and higher edge energies for isolated species ” (@)

than on ZrQ (3.9-4.1 eV vs 3.4 eV for 1.1-3.9 W nm). \:\\ N\ wesyzr
These data suggest that WGtructures evolve less uni- 08 _‘\\\ / \\/

formly on Al,Os than on ZrQ, and that more insulating ' \\"” \

Al>O3 supports (relative to Zr§) 8.7 eV vs 5.0 eV (UV-vis N \\

absorption edge of the respective support matgial) lead
to weaker electron transfer between \Wénd the support,
to greater electronic isolation of small WW@omains, and
to less reducible WQspecies. Thus, electron delocalization
beyond WQ domains, as electron density increases dur-
ing reduction, requires higher activation energies osQAl
than on ZrQ supports. This leads to the higher edge ener- / SR
gies measured for isolated monotungstate species gDzAl ol
compared with similar structures on ZrQhese electronic
differences also reflect thettahedral coordination of W I— TN e -
centers on AlO3 at low WO, surface densitief84], which 0 s ;Ie 20 22 24 26 28 30
differs from the distorted octatral symmetry characteristic o
of isolated monotungstate species on Zi8]. X-ray ab- ®)
sorption near-edge spectra showed that Wd@mains on
Al>,03 exhibit octahedral coordination at surface densities
required for polytungstate monolayers 8 W nni2) [34].
The data inFig. 11indicate that the effective size of WO
domains increased with increasing We6urface density on
both ZrQ and ALOs. The resulting ability of larger do-
mains to delocalize charge, required for low-energy electron
transitions and also for checal reduction, increased with
WO, surface density on both supports, but greater electronic
isolation on AbOg3 surfaces renders WOdomains less re-
ducible than those on ZiJor a given WQ surface density.
WZr forms active Ht (W0Os),,°~ Brensted acid sites dur-
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ing dehydration reactionfl6]; these reduction processes 0. . : : s : s
lead to pre-edge features in UV-visible specffig. 12 20 22 24 26 28 30 32 34
shows UV-vis spectra during steady-state 2-butanol dehy- Energy (eV)

dration at 423 K (WAIFig. 12b) and 323 K (WZrFig. 12a) ) ) o o )
for samples with similar WQsurface densities. Higher tem-  ©'9: 12- UV-vis Kubelka-Munk absorption intensity in the preedge (vis-

. ible) region as a function of WQsurface density for WZr (a) and WAI
peratures are required to detect reduced centers on WAI(b) during steady-state dehydraticatalysis (after 1 h) with 2-butanol
than on more active WZr, preventing quantitative reducibil- (0.5 kPa) at 323 K (Wzr, (a)) and 423 K (WAI, (b)}(R)g designates
ity comparisons but indicating a clear relation between cat- the Kubelka—Munk absorption in the absence of 2-butanol.
alytic rates and reduction properties for \W@omains. WAI
samples showed weaker molésilike absorption features density. These data reflect the number of electrons intro-
than WZr, and they appeared at higher absorption energyduced into WQ domains upon reduction, either by forming
(2.9 vs 2.2 eV); these effects appear to reflect the less uni-H3*(W0O3),’~ or oxygen-deficient W@_ , species. The
form nature of AbOs-supported samples, confirmed by their number of reduced centers ieased with increasing sur-
monotonic decrease in edge energy with increasing surfaceface density on WAl and WZr and ultimately decreased as W
density Fig. 11), as well as the more insulating nature of the species reside predominately at inaccessible positions within
Al203 support, which causes the photon energies requiredthree-dimensional crystallites. The maximum number of re-
for electronic transitions to also increase for the O-to-W duced centers (per W atom) was measured on both supports
electron transfer processes responsible for absorption at theat WO, surface densities similar to those required for max-
edge. At higher surface densities (0 Wnnt?2), preedge imum Brgnsted acid site densitieBig. 7a) and 2-butanol
absorption intensities beconsémilar on the two supports, dehydration rates (per W atorRig. 3). At even higher sur-
as O removal from WQ clusters becomes the predominant face densities, preedge absorption intensifiég. (L3 do not
mechanism for reduction and WQlomains grow and be-  correlate with acid site densitfig. 7a) or dehydration rates
come less intimately connected to support surf§tés (Fig. 3), because reduction processes involving O removal

Fig. 13shows integrated UV-vis intensities in the preedge and leading to inactive reduceénters become prevalent as
region (2.0-3.4 eV (WAI), 1.5-3.2 eV (WZr)) for WAl WO, clusters form; these O-deficient centers absorb photons
(423 K) and WZr (323 K) samples with varying surface inthe preedge region but cannot reduce further to form O-H
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Fig. 13. Integrated UV-vis absorpticarea corresponding to the data pre-
sented inFig. 12 of WAI (423 K) and WZr (323 K) as a function of
WO, surface density. Catalysts shown: WAYand WZr @). [Spectra are
obtained after 1 h during steady-gtaeaction with 2-butanol (0.5 kPa 2-bu-
tanol), absorption areas were integrated from 1.5-3.2 eV (\Wigr, 123)
and 2-3.4 eV (WAIFig. 12).]

groups with Bragnsted acid character. The parallel evolution
of catalytic dehydration rated=ig. 3), Brgnsted acid site
density Fig. 7a), and extent of reduction for WAF{g. 13
(these data are summarized Table 3 at surface densi-
ties from 4.3 W to 9.8 W nm? indicate that Kt (WO3),,%~
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of reduction and the density of theséHWO3),,*~ species
depend sensitively on the support, which influences the abil-
ity of WO, domains to delocalize charge. These UV-vis
spectra and titration data lead us to conclude that Brgnsted
acid centers form on WAI via reduction processes previously
shown to occur on WZr and that these pathways and the con-
sequent support effects observed are common among acid
catalysts based on neutral WW@domains.

3.4. Support effects on alcohol dehydration turnover rates

Here, we return to the kinetics and mechanism of
2-butanol dehydration and show that dehydration turnover
rates, rate constants for required kinetically relevant steps,
and the reactivity of Brgnsted acid sites are not affected
by the identity of the supports. Dehydration turnover rates
can be obtained from the measured rates (per W atom) and
the number of Brgnsted acid sites measured by 2 [&rth-
butylpyridine titration. The #iects of support on the intrinsic
reactivity of these acid sites can be determined form these
estimates.

Reaction rates from E¢1) and extrapolated to zero con-
version @[H20]/[A] «1) give the expression:

. klLl
1+ ko/k3

Thus, measurekhppvalues equal turnover rates)for zero-
order conversion of 2-butanol to butenes.

(2)

ro.

ro
—_— = kappz V.

i (3)
We note thakapp depends on the ability of sites to react in
E2 elimination k) (Step 2 S&cheme }) and water desorp-
tion (k3) (Step 3 Echeme }) reactions, both of which can
depend on acid strength. Fig. 14, 2-butanol dehydration
rates (per W atom) on WZr, WAI, WSi, and WSn are shown

centers act as Brgnsted acid sites; their properties resemblas a function of Brgnsted acid site density (per W atom).

those reported for similar structures on WZ6].
WAI samples showed fewer reduced centers than WZr,

These rates include only contributions from Brgnsted acid
sites; small contributions from Lewis acid sites were rig-

even at their higher reaction temperatures. This is consistentorously subtracted, using procedures described earlier. The

with their lower catalytic reactivity, which reflects the pres-
ence of fewer Bt (WOs),,°~ Bransted acid sites. The extent

Table 3

data inFig. 14andTable 4lie along a unique single curve
for WO, domains on all supports; the concave upward char-

Initial dehydration rate, Brgnsted acid site density, egidtive abundance of reduced centers as a function of Blface density for WAI catalysts

WO, surface density Acid site characterization parameter

(Wnm~2) Initial dehydration rat& Brgnsted acid site density Relative abundance of reduced cerfters
(104s 1 (HT /W atom) (a.u.)
13 09 0.006 426
9.8 7.6 0.028 550
7.6 45 0.021 a1
43 22 0.011 Q2

& Per W atom, for 2-butanol dehydration2it3 K, extrapolated to zero conversion.
b Determined from titration with 2,6-diert-butylpyridine during 2-butaol dehydration reaction at 373 K.
¢ Relative (ratio of integrated peak area of the different samples to the total afég Gfb) UV-visible absorption area from 2 to 3.4 eV during 2-butanol

dehydration at 423 K.
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conversion less residual rates (on Lewis acid sites). The error introduced

by taking the residual rates without extrapolation to zero reactant conver-

ko 1
1+ko/ks L1/ka+1/ks3

Higher values of eithek, or k3 would lead to higher de-
hydration turnover rates. We cannot unequivocally attribute
the apparent increase in reactivity to changes in either rate
constant, because their réla contributions are unknown.

It is tempting to suggest that weaker acid sites, prevalent as
samples must delocalize additional charge with increasing
site density (per W atom), lead to faster rates for steps 2 and
3 in the mechanistic scheme. We cannot rule out, however,
that the observed curvature merely reflects an overestimate
of active Brgnsted acid densities at low W®urface den-
sities, because titrants may also interact with permanent but
less reactive Brgnsted acid sites. These sites may consist of
protons required to balance the negative charge in minority
W-0O-M structures (M= support cation) near the periphery

of isolated monotungstates or small polytungstate domains.

4. Conclusions

2-Butanol dehydration rates and the density of Brgnsted
and Lewis acid sites of several WAl and WSi samples and
one WSn sample were determined. On WA, 2-butanol dehy-
dration rates (per W atom) éneased with increasing WO
surface density and reached maximum values at, \%@-
face densities (9-10 W nm) similar to those required for
two-dimensional polytungstates, as also found previously on

sion is assumed to be minimal, since these rates were obtained at very low\\/Zr, With increasing WQ surface density, UV-vis edge en-
conversions. Brgnsted acid site densities were determined by titration with ergies decrease on WAI and WZr, suggesting an increase

2,6-ditert-butylpyridine. Differentcatalysts are shown: WA®), WZr (H),
WSi (A), and WSn ¥).

acter of this curve indicatesdhturnover rates increase with
increasing density of acid sites on all supports.

A rearrangement of E@2) illustrates the possible effects
of acid strength on measured turnover rates:

Table 4

in WO, domain size. Selective titration of Brgnsted acid
sites by sterically hindered 2,6-thrt-butylpyridine during
2-butanol dehydration reaction showed that this reaction oc-
curs predominately on Brgnsted acid sites for Wldmains
supported on Zr@ Al,03, SiOp, and SnQ. Preedge fea-
tures appear in the UV-vis spectra of WAI samples dur-

Brgnsted acid site densities, corrected dehydration ratesidehydration turnover rates on WZr, WAI, WSi, and WSn

Catalyst Brgnsted acid site denéity Corrected dehydration réte Dehydration turnover rafe
(Ht /W atom) (104sh (104sh
W(3.9)Zr 0020 395 198
W(6.8)Zr 0040 1344 336
W(9.6)Zr 0036 1370 381
W(14.8)Zr Q035 863 246
W(17.2)Zr Q0026 633 244
W(4.3)Al 0.011 176 160
W(5.8)Al 0.017 296 174
W(7.6)Al 0.021 409 195
W(9.8)Al 0.028 710 254
W(13)Al 0.006 082 137
W(6.5)Si Q013 216 166
W(23)Si Q0002 Q77 385
W(7.7)Sn 0025 760 304

& per W atom, for 2-butanol dehydration at 373 K.

b Corrected rates represent dehydration rates extragblat zero conversion diminished by the residual rafeble 2 determined from titration with

2,6-ditert-butylpyridine during reaction with 2-butanol at 373 K.

¢ [Molecules 2-butanol convertgder Brensted acid site (determined from 2,&alt-butylpyridine titration at 373 K)s].
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ing 2-butanol dehydration and their intensity increases with
WO, surface density in parallel with measured Brgnsted
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