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Abstract

Promoted tungstated zirconia (WZ) catalysts are active and selective for isomerization of light alkanes, offering good prospects for
industrial application. This account is an abbreviated summary of what these catalysts are and how they work. WZ containing approximately
a monolayer of tungstate covering the zirconia support was prepared by impregnation of zirconia, tested in a flow reactor, and characterized
with a variety of spectroscopic methods. The catalytic activity is associated with interconnecting polyoxotungstate clusters on the surface of
tetragonal zirconia. The polyoxotungstate species increase the acid strength of the catalyst relative to that of unmodified zirconia, but the acid
strength is still less than that of zeolites and far below the superacidic range. Redox properties of WZ characterized by EPR spectroscopy
suggest that alkane activation proceeds via homolytic C—H bond cleavage, leading to the formatidh céiérs and organic radicals,
which can be converted to alkenes, initiating catalysis. Unpromoted WZ has a low activity; reaction intermediates remain adsorbed on the
surface, where they undergo polymerization and cracking, leading to fast deactivation and poor selectivity. The addition of platinum to
the catalyst and plto the feed drastically improves the catalytic activity, selectivity, and stability. The platinum enhances the desorption
of reaction intermediates and minimizes the condensation reactions, so that monomolecular isomerization predominates. An additional
promotion with iron compounds leads to further improvement in catalytic activity and selectivity.
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1. Introduction be more than 1 million barrels (160,00Fnper day in the
early 1990s [1], and it continues to grow.

The need for gasoline without harmful lead and aromat-  The most widely applied alkane isomerization catalysts
ics stimulated a search for new catalysts to produce en-are platinum-promoted solid acids, chlorinated alumina [2],
vironmentally friendly high-octane-number compounds by and mordenite [3,4]. The former are highly active and
isomerization of widely available straight-chain alkanes. operate at low temperatures (400-450 K), so formation of
Alkane isomerization gives branched high-octane-numberthe desired branched alkanes is favored thermodynamically.
isopentane and isohexanes, which are good gasoline comThese catalysts, however, require the constant addition of
ponents, and isobutane, an important raw material for alky- chiorine-containing compounds and are sensitive to moisture
lation, a major source of gasoline-range branched alkanes.gnd sulfur impurities [5], and they are highly corrosive
The capacity for G/Cs/Ce isomerization was estimated 0 gnq subject to stringent environmental regulations [4]. The

zeolite catalysts do not suffer from these disadvantages,
O Dedicated to Prof. Sir J.M. Thomas on the occasion of this 70th DUt they are significantly less active, operating at higher
birthday. temperatures (500-550 K) and characterized by low yields

corresponding author . . of branched alkanes as a consequence of the thermodynamic
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Extensive research has been done in the search for sucltatalysts were reported in a patent by Chang et al. [214a]. In
catalysts. Early industrial work by Holm and Bailey [6] led our preparations, Fe(N§s or FeSQ was introduced in the

to the recognition of sulfated zirconia (SZ) as a promising impregnation step, giving catalysts denoted FeWZ(N) and
candidate, and this was followed by investigations by Hino FeWZ(S), each with a W content correspondingto 17.7 wt%
and Arata [7] and Yamaguchi and Tanabe [8], who found WOs3 and an Fe content corresponding to 1 wt%®¢ Sub-
that SZ catalyzes isomerization of light alkanes at 300- sequently, these FeWZ catalysts were impregnated with a
420 K. Further work led to discoveries that the activity, platinum componentto give samples with 1 wt% Pt, denoted
selectivity, and stability of SZ are improved by the addition PtFeWZ(S) and PtFeWZ(N) [22].

of noble metals and transition metal oxides, such as those of

iron and manganese [9,10]. SZ catalysts, presumably with

such modifiers, have found commercial application [11], but 3, Structural characterization

they appear to suffer from loss of sulfate groups during

calcination, regeneration, or reduction, from deactivation by  The developing understanding of what these catalysts are
rapid coke formation, and from poisoning of the noble metal znd how they work has been built up in large measure from
function by sulfur species formed from sulfate groups in 3 foundation of structural data obtained by the concerted
reducing atmospheres [12]. application of surface-sensitive spectroscopies. We stress the
Consequently, investigators, beginning with Hino and jmportance of applying a complementary set of methods
Arata in 1988 [13], sought alternatives to SZ, turning to for the characterization of the high-area catalytic materials

tungstated zirconia (WZ). Rapid progress in the understand-themselves, in particular samples working as catalysts.
ing and improvement of this class of catalyst has ensued, and

we review it here. This account is too short to be exhaustive 3 1 grycture of the Zr 05 support
and is intended to highlight the path of recent advances and
place the subject in the perspective of today’s catalysis re-
search. We emphasize results from our group, citing only tet
some of the work of others; details are given in the cited lit-
erature.

Although WZ catalysts are markedly less active than Sz,
they have superior stability under both reducing and oxidiz-
ing conditions and appear to be more suitable for industrial
applications. The catalytic activity of WZ, like that of SZ,
is greatly improved by promotion with platinum (activities
comparable to those of F8Z have been observed [14-16])
and with transition metal oxides. RNVZ catalysts are also
significantly more selective than /87 for formation of .
br%mched glkane isomers, as sho/va by results characteriz—3 -2. Structure of surface tungsten species
ing the conversion of-heptane [17] and-octane [15]. Pt-

promoted WZ catalysts appear already to have found com- Raman spectra of 19WZ in the dehyd-rated state (Fig. 1)
mercial application [18]. include a sharp band at 1020 th assigned to \AtO

XRD patterns of 19WZ show the formation of the
ragonal Zr@ phase on calcination in air at 923 K in the
presence of surface W&ompounds [19]. This observation

is in accord with earlier reports which indicate that the
metastable tetragonal ZgOformed on high-temperature
treatment is stabilized by the addition of numerous metal
oxides [23]. The WQ species inhibit the sintering of ZgO
crystallites, as indicated by the much larger surface area
of WO, -promoted ZrQ than of similarly treated Zr®
itself [19]. 19WZ has a surface area of about 1Y g{19].

—1020

2. Preparation of tungstated zirconia catalysts

The catalysts reported here were prepared by impregna-
tion of ZrO, (OH)4_,, with agueous suspensions of ammo-
nium metatungstate followed by drying and calcination at
923 K [19]. Other reported preparations are similar to these.

We emphasize that these samples, containing approxi-
mately a monolayer of the tungsten species (17 or 19 wt%
W as WG on Zr%y), were found to be the most active cata- k
lysts among several obtained by variation of the preparation
parameters. The catalysts are referred to as 17WZ or 19WZ,
respectively.

Promotion by metals has a major effect on the perfor- 700 800 900 1000
mance of these catalysts, and thus we emphasize work with
the promoted materials. For example, we prepared WZ cata-
lysts promoted with both platinum and iron [20], and similar Fig. 1. Raman spectrum of dehydrated 19WZ catalyst.
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stretching vibrations, with a broad band at 830 ¢nehar- in detectable amounts, as indicated by the absence of the

acteristic of W-O-W stretching modes [24]. The band at characteristic vibrational modes at 935 and 807 tm

910 cn1 ! was tentatively assigned to W—O—Zr stretching vi- respectively, and by the fact that the absorption edge position

brations characterizing the bond anchoring W&pecies to measured for the catalyst (3.42 eV) deviates significantly

the support[24]. The bands at 830 and 1020 tiare typical from the values characterizing W& (4.89 eV) and WQ

of polyoxotungstates [24] and suggest the formation of inter- (2.85 eV) (Table 1).

connected tungsten species. UV-visible diffuse reflectance We therefore propose that three-dimensional polyoxo-

spectra indicate that even at the lowest loadings (3.6 wt% tungstate clusters are present on the surface of zirconia.

WO3), there are tungsten—tungsten near-neighbor interac-Moreover, we suggest that the structure and the size of these

tions, and the number increases with tungsten loading. Weclusters, as well as their specific interactions with the zirco-

infer that the surface structures resemble three-dimensionahia support, largely determine the acidic, redox, and catalytic

polyoxoanion clusters [19,24]. This suggestion is consis- properties of 19WZ. Similar views have also been expressed

tent with postulated models [25,26] and X-ray absorption by others [31,32]. These same polyoxotungstate clusters are

data [27]. also present on the promoted catalysts containing 1 wt% Pt
Although polytungstate clusters are formed even at the (or 1 wt% Pt and 1 wt% FE€3), discussed below.

lowest tungsten loadings, the catalytic activity of such sam-

ples is low. Higher tungsten loadings lead to the formation

of larger, highly interconnected polytungstate clusters and 4. Surface propertiesof the catalysts

increase the density of catalytically active sites on the sur-

face [17—19]. The catalyst with the tungsten loading slightly 4.1. Surface acidity

exceeding the theoretical monolayer coverage was found to

be the most active. At higher loadings, the catalytic perfor-  Initial interpretations of the catalytic properties of SZ and
mance of WZ decreases sharply, as an inactive;\pliase WZ focused on their acidity. The high activity of SZ for
is formed. alkane conversion, combined with reports that its Hammett

UV-visible absorption spectra characterizing 19WZ in- acidity function was comparable to values characterizing
dicate an absorption energieqge Of 3.42 eV (indicating superacids, led researchers to postulate that SZ was a
ligand-to-metal charge transfer) [19]. This value, in agree- superacid [7,33,34]. However, it was realized within a few
ment with others reported for WZ [25], matches that repre- years that the acidic properties of SZ are not sufficient
senting ammonium metatungstate (AMT) (Table 1), which to explain its catalytic properties, and points made in
has a structure built up of polyoxoanions. The optical spectra the early literature included the following: (a) the activity
thus support the proposal of tungstate clusters on the catalysef SZ for high-temperature alkane reactions was found
surface. to be similar to that of moderately strong acids such

The formation of polytungstate layer is not unique to as zeolites, although the activities of these two classes
zirconia. Such layers are also formed on other oxides, of catalyst for alkane isomerization at low temperatures
including alumina and titania [28,29], but not on silica, differ by several orders of magnitude(b) the limitations
on which inactive WQ particles are formed [28], and not of measurements of Hammett acidity functions of the
on some strongly basic oxides (such as MgO), on which catalysts became apparent [35]; and (c) other methods of
monomeric tetrahedral tungstate species are formed [28]. measurement of acid strength, including low-temperature IR

The WAt ions in these clusters are inferred to be spectroscopy of adsorbed CO [36], gave no indication of any
coordinatively saturated, as indicated by the fact thitw  extraordinarily strong proton donors in the catalyst.

CO complexes were not detected by IR spectroscopy when ~ Catalytic titration experiments [37a] have shown that
CO was added to the sample. This result is contrasted tothe number of catalytically active sites is small (0.002—
observations of WQ/TiO,, for which Wet—CO surface ~ 0.004 meq H /g of catalyst). The suggestion that a small,
complexes were observed and five-coordinatéd \Burface undetectable minority of extremely strong acidic sites might
centers were proposed [30]. Tetrahedral monomerig®vO  be present on these catalysts and play a role as reaction

species and microcrystalline Wi@re not present in 19Wz  initiators [4,38] is inconsistent with the observations of
essentially zero conversion at short times-on-stfeésae

Table 1
Absqrption edge ppsitianedge and n.umber. of nearest tungsten aton_”ls_, 2 It has been shown that the acidic strength of SZ decreases when it is
Nw, intungstated zirconia and comparison with several tungsten-containing brought to a high temperature under reducing conditions Was observed

compounds to form during alkane reactions at 523 K [40].

Sample Eedge/€V Nw 3 The possibility that some very strong acidic sites exist on a fresh
WO3 285 6.0 catalyst and are deactivated very rapidly under reaction conditions, and,
AMTA 3.45 4.0 thus, not detected at the shortest times-on-stream, cannot be ruled out.
19WZ 3.42 41 Any such sites would not contribute to the overall catalytic activity and

- would not be mechanistically important, although they could be precursors
& Ammonium metatungstateNH3z)gH2W12040- of catalytically active sites.
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Table 2 ization [43], it is clear that there is no one-to-one correla-
Frequency shiftsAvon, of O-H stretching frequencies induced by low-  tion between acid strength of WZ and its catalytic activity.
temperature CO adsorption on zirconia, tungstated zirconia, and zeolite We therefore infer that although the acidity of WZ catalysts

HZSM-5 o g . d T
— is important in alkane conversion catalysis, the reaction is

Sample Av(OH) (cm™) most likely initiated by a reaction other than protonation of

Zr0 60 the alkane by the catalyst or a species formed from it.

19wz 160

HZSM-5 320

4.2. Redox properties

below) [24,39]. There is increasingly, persuasive evidence Temperature-programmed reduction (TPR) has been used
that other mechanisms of initiation prevail. The recent work to monitor the reduction of W in WZ and Pt-promoted
focuses on bifunctional mechanisms and redox chemistry in WZ [44,45]. The reduction is presumably facilitated by the
the initiation of catalysis; details are provided below for WZ. delocalization of the net negative charge onto the polyox-

Characterization of oxidized WZ by low-temperature otungstate clusters. The reduction oPWin these clusters
CO adsorption indicates the presence of both Lewis and on WZ catalysts promoted with platinum was also demon-
Bransted acid centers [24]. Lewis acidity is attributed to strated by titrations with bl Oy, and CO [31]. The addi-
coordinatively unsaturated Zr sites, present both on pure tion of platinum leads to lower reduction temperatures, ev-
ZrO2 and on WZ. The acid strengths of these centers areidently because of spillover of hydrogen adatoms (formed
enhanced by the presence of polytungstate species [24]by Hy dissociation on platinum) onto condensed Weus-

OH groups of the catalyst are characterized by bandsters. The accommodation of a proton by electron abstrac-
or shoulders at 3670 and about 3620-3630 tnfil9]. tion from a hydrogen atom and charge delocalization on an
Low-temperature CO adsorption leads to hydrogen bonding extended WQ network was proposed [31,46], which may
between OH groups and the weak base CO, which results inlead to structures suggestive of tungsten bronzes, such as
a red shift of the O—H stretching frequencies. The frequency (HT)  [(W®*), (W®"),_,03,1*~. The necessary condition
shift, Avon, is a measure of the hydrogen bond energy and it for the formation of a bronze is the existence of polyoxoan-
has been suggested that it correlates, with the Brgnsted acidon clusters.

strength [36]. We investigated the reduction inoHof 19WZ and

A comparison of theAvon values of several materials is  1Pt19WZ by EPR spectroscopy (Fig. 2) [47,48]. The results
shown in Table 2. The frequency shift characterizing 19WZ of Fig. 2 show that & can be detected on 19WZ after
is 160 cnT?, which is significantly greater than the shift reduction at 470 K and higher temperatures [47], whereas
of 60 cnT! recorded for pure Zr@ [24]. The presence  the maximum possible degree of reduction of the platinum-
of polytungstate species on the surface thus enhances th@romoted catalyst is achieved even at room temperature [48].
Bregnsted acidity, and the results suggest that larger, WO Reduced tungsten sites were also detected on WZ when NO
domains create stronger acid sites [17-19]. Theon was used as an IR probe molecule; the results show that
value of 160 cm?! representing 19WZ is significantly less  the reductive treatment of the unpromoted WZ catalyst at
than the values reported for the zeolites HZSM-5 [41]
and H-mordenite [41a]. Qualitatively similar relationships
between the acid strength of WZ catalysts and zeolites were
also found in NMR investigations of adsorbed pyridine [42]
and in calorimetric investigations [43]. We emphasize that [—1.81
these acidity measurements were carried out on as-prepared
catalysts rather than under reaction conditions. Althoughiitis
suggested that some very strong acid sites might be formed
on the working catalyst on the interaction with a feed [37b],
our measurements of the catalyst in the presence xof H g,
indicate the opposite (see below).

Thus, in summary, there is no evidence that WZ catalysts
have superacidic properties or sites with the acidic character
that would be necessary for initiation of catalysis by alkane
protonation. Inasmuch as WZ catalysts are some four orders
of magnitude more active than zeolites for alkane isomer-

9 —183 g
* A

164
| 1.58 1.51

T T T T T T T T T T T T T T
3500 4000 4500 3500 4000 4500
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4 The in situ titration experiments were carried out with pyridine [37a] ) ) )
or ammonia [37b] as probe molecules, determining the total number of acid Fig. 2. EPR spectrum of (A) platinum-promoted and (B) platinum-free
sites but not providing information about their strengths. tungstated zirconia catalysts, reduced at 473 K.
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temperatures above 523 K leads to the formation 6fW 20

and WH -containing centers [49].
The formation of W+ centers is accompanied by the cre- 15

ation of new OH groups, as evidenced by IR spectra [47,48]. &

Although these Brgnsted acid sites are conventionally con- %

sidered to be active reaction centers [50], low-temperature é 10-

CO adsorption measurements indicate that the strengths of =

Brgnsted acid sites on reduced catalysts are lower than those E,

characteristic of the oxidized catalyst [47]. This finding is & 05-

not unexpected, as it is well known that the acid strength

of inorganic oxyacids depends on the oxidation state of the

central atom [51]. 0.0 . — T
EPR experiments have shown that the redox ability of 0 2 4 6 8 10

WZ catalysts is sufficient to initiate a homolytic cleavage Time on stream, [h]

of C—H bonds in alkanes. Exposure of a WZ catalyst to Fig. 3. Catalytic activity of unpromoted WZ during the isomerization of
n-pentane at 523 K led to the formation of W species n-pentane in a flow reactor at 523 K.
and organic radicals on the surface [47]. The formation of
organic radicals also occurred when WZ catalysts interacted
with other hydrocarbons, including benzene [52,53] and
cycloalkanes [53]. We therefore infer that one-electron
transfer, although it is not regarded as a step in the catalytic
cycle, can initiate catalysis by a process that leads to the
formation of the carbenium ion chain carriers [47], as
also occurs in acidic solutions [54]. We emphasize that
a strong redox reactivity is necessary but not sufficient
for the catalytic activity of WZ; the need for a balanced
combination of acidic and redox properties has been asserte
for both SZ [55] and WZ catalysts [56].

The complex EPR signal shown in Fig. 2 contains several
components. An anisotropic signal @t = 1.84 andg; =

5. Catalysis
5.1. Unpromoted WZ catalyst

The catalytic reactions of-pentane summarized below
were carried out at a standard temperature of 523 K and at-
mospheric pressure in flow reactors. The unpromoted WZ
catalyst develops a low activity (characterized by conver-
Gsions< 1% under the conditions of our experiments). The
rate of the totaln-pentane conversion depends strongly
on the time-on-stream (TOS) in a once-through flow reac-
tor, as shown in Fig. 3. (Similar behavior is observed for

, SZ.) Initially, the catalytic activity is indistinguishable from
1.51) was observed at 77 K after reduction of the catalyst zero [24], increasing with TOS through a maximum (dur-

at 470 K. We suggested that this signal is associated with g the induction period), followed by rapid deactivation un-
coordinatively unsaturated earliercenters produced on | jow but nearly stable activity is attained. The selectiv-
the catalyst surface, as it appears even at low reductionjty for isopentane formation remains essentially constant at
temperatures and is sensitive to; 47]. More recent  ahout 30% under our conditions, with the products isobu-
EPR experiments showed, however, that this signal remainstane, propane, and-butane and traces of unsaturated hy-
in fact almost unaffected by O In contrast, the most  drocarbons also being observed. Although the overall activ-
prominent signal component (gt = 1.83 andg; = 1.58, ity of the catalyst is strongly dependent on TOS, the ratio
with other components appearinggat=1.84 and 1.81 and  of the product concentrations remains nearly constant, as in-
gy =1.64and 1.51) characterizing% centers in different, dicated in Scheme (lisopentang[isobutané[propané[n-
environments are affected. butang = 1:0.9:0.2:0.6).

ki

higher-molecular-weight
NN intermediate

K
&
ky:k,=0.9 k, 0.9
PN
SN

ky:k,=0.6
ky,:k,=0.2 0.6
0.2

Scheme 1. Proposed reaction scheme for the isomerization of alkanes on unpromoted WZ catalyst.
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Because the catalytic activity was essentially negligible Table 3
initially, we infer that the catalytically active sites were Comparison of the catalytic performance of platinum-promoted tungstated
created from the reactants and catalyst during the inductionZconia and comparison with Pt-free material

period; a key question is what are they? We suggest thatCatalyst k in feed? Maximum activity Selectivity
they are not simple acidic sites, as the product distribution (mols~*m?) (%)
cannot be explained by the classical monomolecular or Wz Yes 80 x 10710 ~30
bimolecular carbenium ion mechanisms that have usually No 30x 10710 40-60
been suggested for alkane isomerization on catalysts withPtwz Yes (48x 107832 95
classic proton—donor sites responsible for the catalysis. No 24x10°° 15-35

The lack of variation of the product distribution with & Equilibrium conversion.
time-on-stream suggests that isomerization and cracking

reactions have a common intermediate. Because simpleient with this suggestion, the reaction products were found
monomolecular or bimolecular mechanisms are unlikely, we 45 contain small amounts of alkenes. and—further bolster-

suggest an intermediate with a carbon number greater thanng the suggestion—we observed that in fact under con-
5, which might form by oligomerization and condensation gitions comparable to those of the isomerization reaction
reactions during the induction period. the WZ catalyst hydrogenates propene [57]. The alkenes

~ UV-visible [57] and Raman [58] spectra of the work-  may undergo oligomerization and condensation to form the
ing catalyst show clearly that several types of surface-bound proposed high-molecular-weight reaction intermediate and

organic species form during the induction period of the other hydrocarbon deposits shown in Scheme 1.
pentane reaction, and these might be related to the postulated Although the activation of alkanes with the formation
intermediate. Raman spectra also show the formation of pre-q¢ | \nsaturated intermediates is evidently plausible and

graphitic carbon. The formation of these surface species, congistent with the data, alternatives, discussed earlier [47]
however, does not correlate with the development of cat- c3nnot be ruled out.

alytic activity, and the carbon deposits likely contribute to
the deactivation of the catalyst [58]. The UV-visible spectra g o p4i num-promoted WZ catalysts
reveal the growth of bands at ca. 398, 434, 530, and 620 nm,

corresponding to multisubstituted polyalkenyl species [57]. Promotion of WZ catalysts by noble metals such as plat-

It has beeE_ sug_gel.ste_c(ij the}; unsaturgtgd orga(ljnlc ¢ dat'on%um dramatically improves their activity and selectivity for
promote cracking in liquid acids [54].’ giving product dis- n-pentane isomerization. The improvementis only marginal
tributions similar to ours. Similar species have also been ob- in the absence of ¥ but it becomes significant whenHs

served gn sulf?ted dzwp ﬁn'ha durlnlg Fhe 'S.O mer|529at|3\7 O.f fb U= co-fed with the reactant. The conversion increases to more
tane and correlated with the catalytic activity [S9]. We infer than 56% under our standard conditions, with only little de-

that thgse species (which likely mclyde a variety of COMPO- 4ctivation, and the selectivity for isopentane reaches nearly
nents) incorporate the postulated high-molecular-weight in- stable values of about 95% [57]. The conversion to isopen-

tberrr;]edl?te. fThe |nFiuct|]9r1r]per|od can thferefore be exﬂlamedtane reaches a value near the equilibrium valueift@s/ (i-
ythe s %\;V forn:su?n 0 tt'e org:ca;rr:lc Sgr ace dspectn?st't atare Cs + n-C,) ratio is > 0.59, compared to a theoretical value
responsibie for tn€ formation ot the observed catalylic reac- ¢ g g1 [5]). The side products differ markedly from those

tIOTJrErO?U”CtS on the untpromoted WZ E'atalyst.th talvii observed with the unpromoted catalyst. Methane and bu-
| € .?. ?V\gng q(;Jehs lons rtehmalrluk ow '.f. ”e cat.a){ 'S tanes (as well as ethane and propane) are formed in equimo-
cycle initiated, and how 1S the akane Initially activated .. 4iing [57], suggesting that side products result from di-
to form the observed hlgh-mc_)lecularjwelght.speues? EPR rect hydrogenolysis of £species, likely on platinum sur-
spectra [47] showed that during the interaction of the cat- faces [14]. Transmission electron micrographs showed that

alytgt \?”th thet hy(tjrgcarbfon |n5Wthe a;bse?ce ojaldgordl-' the platinum dispersion in our catalyst was high, perhaps
hatively unsaturated surtace-vv centers lformed. Drganic - ooy atomic, with only few, barely detectable platinum clus-

][ad;ﬁals ;/r\:eﬁhobs?_rvr?td todforrtn S|mLJtIrt]anteouslg/ [4731' We in- ters being present. We suggest that the side products origi-
er then that the (slight) reduction in the tungsten phase WasShate from these minority platinum clusters.

accompanied by oxidation of the alkane and that activation The performance of the unpromoted catalyst in compari-

of alkanes proceeds via a redox initiation step that involves son with the platinum-promoted WZ catalyst is summarized
the abstraction of two electrons and one proton that are trans-

Le;:?gr;o ;23 t(gllr_l'g;rtgg Ff)shase, leading to the formationdf W n(WO,) + yH, (HO, (Wo"y JOWE", O,
The formation of bronzelike surface clusters, such as MW aW)a0n2 + 2N === _~_ + nwo,)

(HH), [(WP) (WEt),_.03,1*~, has been suggested
[25,47]. The formation of these clusters could, for exam-
ple, occur via a dehydrogenation step followed by a protona- Scheme 2. Proposed reaction scheme for the isomerization of alkanes on
tion of the resulting alkene on a Brgnsted acid site. Consis- PtyWZ catalyst.

H2+/\_—_-/\
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in Table 3. The results emphasize the effects gfadd the lectivity of about 95%, the PtFeWZ(S) catalyst develops
promotion by platinum and suggest that the complex mecha-a selectivity, increasing with TOS, of up to 98%, and Pt-
nism that is inferred to be operative on the WZ catalyst is es- FeWZ(N) shows a stable selectivity greater than 99%. All
sentially suppressed on the platinum-containing catalysts inthree catalysts are characterized by nearly stable conversions
the presence of i) when a fast and selective monomolecular in the flow reactor, and only the PtFeWZ(S) catalyst deacti-
isomerization reaction takes over. The desorption of prod- vated (but very slowly).
ucts formed from the branched carbenium ion or alkene is  The enhanced activity of the PtFeWZ(S) catalyst may
thought to be facilitated by the presence of reactive spill over be attributed, at least in part, to the presence 0f%0
hydrogen, with simultaneous reoxidation oP¥Mo We*,as  groups on the surface (one thinks of the SZ catalysts).
indicated in Scheme 2. Experiments with a catalyst synthesized by coimpregnation
EPR spectra [48] show that reduction of the polyoxo- with (NH4)>SO4 and the tungsten precursor component
tungstate clusters is strongly enhanced by the platinum (videclearly showed enhanced activity, but the catalyst suffered
supra), which should have a favorable effect on the ad- from fast deactivation. The iron promotion in the case of
sorption/desorption rates of alkanes and unsaturated surfac@tFeWZz(S) appears to stabilize the sulfate groups on the
species and result in a strong decrease in the concentrasyrface.
tion/lifetime of the latter. Consequently, the unsaturated sur-  |ndependent of the iron salt that was used, the selectivity
face species have less opportunity to undergo secondary reof the catalysts is strongly enhanced by iron, indicating that
actions to form higher-molecular-weight deposits, and the promotion by the iron itself leads to this improvement.
highly selective and fast monomolecular isomerization be-  As the remaining 5% of the products formed in the
comes dominant. This interpretation had been proposed earpresence of the PtWZ catalyst are mainly hydrogenolysis
lier by Iglesia et al. [17] and Barton et al. [46]. products, they are likely formed on the surface of platinum
This picture constitutes a bifunctional mechanism in the cjysters, and the suppression of the formation of these side
sense that both acidic and metallic functions are involved. products on the PtFeWZ catalyst might be a consequence
However, it differs from the classical bifunctional mecha-  of the suppression of the formation of metallic platinum by
nism according to which platinum’s role is simply to cat- the promoter iron. Furthermore, the redox properties of the

alyze dehydrogenation [4,14]. Instead, we infer that alkane pe3+ )+ pair might be involved and could influence the
molecules are activated by dehydrogenation on the p°|y°X°'reducibiIity of the tungsten phase.

tungstate clusters via a redox process, and the protonation of
the resulting alkenes occurs on the oxidic components of the
catalyst that incorporate acidic sites. Desorption may then
occur via deprotonation and hydrogenation. We also propose
that the function of the highly dispersed platinum is to facili-
tate the dissociative chemisorption of Bind that it does not The motivation for the development of strong solid acid
interfere significantly in the hydrocarbon transformations, as catalysts was technological, driven by environmental con-
this would not allow the extremely high isopentane selectiv- cerns. The key initial discovery of sulfated zirconia was
ities. The low activity for hydrogenolysis is attributed to the Made in industry and reported in a patent [6]. The initial

6. Perspective and outlook

small number of platinum clusters in the catalyst. interpretations of the catalytic action were simplified, and
the development of more-intricate interpretations rested on
5.3. Platinum- and iron-promoted WZ catalysts (PtFeWZ) the foundation of spectroscopic characterizations of the cat-

alyst, with data representing catalysts in the working state

We investigated the effect of addition of small amounts being especially important. As is common in catalyst devel-
of iron salts during the synthesis of WZ catalysts [22]. opment, improvement in catalysts were made by addition of
In accordance with previous investigations [20], the iron components to the base catalyst. The “promoted” catalysts
promotion in the absence of platinum had no positive effect that work best incorporate not only tungstated zirconia but
on the catalytic performance; the FeWZ catalysts were also platinum, iron, and possibly sulfate, and they benefit
essentially inactive. greatly from operation in the presence of.H'he chem-

In the presence of 5 however, the performance of the istry is clearly related to the chemistry of classical acid—base
PtFeWZ catalyst is remarkably improved. Under identi- catalysis and to classical bifunctional catalysis, but it is sub-
cal reaction conditions, the PtFeWZ(N) catalyst (prepared tly different and essentially new.
from Fe(NQ)3) shows am-pentane conversion rate (5 The insights that led to the interpretation of the perfor-
—10"8 mols1m~2) comparable to that of the PtWZ cat- mance of these new catalysts (which are no doubt subject to
alyst, but the PtFeWZ(S) catalyst (prepared from FESO revision and improvement) are based on the following:
shows a markedly increased rateX9.0~-8 mols 1 m=2).

Furthermore, there is an important effect of the iron promo- e Classical ideas of acid—base catalysis, including phys-
tion on the isopentane selectivity of the catalysts. Whereas ical organic chemistry of acidic solutions, specifically
the PtWZ catalyst is characterized by a nearly stable se- including their redox properties.
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e Surface structures of the catalysts developed from the
concerted application of various spectroscopic methods.

e Spectroscopic evidence of minor products, specifically
free radicals, indicating the role of redox reactions.

e Understanding of the reactivity of surface species based
on solid-state chemistry (e.g., bronzes).

e Measurements of catalyst performance in flow systems,
including analysis of minor reaction products and obser-
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branched alkenes at temperatures above 523 K; catalysts
with increased activities would allow operation at lower
temperatures and allow higher yields of isoalkanes un-
der equilibrium conditions. This goal might be achieved
by improvements in the promotion of WZ, which by it-
self is not highly active, perhaps by inclusion of addi-
tional elements, such as noble metals and transition met-
als.

vation of catalyst break-in and deactivation. e Second, more fine-tuning of WZ catalysts is in order:
e The combination of reaction experiments and spec- such parameters as the amount and the nature of pro-
troscopy of the catalysts. moters, preparation procedures, and noble metal disper-
sion and accessibility have been shown to be important
Additional important questions remain to be answered. and need to be optimized. Improvements should not only
What makes zirconia a seemingly unique support material? lead to better overall catalytic performance of WZ, they
Polyoxotungstate species are formed on various other sup-  should also make the catalysts more affordable.
ports, but the resultant catalysts are less active and selective ¢ Third, WZ catalysts may find industrial application for
(or not active at all). Is it the property of zirconia to form reactions apart from alkane conversions. A number of
the most active tungstate phase on the surface that makes reports and patents dealing with new applications of WZ
it so good? If so, why? Two- and three-dimensional poly- catalysts have already appeared.
oxotungstate clusters are also formed on JIif@9a,29b]
and tungstated titania is indeed catalytically active [29c¢],
although inferior to tungstated zirconia. Is zirconia really Acknowledgments
unique, or can the presumed active-phase—support interac-

tion be reproduced on other supports? We thank Prof. M. Che for his interpretation of the

A further issue that requires extensive research is the elu-EpR spectra. This research was supported by the Deutsche
Clda.tlon of the function of the iron promoter. Are the f:edOX Forschungsgemeinschaﬂ (Sonderforschungsbereich 338)
properties of the F&'/F&** couple involved? Do the iron  and the Fonds der Chemischen Industrie. P.L. and B.C.G. are

centers possibly act as anchoring sites for platinum, thusijndebted to the Alexander-von-Humboldt-Foundation for re-
stabilizing a high dispersion? Does iron play a catalytic search fellowships.

role, or does it instead act as a stoichiometric reactant,

perhaps involved in an initiation step? Is it a redox initiator?
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