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Abstract

Two series of tungstated zirconia (WZ) solid acids covering a wide range of tungsten surface densities (§, W at/ nm?) were prepared by noncon-
ventional impregnation and coprecipitation routes, leading to samples with enhanced surface area (~70-120 m?2/ g) on annealing at 973-1073 K.
The materials were thoroughly characterized by N, physisorption, XRD, Raman, XPS, H>-TPR, and DR UV-vis spectroscopy. The catalytic
behavior of the Pt-promoted WZ catalysts (1 wt% Pt) was evaluated for the hydroconversion of n-hexadecane used as model feed representative
of Fischer—Tropsch waxes. Both series of catalysts displayed a pronounced maximum in the reaction rate and a minimum in the selectivity to
branched feed isomers (iso-Cj¢) at an intermediate tungsten density (8max). Interestingly, we found that §pax shifted toward higher values for
coprecipitated catalysts (8pmax,cop = 6.8 Wat/nmz) compared with the impregnated ones (8max,Mp = 5.2 Wat/nmz). This has been ascribed
to a better inherent capacity of the coprecipitation route for dispersing tungsten species on the ZrO, surface, as inferred from modeled XPS
data. This determines that both the formation of highly interconnected amorphous WO, domains required for the generation of catalytically
active Brgnsted acid sites and the onset of growth of inactive three-dimensional WO3 crystallites (ascertained by XRD and Raman) occur at
higher tungsten surface densities in WZ solids generated by coprecipitation than in those obtained by impregnation. Despite the observed shift
in dmax, the two most active samples within each series displayed nearly the same intrinsic activity per total W atoms, suggesting that a sim-
ilar nature and size for the supported active WO, domains should be attained by both impregnation and coprecipitation routes at § = dmax-
Moreover, the method of preparation was found to affect the optical and electronic properties of the supported WOy species. Thus, coprecip-
itation provides WZ solids displaying a lower valence—conduction energy gap, as well as enhanced reducibility for the polytungstate domains
due to an improved electronical linkage with the zirconia support, in opposition to a more isolated character of the WO, clusters generated by
impregnation.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Tunsgtated zirconia materials are very attractive, environ-
mentally friendly solid acids. When promoted by noble metals
(e.g., Pt) and in the presence of Hj, these materials display high
catalytic activity and stability in demanding reactions requir-
ing strong Brgnsted acidity, such as the skeletal isomerization
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of short-chain linear alkanes [1-7]. These catalysts also show
good isomerization selectivities during the hydroconversion of
long-chain n-alkanes [8—12], a key process in the production
of ultra-clean diesel fuels from Fischer—Tropsch waxes [13,14].
Although less active than their sulfate-promoted counterparts,
tungstated zirconia catalysts offer inherent advantages over the
former from the standpoint of industrial application, such as
higher stability under high-temperature treatments and reduc-
tive atmospheres, lower deactivation rates during catalysis, and
easier regeneration [5,15-17].
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A minimum level of WO, doping is required to completely
stabilize the tetragonal phase of the zirconia support on an-
nealing in air at the high temperatures (typically 973-1173 K)
needed to produce catalytically active materials [18]. Interest-
ingly, Iglesia and co-workers reported that the acid activity of
WO,—ZrO; materials (abbreviated as WZ) is a unique func-
tion of the tungsten surface density (8, given as W at/nm?),
rather than the W loading or calcination temperature indepen-
dently [6,19]. When this parameter is considered, a maximum
in the catalyst activity is generally found at intermediate val-
ues of the tungsten density, corresponding to a surface cov-
erage around or slightly exceeding the theoretical monolayer
[6,19]. Structural characterization of WZ materials using differ-
ent spectroscopic techniques, such as Raman [20-22], UV-vis
[6,23,24], and EXAFS [21,23], revealed that interconnecting
two-dimensional polyoxotungstates are the prevailing species
at coverages around the monolayer, where the maximum ac-
tivity is attained. It has been proposed that strong Brgnsted
acid sites responsible for the high catalytic activity of WZ de-
velop on reduction of WO species in the presence of H or
other reductants, such as alkanes and alcohols, to compensate
for the excess negative charge in the polyoxotungstate domains
[24-26]. These types of active sites are termed temporary acid
sites, in opposition to the permanent acidity present in cal-
cined WZ samples. By themselves, the last kind of acid sites
cannot account for the observed catalytic activity [22,24]. At
tungsten coverages well below the monolayer, isolated mono-
tungstate species predominate on the zirconia surface [21,27].
These species are difficult to reduce and thus do not allow
for the formation of catalytically active Brgnsted acid sites. In
contrast, highly reducible three-dimensional WO3 crystallites
coexist with the two-dimensional amorphous polytungstates at
coverages exceeding the monolayer, resulting in decreased ac-
cessibility to the active WO, species. Thus, the occurrence of a
maximum in the catalytic activity at intermediate WO, surface
densities represents a compromise between the accessibility to
the surface WO, species and their reducibility [5,6,28].

Whereas it appears that the structural, acidic, and catalytic
properties of WZ samples (and their Pt-promoted versions) can
be well rationalized on the basis of the tungsten surface den-
sity (8), at least for homogeneous series of catalysts prepared
by the same procedure, the picture is not so clear when deal-
ing with samples prepared by different routes. Thus, significant
divergences are found in the literature when comparing sam-
ples obtained by, for instance, impregnation of hydrous zirconia
with tungstate and by coprecipitation or sol-gel methods. In
this respect, Falco et al. [29] reported substantial differences
in conversion during the hydroisomerization of n-hexane on
Pt/WZ samples prepared by different methods. These authors
did not find a clear correlation between the catalytic activity
and catalyst properties such as surface area, mean pore diame-
ter, percentage of tetragonal ZrO, phase, acidity, and presence
of WOs3 crystallites [29], although no attempt was made to cor-
relate the activity with the tungsten surface density (§) of the
samples. However, we completed the exercise from the data re-
ported in the paper and found significant differences in activity
for the various methods used when compared at similar values

of §. In a previous study, Santiesteban et al. [30,31] found that
a WZ sample prepared by coprecipitation contained twice the
amount of strong acid sites and displayed higher activity for n-
pentane isomerization compared with another one obtained by
impregnation, both with similar W loadings and surface areas
and thus similar tungsten surface density. The X-ray diffrac-
tograms reported in that work clearly revealed that the intensity
of the peaks associated with three-dimensional WO3 crystal-
lites was much higher for the impregnated catalyst, suggesting
that the coprecipitation method favored the dispersion of the
WO, species on the zirconia surface retarding the formation
of WOs3 crystallites. Other authors also emphasized the high
degree of dispersion of WO, species achieved in WZ mate-
rials prepared by coprecipitation [32] and sol—gel routes [33].
Moreover, Boyse and Ko [18] studied the behavior of samples
prepared by impregnation and sol-gel methods as a function
of the oxidation temperature, and found that at constant W
loading, the samples obtained by one-step sol—gel synthesis re-
quired higher oxidation temperatures to become active for the
skeletal isomerization of n-butane. This was due to the fact that
in sol-gel samples tungsten species must first be expelled from
the bulk before they form the active WO, species on the zir-
conia surface. Using infrared (IR) spectroscopy, these authors
concluded that the active WO, species were the same regard-
less of the preparation method used [18].

It follows from the above discussion that further work is
needed to better understand the influence of the preparative
route on the physicochemical and catalytic properties of WZ
(and Pt/WZ) materials. For this purpose, in this work we pre-
pared two series of WZ samples covering a wide range of §
by using impregnation and template-assisted coprecipitation
procedures leading to samples with both high and compara-
ble specific surface areas. The materials have been thoroughly
characterized by XRD, N physisorption, H>-TPR, diffuse re-
flectance UV-vis spectroscopy, Raman, and XPS. We studied
the catalytic behavior of the Pt-promoted samples for the hydro-
conversion of n-hexadecane, which we used as model feed rep-
resentative for the long-chain n-paraffins contained in Fischer—
Tropsch waxes.

2. Experimental
2.1. Catalyst preparation

Two series of WZ samples with different tungsten surface
densities (§) were prepared by impregnation and coprecipita-
tion methods as follows.

2.1.1. Impregnation

First, zirconium oxohydroxide, ZrO,(OH)4—5,, was pre-
cipitated by drop wise addition of a 0.53 M aqueous solu-
tion of ZrOCl, (Aldrich, 98% ZrOCl,-8H>0) to a NH4OH
(2 M)/NH4C1 (2 M) buffer solution to keep the pH at a constant
value of 10.5 during the precipitation. Previous studies showed
that precipitation at high pH values produced ZrO,(OH)4_2,
with increased surface area and pore volume [6,34]. After hy-
drolysis, the solid was filtered and exhaustively washed with
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distilled water until the absence of chlorides. The wet precipi-
tate was suspended in a basic aqueous solution (pH 10.5) and
aged overnight at reflux conditions. After aging, the sample
was filtered, washed, and finally dried at 333 K overnight. The
dried solid was impregnated with an excess (3 cm®/g) of an
aqueous solution containing the required amount of ammonium
metatungstate [(NH4)sHoW 12040, Fluka, >85% WO3] to ob-
tain different W loadings in the range 12-23 wt%, followed by
evaporation of the water solvent in a rotary evaporator. Then
the impregnated materials were dried at 333 K overnight and fi-
nally calcined under air flow at either 973 or 1073 K for 3 h to
produce solids with tungsten surface densities ranging from 3.3
to 7.3 W at/nm?.

2.1.2. Template-assisted coprecipitation

This series of samples was prepared by coprecipitation of the
zirconium and tungsten precursors in the presence of polyvinyl
alcohol (PVA) as reported previously [35] with some modifi-
cations. In brief, 300 cm? of a zirconyl chloride (0.53 M) and
ammonium metatungstate (required amount for desired load-
ing) aqueous solution was heated at 373 K in an oil bath and
kept at this temperature for 1 h. In parallel, 300 cm® of PVA
(My =7 x 10°-9 x 104, Sigma) aqueous solution (100 g/L)
was heated at 373 K in an oil bath for 1 h. Then the two so-
lutions were mixed and kept at 373 K for an additional hour.
The mixed solution was cooled until 343 K, slowly added to a
NH4OH (2 M)/NH4Cl (2 M) buffer solution, and kept for 1 h
in static. Then the formed transparent gel filaments were exten-
sively washed with distilled water until the absence of chlorides
and dried at 373 K overnight and at 473 K for an additional
12 h. Thereafter, the solid was carbonized under nitrogen flow
at 673 K for 2 h and then at 973 K for 2 h. Finally, the polymer
template was removed by calcination under air flow at 773 K
for 5 h, after which the temperature was raised to the desired
annealing temperature (1073 K) and kept there for 3 h. A heat-
ing rate of 2 K/min was used in all of these thermal treatments.
The presence of the PVA polymer during the synthesis was
shown to produce materials with higher surface areas than those
prepared by conventional coprecipitation [35]. The W loading
was varied from 6 to 22 wt%, producing samples with tung-
sten densities from 4.5 to 9.9 W atoms/nm? after annealing at
1073 K.

The prepared samples were denoted by WZ(M, §), where M
refers to the preparation method (M = I for impregnation and
C for coprecipitation) and § is the tungsten surface density in
W at/nm?.

Pt-promoted WZ catalysts were prepared by incipient wet-
ness impregnation of the WZ samples with a 0.2 N HCI aqueous
solution containing the required amount of hexachloroplatinic
acid (H,PtClg, Sigma) to obtain a nominal Pt concentration of
1 wt% in the final catalysts. After impregnation, the samples
were dried at 373 K overnight, then calcined in air flow at 773 K
for 3 h.

A bulk monoclinic WO3 sample was also prepared by cal-
cining ammonium metatungstate in a muffle oven at 873 K for
6 h. This sample is used as reference when discussing some of
the characterization results reported in this work.

2.2. Characterization techniques

The tungsten content in the WZ samples was determined by
ICP. Powder X-ray diffraction (XRD) patterns were recorded in
a Philips PW 1830 apparatus using Ni-filtered CuK « radiation.
XRD was used to quantify the relative amounts of tetragonal
and monoclinic ZrO; phases in the calcined WZ samples and to
detect the presence of bulk WOj3 crystallites. BET surface areas
were determined by N; adsorption at 77 K on a Micromeritics
ASAP-2000 instrument after sample pretreatment at 673 K and
vacuum overnight.

Raman spectra were acquired with a Renishaw Raman In Via
spectrometer equipped with a Leika DM LM microscope and a
785-nm HPNIR diode laser as an excitation source. The laser
power at the sample was 30 mW. A 50 objective of 8 mm op-
tical length was used to focus the depolarized laser beam onto
a 3-5 pm spot on the sample surface and collect the backscat-
tered light. The Raman scattering was collected in a static-scan
mode in the 100-3000 cm™! spectral region with a resolution
>4 cm™!. Ten scans were accumulated for each spectrum for a
total scanning time of 100 s.

X-ray photoelectron spectra were recorded on a VG Escalab
210 spectrophotometer using AlK« radiation (1486.6 eV) at
15 kV and 20 mA, and operating in a constant pass energy mode
(20 eV pass energy). The samples were grounded, pressed into a
small disc, and evacuated in the prechamber of the spectrometer
at 1.3 x 1077 Pa. The following regions were recorded: O 1s,
Zr 3d, W 4f, Zr 4p, and C 1s. All core electron binding energies
(BEs) were referenced to the Zr 3ds, peak at 182.5 eV. The
measured intensity ratios of components were obtained from
the area of the corresponding peaks after nonlinear Shirley-type
background subtraction.

Hydrogen temperature-programmed reduction (H>-TPR)
was performed in a Micromeritics Autochem 2910 equip-
ment. A ca. 100-mg Pt-loaded sample was first flushed with
30 cm?/min of Ar at room temperature (RT) for 30 min, after
which a mixture of 10 vol% of Hy in Ar was passed through the
solids at a flow rate of 50 cm?/min. Then the temperature was
increased up to 1173 K at a heating rate of 10 K/min. The H»
consumption was monitored in a thermal conductivity detector
(TCD) that had been calibrated using the reduction of CuO as a
standard.

Diffuse reflectance UV-vis (DR UV-vis) spectra were col-
lected on a Cary 5 apparatus equipped with a “Praying Mantis”
attachment from Harrick. The sample cell was equipped with
a reaction chamber, thus enabling in situ treatments. BaSO4
was used as reflectance standard at the measurement tempera-
tures. In a set of experiments, the oxidized WZ samples were
degassed at 423 K in flowing Ar for 2 h before the spectra
were recorded. Another set of experiments involved in situ
reduction treatments in both Pt-loaded and Pt-free WZ sam-
ples. Typically, ca. 130 mg of sample were first dehydrated
in flowing Ar as before, and then the gas was switched to H»
and the temperature was increased to 523 K and maintained
at this value for 2 h before recording the spectra under flow-
ing Hy. To determine the kinetics of the reduction process,
the spectra were recorded every 15 min during the first hour
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and then every 30 min thereafter until a stationary state was
reached.

2.3. n-Hexadecane hydroconversion experiments

The hydroconversion of n-hexadecane (Sigma, 99%) was
carried out in a continuous-downflow fixed-bed reactor at a to-
tal pressure of 4.0 MPa, H; /n-C1¢ molar ratio of 95, and space
velocity (WHSV) of 3.6 h~!. Typically, the reactor was loaded
with 1.0 g of catalyst with a particle size of 0.2-0.4 mm di-
luted with SiC (0.6-0.8 mm particle size) to a constant volume
of 5.5 cm>. Before starting the catalytic experiments, Pt/WZ
catalysts were reduced in situ by passing a flow of pure H»
(300 cm® /min) through the reactor at atmospheric pressure and
523 K for 2 h. After the reduction was completed, the tem-
perature was set to the desired reaction temperature, the total
pressure was increased to 4.0 MPa, and the H; and n-Ci4 flow
rates were adjusted to attain a Hy/n-Cyg ratio of 95. Pure n-
hexadecane was fed by means of a high-precision HPLC pump
(Gilson 305) at the flow rate of 3.6 g/h. The stream leaving the
reactor was depressurized and analyzed online in a Varian Star
3800 CX gas chromatograph equipped with a capillary column
(Petrocol DH 50.2TM, 50 m x 0.2 mm, 0.5 pum film, Supelco)
and a flame ionization detector (FID). To avoid any conden-
sation of the heaviest hydrocarbons, all transfer lines from the
reactor to the gas chromatograph were carefully heated to 548 K
while diluting the product stream with a flow of nitrogen. The
reactor conditions were maintained until a nearly constant com-
position of the reaction products (pseudostationary state) was
observed before setting the reactor temperature to a new value.
At the end of the experiment, the initial reaction conditions
were reestablished to verify the absence of significant catalyst
deactivation. All the catalytic data given in this work corre-
spond to those obtained in the pseudostationary state, which
was typically attained after about 2 h on stream.

3. Results and discussion

3.1. Chemical composition and BET surface area of WZ
samples

The tungsten content, BET surface area, and tungsten sur-
face density () of WZ samples prepared by the impregnation
and PVA-assisted coprecipitation methods are given in Table 1.
As mentioned earlier, the samples obtained by the two meth-
ods used here displayed larger surface areas than those prepared
by conventional impregnation and coprecipitation procedures.
Moreover, both methods led to solids with comparable BET val-
ues at similar W content when calcined at the same temperature.
Thus, it appears that the initial presence of the tungsten species
on the surface in the impregnated samples and in the bulk in
the coprecipitated ones does not significantly alter the surface
area of the final solids. In the present work, different values of
8 were obtained in the impregnated series by varying both the
W loading (12-23 wt%) and oxidation temperature (973 and
1073 K). In the samples prepared by the PVA-templated co-
precipitation route, § was varied by changing the W loading

Table 1
BET surface area and chemical composition of oxidized WZ samples prepared
by impregnation and PVA-assisted coprecipitation

Sample W content Teale BET 54
(Wt%) X) m?/g) (W at/nm?)

WZ(1,3.3) 12 973 120 33
WZ(1,3.9) 15 973 126 39
WZ(L,4.7) 13 1073 90 4.7
WZ(1,5.2) 19 973 120 5.2
WZ(L,5.5) 14 1073 83 55
WZ(1,5.9) 15 1073 83 59
WZ(1,6.1) 21 973 113 6.1
WZ(1,7.3) 23 973 103 7.3
WZ(C4.5) 6 1073 44 4.5
WZ(C,5.5) 15 1073 89 5.5
WZ(C,6.8) 18 1073 87 6.8
WZ(C,7.3) 19 1073 85 73
WZ(C,9.9) 22 1073 73 9.9

4 Tungsten surface density.

(622 wt%) while maintaining a constant oxidation tempera-
ture of 1073 K to ensure complete migration of the tungsten
species from the bulk of the mixed W—Zr solid to the surface of
zirconia.

3.2. Hydroconversion of n-hexadecane on PtYWZ catalysts

The hydroisomerization of n-alkanes on Pt/zeolite catalysts
proceeds through the classical bifunctional metal-acid mech-
anism first proposed by Weisz [36]. According to this mech-
anism, the n-alkane reactant molecule is first dehydrogenated
on the metal site (e.g., Pt), followed by protonation of the
intermediate n-alkene and subsequent rearrangement (isomer-
ization) of the adsorbed carbocation on a Brgnsted acid site
of the zeolite. In the last step of the mechanism, the branched
alkene desorbed from the acid site is hydrogenated on a metal-
lic center to give the final branched alkane. On a well-balanced
catalyst, rearrangement of the carbocations on the Brgnsted
acid sites is the rate-determining step, and thus, in the ab-
sence of steric constraints, the isomerization rate is governed
by the zeolite acidity. Whereas some authors have proposed
that this classical bifunctional mechanism is also operative in
the case of Pt/WZ catalysts during the isomerization of short-
chain n-alkanes [7,37,38], others have suggested a nonclassical
bifunctional mechanism in which the initial activation of the
n-alkane molecules occurs in a redox step involving partially
reduced tungsten species [39—41]. In this case, the main role
of the PtV centers is to supply dissociated hydrogen necessary
for the generation of Brgnsted acid sites on the partially re-
duced WO, domains, and for rapid desorption of the adsorbed
carbocations avoiding extensive cracking and coking reactions.
Although the participation of the classical bifunctional mech-
anism cannot be completely ruled out, it cannot account for
the high isomerization activity displayed by Pt/WZ catalysts
at reaction temperatures where Pt/zeolites are almost inactive
[3,12] if, as supported by experimental data, the strength of
the Brgnsted acid sites in Pt/WZ materials is not higher than
those in zeolites and thus far below the superacidity range
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Fig. 1. Catalytic activity for the hydroconversion of n-hexadecane of Pt/WZ
catalysts prepared by impregnation () and coprecipitation (®) as a function of
tungsten surface density (8): (a) Turnover rate (in moles of n-Cy¢ converted per
total moles of W and second), and (b) Specific reaction rate (in umol converted
per m? and second). Reaction conditions: P = 4.0 MPa, Hj/hydrocarbon molar
ratio of 95, WHSV = 3.6 h~! (the conversion was varied by changing temper-
ature).

[12,25,42-44]. The predominance of the proposed nonclassi-
cal bifunctional mechanism is also supported by the effect of
Pt on the isomerization activity of Pt/WZ catalysts. In contrast
to what is known for Pt/zeolite catalysts, it seems from the re-
sults reported in the literature that only a few accessible Pt°
centers are required to promote the isomerization activity in
Pt/WZ materials [45,46]. In fact, Falco et al. [29] concluded
that the formation of dissociated hydrogen is not a limiting fac-

tor for Pt/WZ catalysts at Pt concentrations above 0.05 wt%,
and thus, the reaction is controlled mainly by the acidic proper-
ties of the WZ support. Taking this into account, together with
the relatively high Pt loading (1 wt%) and metal dispersions ob-
tained for our samples [12], we can conclude that the changes
in activity and selectivity observed during the hydroconver-
sion of n-hexadecane when varying the W surface density and
method of preparation of Pt/WZ samples, as discussed below,
are related to differences in the acidic properties of the materi-
als.

Fig. 1a presents the change of the turnover rate (molecules of
n-Cje converted per W atom per second) at a reaction tempera-
ture of 453 K with the tungsten surface density (§) for the series
of Pt/WZ catalysts obtained by impregnation and PVA-assisted
coprecipitation. The same qualitative behavior is observed for
both series; that is, the turnover rate passes through a sharp
maximum at an intermediate value of §, hereinafter generally
denoted as dmax, and particularly Smax, Mp OF dmax,cop When re-
ferring to the W density of maximum catalytic activity in the
impregnated or coprecipitated series, respectively. This general
trend concurs with previous observations on samples prepared
by impregnation [6,7,19] and, as reported here, appears to be in-
dependent of the method of preparation. In previous work, Igle-
sia et al. [6] found that the turnover rate for the acid-catalyzed
isomerization of o-xylene on WZ samples prepared by a simi-
lar impregnation method to that used here depended only on the
tungsten surface density (§) over a wide range of W contents
(5-21 wt%) and oxidation temperatures (773—1223 K). The re-
sults obtained in the present work confirm that this finding is
also valid for the hydroconversion of n-hexadecane. In fact,
Fig. 1 clearly shows that nearly the same activity is obtained
for impregnated samples Pt/WZ(1,5.9) and Pt/WZ(1,6.1) having
almost the same W surface density but calcined at 1073 and
973 K, respectively.

Although both series of catalysts display the same general
trend in activity with §, the results in Fig. 1a reveal clear dif-
ferences between the two preparation methods. First, max is
shifted toward higher values in the coprecipitated samples (6.8
vs 5.2 W at/nm? for the impregnated catalysts), and second, the
decrease in the turnover rate at W surface densities above Smax
is much more drastic in the impregnated series. It is clear from
these results that we must be very cautious when comparing
WZ samples prepared by different methods, because quite dis-
tinct conclusions will be obtained depending on the § value at
which the comparison is done. In this respect, it is not surpris-
ing in light of our results that Santiesteban et al. found that a
WZ sample prepared by coprecipitation with § = 8.2 W at/nm?
was significantly more acidic and catalytically active than an-
other WZ sample obtained by impregnation and having a simi-
lar tungsten surface density (8 = 8.9 W at/nm?) [30]. However,
the opposite conclusion might be reached if the samples are
compared at § values <6 W at/nm?, as clearly deduced from
the results presented in Fig. 1a. Furthermore, it should be noted
that a similar TOF is obtained for the most active WZ(1,5.2)
and WZ(C,6.8) catalysts, implying that equally active catalysts
can be prepared by impregnation and coprecipitation provided
that the optimum tungsten surface density (8max) 1S attained in
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Fig. 2. Selectivity to isohexadecanes at 60% conversion for Pt/WZ catalysts
prepared by impregnation () and coprecipitation (@) as a function of tungsten
surface density (§). Reaction conditions as indicated in Fig. 1.

each case. Nevertheless, comparing the catalytic activities of
the two samples with § = §pax Within each series on the basis
of specific reaction rates (per unit surface area) reveals that the
sample prepared by coprecipitation is more active than that ob-
tained by impregnation (Fig. 1b). Later in the article, we give
a plausible explanation for this effect, in light of some of the
characterization data reported in this work.

In recent work, we showed that at constant conversion, the
most active catalyst of the coprecipitated series (6 = 6.8 W
atoms/nm?) was that giving the lowest selectivity to hexade-
cane isomers (iso-C1g) or, equivalently, the highest selectivity
to hydrocracked (C3—Cj3) products [12]. Here we complete
the picture by plotting the iso-Ci¢ selectivity at a constant n-
Cj¢ conversion of 60% as a function of § for the two series of
Pt/WZ samples (Fig. 2). As shown in this figure, the isomeriza-
tion selectivity follows a well-defined pattern with increasing &
irrespective of the method of preparation used; that is, the se-
lectivity to isohexadecanes first decreases with §, reaches its
minimum for the most active sample within each series (i.e., at
8 = dmax), and then increases again at § > dpyax. Although both
series of catalysts display the same general trend in selectivity,
some differences are seen, as already noted when discussing the
activity; that is, the selectivity curve is shifted toward higher
values of §, and the change in iso-Cj¢ selectivity beyond $max
is less pronounced in the coprecipitated series.

The occurrence of a maximum in the catalytic activity of WZ
solids (and their Pt-promoted versions) at intermediate tung-
sten surface densities, corresponding to coverages around or
slightly exceeding the theoretical monolayer of WO, species
on the ZrO, surface, also has been reported by others [6,7,18].
The increased activity when approaching the theoretical mono-
layer coverage has been related to an increase in the domain
size of the partially reduced WO, clusters and thus to their

ability to delocalize the negative charge required for the gen-
eration of catalytically active Brgnsted acid sites [6]. On the
basis of low-temperature FTIR of adsorbed CO, Vu et al. [25]
reported a maximum in the amount of Brgnsted acid sites spe-
cific to the amorphous polytungstate domains at a W coverage
around the theoretical monolayer. Moreover, by DRIFTS of ad-
sorbed CD3CN in prereduced Pt/WZ samples, we observed the
presence of Brgnsted acid sites of a lower strength at cover-
ages below the monolayer [12], whereas at coverages above the
monolayer, three-dimensional WO3 crystallites start to develop
on the zirconia surface, leading to decreased accessibility to the
strong Brgnsted acid sites [6,19,47]. These changes in the den-
sity and strength of the Brgnsted acid sites with the tungsten
coverage account not only for the maximum in activity, but
also for the minimum in iso-C¢ selectivity observed at inter-
mediate W surface densities (§ = dmax). In fact, increasing both
the density and strength of the Brgnsted acid sites (i.e., when
approaching 8. ) is expected to decrease the selectivity to iso-
Cje in favor of cracked products (i.e., hydrocarbons with fewer
than 16 carbon atoms). In the first case, a higher density of acid
sites will increase the probability of cracking of iso-Cj¢ when
diffusing out of the catalyst pores; in the second case, a higher
acid strength will enhance the average lifetime of the adsorbed
iso-C?L6 cations and thus the probability of undergoing cracking
into lighter products.

An exhaustive characterization study was undertaken to gain
more insight into the observed divergences in the §-dependence
for the activity and selectivity of Pt/WZ catalysts prepared by
impregnation and coprecipitation routes. The results are dis-
cussed in the following sections.

3.3. Structural properties of oxidized WZ samples

The presence of zirconia and tungsten oxide crystalline
phases in oxidized WZ samples was ascertained by XRD. The
X-ray diffractograms of the solids prepared by impregnation
and coprecipitation are shown in Fig. 3. Complete stabiliza-
tion of the tetragonal ZrO, phase was achieved in the impreg-
nated samples after oxidation at 973—-1073 K in the entire range
of tungsten surface densities studied (Fig. 3a). This was also
the case for the coprecipitated samples annealed at 1073 K
(Fig. 3b) except the sample with the lowest tungsten density,
WZ(C,4.5), which comprises a mixture of ca. 77% of tetrago-
nal and 23% monoclinic ZrQO5, as estimated from the intensities
ofthe (1 1 1) and (1 1 —1) reflections of the tetragonal and mon-
oclinic phases, respectively [48]. This suggests that the amount
of tungsten species interacting with zirconia in the coprecip-
itated W—Zr solid was not high enough to inhibit the partial
crystallization into the thermodynamically stable monoclinic
phase during the oxidation treatment.

The formation of bulk WOj3 crystallites also can be followed
by XRD. Previous studies showed that monoclinic WO3 mi-
crocrystallites (identified by the reflections in the 20 range of
23°-25°) developed on the zirconia surface at tungsten cov-
erages above the monolayer as a result of the agglomeration
of surface WO, species [12,18,28]. As shown in Fig. 3, the
tungsten surface density at which this species starts to become
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Fig. 3. X-ray diffraction patterns of oxidized WZ samples prepared by (a) im-
pregnation and (b) coprecipitation methods.

clearly visible by XRD differs for the two preparation meth-
ods: 5.5 W at/nm? for the impregnated series and 7.3 W at/nm?
for the coprecipitated series. This suggests that the coprecip-
itation method favors a high dispersion of the WO, species
segregated from the bulk of the mixed W—Zr oxyhydroxide to
the zirconia surface during oxidation, thus retarding the appear-
ance of the bulk WO3 phase up to W surface densities higher
than in the impregnated samples. A high dispersion of the WO,
species on the surface of ZrO; in solids prepared by coprecip-
itation and sol-gel methods also has been reported by others
[32,33].

On the other hand, Raman spectroscopy is a very sensi-
tive technique for detecting the presence of very small WO3
crystallites [49]. The Raman spectra taken at ambient tempera-
ture for oxidized WZ samples prepared by impregnation and
coprecipitation with different tungsten densities are given in
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Fig. 4. Laser Raman spectra of oxidized WZ samples prepared by (a) impreg-
nation and (b) coprecipitation methods.

Fig. 4. All samples display in the lower-frequency region the
band at ca. 647 cm™! characteristic of tetragonal zirconia. In
addition, a band at ca. 620 cm~! of monoclinic zirconia is
seen in the sample prepared by coprecipitation with the low-
est W surface density (4.5 W at/nm?). These features related
to the zirconia support are in agreement with the XRD data
discussed above. The bands corresponding to surface tungsten
species are observed at higher Raman shifts. For both the im-
pregnated and coprecipitated series, the only tungsten bands ob-
served at § < Spmax are those at 822 cm™! assigned to W—-O-W
stretching modes and at 960 and 996 cm™~! attributed to W=0
vibrations in hydrated interconnecting polyoxotungstate clus-
ters [24]. These WO, species generally have been associated
with the formation of strong Brgnsted acid sites under a reduc-
ing environment [39]. At tungsten surface densities above dpmax.,
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Table 2

Bulk and surface W/Zr atomic ratios for WZ samples prepared by impregnation
and coprecipitation, and corresponding values for the two parameters (c, 6) de-
rived from the XPS model applied

Sample W/Zr atomic ratio XPS model parameters
Bulk?® Surface ¢ (nm) 6
WZ(1,3.9) 0.12 0.21 0.37 0.46
WZ(1,4.7) 0.10 0.17 0.28 0.72
WZ(1,5.2) 0.17 0.23 0.32 0.69
WZ(1,5.5) 0.11 0.19 0.32 0.76
WZ(1,5.9) 0.12 0.22 0.37 0.68
WZ(1,7.3) 0.22 0.25 0.40 0.78
WZ(C,5.5) 0.12 0.25 0.43 0.56
WZ(C,6.8) 0.16 0.23 0.37 0.78
WZ(C,7.3) 0.17 0.20 0.33 0.95
WZ(C,9.9) 0.20 0.27 0.43 0.98

4 Assuming tungsten in the form of WO3.

two new bands at about 716 and 807 cm™!, associated with

W=O0 bending and stretching modes, respectively, in micro-
crystalline WO3 species [50,51], are seen for the two series of
samples. Thus, the Raman results confirm what was previously
observed by XRD—that the onset of development of WO3 crys-
tallites occurs at tungsten surface densities of 5.5 W at/nm?
for the impregnated sample and 7.3 W at/nm? for the copre-
cipitated sample. Interestingly, those values correspond to the
W densities for which the catalytic activity started to decline
in each series (Fig. 1). It appears, however, that the growth of
three-dimensional WO3 species after surpassing dmax is favored
in the impregnated series, for which quite intense WO3 bands
are already observed at § = 5.5 W at/nm?, whereas the inten-
sity of these bands is still modest for the coprecipitated sample
with 8§ = 7.3 W at/nm?. Moreover, the slower rate of growth of
WOj crystallites on the ZrO, surface observed for the coprecip-
itated samples concurs with the less drastic changes in activity
and selectivity observed in this series at 6 > Smax-

XPS characterization was used to study the surface compo-
sition of the WZ samples as a function of § and the method of
preparation. The bulk and surface W/Zr atomic ratios, obtained
by ICP and XPS analysis, respectively, are given in Table 2.
Surface W/Zr atomic ratios were obtained by applying the Wag-
ner sensitivity values to the XPS intensity values [52]. Tungsten
surface enrichment is observed for both the impregnated and
coprecipitated samples. Moreover, comparable surface W/Zr
atomic ratios are obtained for the two series, indicating that the
activation treatment at 1073 K was effective in expelling tung-
sten from the bulk to the surface of the coprecipitated WZ solid,
validating the comparison in this work of samples prepared by
the two methods in terms of the W surface density (§) parame-
ter.

Theoretical models have been applied to the XPS intensity
values to try to correlate the tungsten spreading on the catalyst
surface with the method of preparation and the tungsten surface
density (§). Thus, the Kerkhof and Moulijn (KM) model has
been widely used in XPS for quantitative analysis of catalysts
[53-55]. This model is well applied for high-surface area ma-
terials (finite support thickness) in which the catalyst is rep-
resented as a series of slabs supporting cubic dispersed-phase

b

Fig. 5. Schematic representation of the model used to simulate experimental
XPS data. WZ samples are modeled as consisting of ZrO; particles having
semi-infinite thickness overlaid by parallelepiped-shaped WO, clusters having
vertical dimension c. In the model, 6 represents the fraction of support surface
covered by the WO, overlayer.

particles [56]. Due to the relatively low surface area of WZ
materials (<130 m?/g), the KM model cannot be successfully
applied in the present study; instead, a more general model must
be used taking into account the basic dependence for the inten-
sity of the XPS signal given by [52,57,58]

I =nfoDA, (L

where [ is the intensity of the XPS peak, n is the number of
atoms per cm® of the element of interest, f is the flux of X-
ray photons impinging on the sample, o is the photoelectric
cross-section for the particular transition in cm? per atom, D
is the detection efficient coefficient, and A is the inelastic mean
free path (IMFP), or attenuation length, of the photoelectrons
in the sample. D depends on the kinetic energy of the electron
according to the expression (KE) ™82, The photoelectric cross-
sections (o) are taken from Scofield’s theoretical values [59],
and the attenuation lengths (1) are calculated as proposed by
Seah [57].

In the present study, WZ solids were modeled as consisting
of ZrO, particles with semi-infinite thickness and displaying
parallelepiped-shaped WO, overlaying clusters with vertical
dimension ¢ [60], as shown schematically in Fig. 5. Experi-
mental XPS intensity values were corrected by a factor of 2,
thus accounting for surface roughness and support morphology
[60,61]. Normal emission to the macroscopic surface (o = 90°)
is assumed in our model.

Taking into account (1) and the applied model, detected XPS
intensities for W and Zr were simulated according to

Iw Dwowiwpw (1 — e /W)
Iz Dz07)zp7(1 — 0) 4+ Dzozhzwpz6 (e=/*7w)
In this equation, D; and o; are the detection coefficients and
the photoelectric cross-sections, respectively, for each i-atom
(i =W, Zr), and pw and pz account for the W and Zr atomic
densities, respectively. Aw represents the IMFP of the tung-
sten electrons in the supported tungsten overlayer, Azw rep-
resents the IMFP of electrons from the ZrO; support through
the supported tungsten phase, and Az represents the IMFP of
the zirconia photoelectrons. The parameter 6 denotes the sur-
face covered by the WO, domains expressed as a fraction of
the total surface. According to (2), tungsten intensity is due to
photoelectrons coming from a WO, slab overlaying the ZrO,
support and having limited thickness, c. On the other hand, zir-
conium intensity is composed of two types of photoelectrons,

2
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Fig. 6. Change of the XPS model parameter 6 with the tungsten surface density
(8) for WZ samples prepared by impregnation (®) and coprecipitation (4p).
Lines are guides for the viewer.

those coming from a noncovered ZrO; surface (1 —6) and those
emitted from a ZrO; surface covered by the c-sized WO, do-
mains (). The term e~¢/*2V accounts for attenuation through
the WO, overlayer.

The experimental XPS intensity ratios were fitted for each
WZ sample by adjusting ¢ and 6. Only 1 degree of freedom
was allowed because the parameters ¢ and 6 are interrelated
according to

X

= Apwe’ 3)
where x is the tungsten content for each sample (gw/gsample)»
A is the BET total surface area, and pw is the tungsten atomic
density.

The values obtained for the ¢ and 6 parameters of the ap-
plied XPS model are given in Table 2. Keep in mind that these
values must be considered only on a qualitative basis. Thus, the
interdependent parameters ¢ (accounting for vertical growth of
tungsten species) and 9 (fraction of surface covered by the WO,
domains) must be taken as representative average values for the
locally heterogeneous surface of the WZ materials, although
they are meaningful from a comparative standpoint. Fig. 6 de-
picts the mean coverage (0) against the tungsten surface density
(8) for the impregnated and coprecipitated series. As observed,
0 increases with increasing § until a plateau is reached for both
the impregnated and coprecipitated series.

Two main qualitative observations can be made based on the
results in Fig. 6 derived from the XPS model applied. First, the
inflexion in the 6—§ plot occurs at a higher value of § for the
coprecipitated catalysts, in agreement with the fact that in these
samples, the growth of three-dimensional WOj3 crystallites oc-
curs at a higher W surface density than in the impregnated se-
ries, as evidenced by XRD and Raman. Second, a higher mean
coverage () is attained for the coprecipitated samples at the
plateau, suggesting a better capability to disperse the tungsten
species on the ZrO; surface by this preparation route compared
with impregnation. Such a high spreading capacity inherent to
the coprecipitation method determines that the formation of
highly interconnected WO, domains, required for the gener-
ation of catalytically active acid sites, occurs at higher tungsten
surface densities than in samples prepared by impregnation.

The differences between the two preparation methods ob-
served from the modeled XPS results are also reflected in the
distinct catalytic behavior reported here for the hydroconver-
sion of n-hexadecane, that is, the greater W surface density
required to attain the maximum catalytic activity (6max) and the
less pronounced change in activity and selectivity on surpass-
ing dmax for the coprecipitated catalysts. Moreover, the more
efficient use of the ZrO, surface achieved in WZ materials
prepared by coprecipitation may explain their higher reaction
rate by the unit surface area attained at § = §pmax compared
with those obtained by impregnation (Fig. 1b). However, the
intrinsic activity (TOF) at §pax is almost the same for the two
preparation methods (Fig. 1a), suggesting that large differences
in the size of the amorphous WO, domains, which are directly
related to their ability to stabilize reduced centers and thus to
the TOF [6], should not be expected for the most active sam-
ples within each series. This finding appears to conflict with the
lower coverage (9 = 0.69) obtained from the XPS model for
the impregnated WZ(I,5.2) sample compared with WZ(C,6.8)
prepared by coprecipitation (6 = 0.78), but actually does not if
the facts that the W content in both samples is similar (18-19
wt%) and that the former has a significantly larger BET surface
area (120 against 87 m?/g) due to the lower annealing temper-
ature applied during its activation are taken into account. Then,
combining the characterization with the catalytic data discussed
up to now, we can conclude that the coprecipitation method
allows better utilization of the ZrO; surface for generation of
WO, domains above the minimum critical size required for
the development of catalytically active sites. Consequently, the
generation of those WO, domains and the growth of catalyti-
cally inactive WOj3 crystallites occur at higher tungsten surface
densities in samples prepared by coprecipitation than in those
obtained by impregnation, leading to the observed shift in §max
(8max,COP > Omax,IMP)-

The reduction behavior of the supported tungsten phases in
WZ catalysts was studied by Hp-TPR. Pt-loaded WZ samples
were used for the Hy-TPR measurements to locate the reduction
features within the temperature range covered by the experi-
ment (room temperature to 1173 K), even for the less reducible
samples. Fig. 7 shows the reduction profiles for the impregnated
and coprecipitated Pt/WZ catalysts in the temperature range in
which features due to tungsten reductions appear (7 > 500 K).
As observed, the most important onset for the Hy consumption
in both series occurs above 800 K, which, according to Refs.
[2,5,6,62], is ascribed to the total reduction of supported tung-
sten species (WO — W0). Moreover, the total H, consumption
rises, and the maximum shifts toward lower temperatures with
increased tungsten surface density, in agreement with previous
observations [5,6]. These findings indicate that larger and more
interconnected WO, clusters formed at increasing § are eas-
ier to reduce than smaller and more isolated ones prevailing at
low W surface densities regardless of the preparation method
used. Moreover, for samples displaying comparable intrinsic
catalytic activity (TOF) within the two series, those prepared
by coprecipitation show slightly higher reducibilities for the
amorphous WO, clusters, as deduced from their lower tempera-
tures of maximum Hy consumption (7ax) in the corresponding
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Fig. 7. Hy-TPR profiles for Pt/WZ catalysts prepared by (a) impregnation and
(b) coprecipitation in the temperature range where tungsten reduction features
appear (7 > 500 K).

H,-TPR profiles. Such a comparison based on TOF values is
more appropriate than one based on § because, as discussed
earlier, the coprecipitation route introduces a delay in attaining
a certain degree of interconnectivity of the WO, domains with
increasing § with respect to the impregnation method. For in-
stance, for the most active catalysts within each series display-
ing quite similar turnover rates (Fig. 1a), Thax reaches 1062 K
for the impregnated sample and 1039 K for the coprecipitated
sample, indicating the higher reducibility of the latter.

Along with the main reduction feature observed in the 1050—
1200 K temperature range associated with the reduction of
supported amorphous WO, domains [31], an additional reduc-
tion peak at ca. 920 K develops for the impregnated samples
at W surface densities above 5.2 W at/nm? (Fig. 7a), that is,
above the density for which maximum catalytic activity is at-
tained (Smax,1vp). This feature is ascribed to the reduction of
tungsten in WO3 crystallites existing on the ZrO; surface and
detected by XRD and Raman. The increased relative intensity
for this peak with respect to that ascribed to the amorphous
WO, phase for sample WZ(I,5.9) is in line with its assignment
to WOj3 reduction. In contrast, the WO3 reduction feature is not
clearly distinguished for the coprecipitated catalysts (Fig. 7b),
even for W surface densities above Smax,cop (6.8 Wat/nm2).
This is most likely related to a smaller crystallite size of the
three-dimensional WO3 species developing on the ZrO; surface
at § > Smax When the catalysts are prepared by coprecipita-
tion instead of impregnation. In fact, decreased reducibility of
WO3 species with decreasing crystallite size already has been

reported by Vaudagna et al. [2]. These authors attributed this
effect to a stronger interaction of WO3 crystallites with the sup-
port, which can be expected for coprecipitated samples in our
case. This interpretation also agrees with the XRD characteriza-
tion results, which showed weaker and broader diffractions for
WO3 crystallites in the coprecipitation series at high § values
(Fig. 3b). Although a strong band of WOs3 species was ob-
served in the Raman spectrum of the coprecipitated WZ(C,9.9)
sample (Fig. 4b), note that Raman spectroscopy allows the de-
tection of very small WO3 crystallites due to the high scattering
cross-section for discrete WO3 particles compared with surface
species; thus, it is not an appropriate technique for establishing
differences in crystallite size.

The catalytic and the structural characterization results dis-
cussed above indicate some significant differences between the
impregnation and coprecipitation preparation routes. Despite
such differences, however, it seems that a similar nature of
the active WO, species and thus an analogous catalytic per-
formance can be attained by both methods, provided that the
catalysts are compared at the appropriate W surface density.
Nonetheless, intuitively, one might expect some differences
in the electronic properties of the WO3 clusters arising from
differing interactions of those species with the zirconia sup-
port when generated by impregnating a presynthesized zirconia
oxohydroxide or by activating an originally mixed W—Zr hy-
droxide. To prove this hypothesis, we used diffuse-reflectance
UV-vis spectroscopy, a powerful characterization technique for
studying electronic properties in WZ materials [6,23,47]. In the
next section we discuss the DRS UV-vis results obtained for
selected samples prepared by impregnation and coprecipitation
methods, as well as for WO3 used as reference.

3.4. Properties of WO, species studied by diffuse-reflectance
UV—vis spectroscopy

3.4.1. Analysis of the absorption edge energy in oxidized WZ
samples

Figs. 8a and 8b collect the DR UV-vis spectra for the
calcined samples synthesized by impregnation and polymer-
templated coprecipitation, respectively. All of the WZ catalysts
display main absorption features at energies ranging from 3.5
to 2.6 eV due to ligand-to-metal charge transfers in tungsten
species existing on the ZrO; surface [47]. We discuss the results
on the basis of the optical absorption edge energy (AEE) rather
than on the position of bands, which are typically very broad,
because the former allows a more rigorous measurement at the
incipient absorption region. The AEE values were obtained by
using the model typically applied for indirect-allowed HOMO-
LUMO transitions occurring in amorphous nanosized semicon-
ductor domains, which have been successfully used to charac-
terize WO, species supported on metallic oxides [47,63]. Thus,
the AEE values were determined by finding the x-intercept of
the straight tangent line at the proximity of the absorption onset
in the (F (R)hv)Y/" versus hv plots, where F'(R) is the Kubelka
function, Av is the incident photon energy, and n = 2 for
indirect-allowed transitions [64]. The AEE values thus obtained
are plotted in Fig. 9 against the tungsten surface density (8) for
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Fig. 8. Diffuse reflectance UV-vis absorption spectra for (a) impregnated and
(b) coprecipitated WZ samples with different tungsten surface densities. The
spectrum of the reference bulk WO3 solid (dotted line) is also included for
comparison. F(R) is the Kubelka—Munk function and E is the photon energy.

both series of WZ samples. To clarify the discussion of the UV-
vis results, the qualitative change in the intrinsic activity (TOF)
with § for the impregnated and coprecipitated samples is also
included (dashed and dotted lines, respectively). As observed,
the AEE initially decreases with increasing § for both series of
catalysts. This trend, which was previously found for WZ cata-
lysts prepared by impregnation [47,63] and, as shown here, also
applies to coprecipitation methods, is ascribed to an increase in
the size of the supported WO, domains with increasing W sur-
face density. Besides this general trend, significant differences
between the two preparation methods arose from the analysis
of the AEE data, as discussed below.

Fig. 9 shows that the AEE for the impregnated samples
declines from ca. 3.5 to ca. 3.2 eV with increasing § from
3.3 to 52 W at/nm? (corresponding to the density of max-
imum catalytic activity, dmax,;vMp) and then remains constant
at higher values of §, suggesting no further increase in the
size of the amorphous polytungstate domains at W surface den-
sities above dmax, vp- Furthermore, impregnated WZ samples
with 8§ > Smax vp display an additional low-energy AEE as-
sociated with WOs3 clusters, as reported by Iglesia et al. [47].
The slightly higher AEE displayed by the WO3 clusters exist-
ing in WZ samples compared with that of WOj3 (crystal size
ca. 38 nm as determined by XRD) is likely due to a broaden-
ing of the conduction-valence energy gap caused by a quantum
size effect, in line with their much smaller crystal size [65].
In contrast, in the coprecipitated samples, the AEE asymptot-
ically approaches 2.59 eV (which is the AEE for bulk WO3)
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Fig. 9. Absorption edge energies (AEE) as a function of the tungsten surface
density (8) in WZ samples prepared by impregnation () and coprecipitation
(A) methods. The AEE obtained for bulk WO3 is also shown for comparison.
The qualitative change of TOF with § for the impregnated and coprecipitated
Pt/WZ catalysts has been included as dashed and dotted lines, respectively.

without splitting into two AEE values even for samples with
W surface densities well above dmax,cop (6.8 W at/nmz). This
suggests that the development of WO3 crystallites on the ZrO;
surface at high W densities occurs differently for the two prepa-
ration methods. In the case of impregnation, the relatively weak
interaction of the supported tungsten species with the zirconia
surface leads to larger WOj3 crystallites at § > dmax (as deduced
from XRD and H>-TPR), which are electronically isolated from
the support and the coexisting amorphous WO, phase, resulting
in the splitting of the AEE signal at § > §max vp (Fig. 9).

Regarding the WZ(C,7.3) sample prepared by coprecipi-
tation with a W surface density slightly exceeding dmax.cop,
XRD, Raman, and H,-TPR results suggest the presence of mi-
nor amounts of WOj3 crystallites on the surface coexisting with
the predominant amorphous WO, phase. However, the AEE
value for this sample is close to that of WO3 (Fig. 9). Taking
into account the sensitivity of AEE values (in the range 3.54—
2.59 eV) to subtle changes in the cluster packing for different
tungsten species with octahedrally coordinated W atoms [48],
it cannot be ruled out that the AEE value for this sample also
may be characteristic of highly polymerized amorphous WO,
clusters with a structure closely resembling that of crystalline
WOj3 through enhanced corner-sharing for the neighboring W-
octahedra [48]. In this case, the expected stronger interaction of
W species with the zirconia support in coprecipitated samples
likely retards the transition toward well-developed WO3 crys-
tallites up to higher coverages in comparison with impregnated
solids.

It is also interesting to note that in Fig. 9, the coprecipitated
samples display lower AEE than the impregnated counterparts
within almost the entire range of §. A direct relationship be-
tween AEE and polytungstate domain size has been established
for homogeneous series of WZ catalysts prepared by impreg-
nation [47,63,66]. Nevertheless, catalysis also provides indirect
evidence for the WO, domain size in samples with tungsten
surface densities below dpnax, because it is known that larger
WO, domains reduce more easily and allow stabilization of a
larger number of strong acidic sites by electron delocalization
[6,47]. Taking this into account, differences in the polytungstate
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domain size cannot account for the distinct AEE values ob-
tained for the two series of samples, because the two cata-
lysts exhibiting maximum catalytic activity within each series
[WZ(1,5.2) and WZ(C,6.8)] have similar TOFs (and thus sim-
ilar WO, domain sizes) but quite different AEE values. Thus,
it is pertinent to hypothesize here that reasons other than WO,
domain size must be behind the generally lower AEE displayed
by coprecipitated samples.

It is known that not only the size of amorphous metal ox-
ide domains, but also the nature of the oxidic carrier on which
they are deposited, determine the valence—conduction energy
gap for the bulk solid and thus its behavior in photoexcited
phenomena. In this respect, WO, domains supported on more
isolating carriers, such as Al,O3, display higher UV-AEE than
those supported on TiO; or ZrO, [47,67]. Obviously, no ef-
fects due to the nature of the support may be expected in our
samples, because #-ZrO; is the common carrier for both the
impregnated and coprecipitated samples with the exception of
sample WZ(C,4.5), as discussed earlier. In addition, crystallite
size is also known to affect the electronic properties of pure and
mixed oxides displaying very small crystal size (<10 nm) due
to quantum size effects [68—70]. However, in our case, even if
the two preparation methods lead to slightly different ¢-ZrO»
crystal sizes in the final WZ samples (7-8 nm for coprecipi-
tated and 8-10 nm for impregnated), the coprecipitated solids
are those displaying a lower AEE, whereas the opposite trend
should be expected on the basis of an hypothetical quantum
size effect, which produces a blue-shift instead of a red-shift in
the conduction-valence band-gap energy with decreasing oxide
crystal size. Unfortunately, very little information is available
in the literature regarding the influence of preparation route on
the electronic properties of supported amorphous metal oxide
domains. In this respect, Weber [71] attempted to rationalize
this effect for silica-supported MoO, species on the basis of
UV-AEE data. Interestingly, he found that samples prepared by
a grafting route displayed lower AEE values than those pre-
pared by impregnation within a wide range of molybdenum
surface densities [71]. Thus, it was suggested that the method
of incorporating the molybdenum species altered the electronic
properties of the supported oxide clusters, although some slight
differences in domain size were not overlooked. On the other
hand, the influence of surface (i.e., impregnation) and bulk (i.e.,
coprecipitation) metal doping on the optical, photochemical,
and electronic properties for some metal oxides has been stud-
ied [67,72-75]. It was found that surface doping of TiO;, with
WO, did not modify the UV-AEE compared with pure anatase,
because the 0>~ — WOt and 0>~ — Ti** charge transfers
overlap (W5d orbitals energy lie within the Ti3d conduction
band) [67], but, interestingly, WO,—TiO, samples obtained by
coprecipitation displayed a red-shift in the valence—conduction
band-gap energy compared with those obtained by surface dop-
ing with similar W loadings [75]. Anion vacancies created by
substitutional doping involving Ti!¥ and WV! atoms, also pro-
posed in similar systems such as MoO,-TiO, and NbO,-TiO,
[75], were seen to be responsible for the decreased UV-AEE,
although no detailed physical explanation for this has been yet
put forward.

Taking this finding and our UV-vis results discussed earlier
into account, we may hypothesize that the differences in AEE
values observed for WZ samples prepared by impregnation and
coprecipitation might be related to a different electronic inter-
action between the surface tungsten species and zirconia. Thus,
although both preparative routes are capable of stabilizing the ¢-
ZrO; phase on high-temperature oxidation treatment and devel-
oping active surface WO, species, their optical and electronic
properties are determined by the synthesis procedure. Even if
WO, species are located on the surface of zirconia for both
methods, as confirmed by XPS, some substitutional intergrowth
between 7-ZrO, and WO, may occur at the interface in copre-
cipitated samples, leading to the formation of anion vacancies
responsible for the observed red-shift in AEE values compared
with the impregnated ones.

3.4.2. Reduction kinetics of supported WOy domains
monitored by in situ DRS UV-vis

It is now widely accepted that temporary acidic sites develop
on WZ catalysts on exposure to reductants, such as H, alka-
nes, or alcohols, leading to the formation of partially reduced
W=+ centers from the initial WV species [6,47,51]. Thus,
the strength of the formed acidic sites depends on the capability
of the amorphous polytungstate domains to effectively delo-
calize the electron density [76]. DR UV-vis spectroscopy has
proven to be a valuable technique for characterizing supported
polytunsgtate species because delocalization of the negative
charge, together with the appearance of metallic d—d transitions
in reduced W3+ centers, leads to the appearance of absorption
features in the visible region on exposure of WZ samples to re-
ductants [6,47,77]. Iglesia et al. [23,47,63] have demonstrated
that useful information on the kinetics of reduction and the for-
mation of reduced W9+ centers, which are directly linked
to the development of strong Brgnsted acidity in WZ solids,
can be obtained by integrating the visible absorption in the pre-
edge region of the UV-vis spectra. When we did this for our
two series of WZ samples, we found (results not shown) that
the integrated pre-edge absorption in Pt-promoted WZ samples
previously submitted to the same reduction treatment applied
before catalysis (reduction under flowing H; at 523 K for 2 h)
increased with increasing tungsten surface density (§) irrespec-
tive of the preparation method used. This general feature is in
line with the expected increase in the amount of reduced tung-
sten centers with increasing size of the supported WO, domains
[23,47]. These results are also congruent with those obtained by
DRIFTS of adsorbed acetonitrile on reduced WZ samples pre-
pared by coprecipitation addressed in a recent work from our
group [12], which indicated an increased strength of temporary
Brgnsted acid sites with increasing § up to the density of max-
imum activity dmax,cop. In our in situ reduction DRS UV-vis
study, we still observed increased visible absorption at tungsten
densities above dpmax in the two series of samples, ascribed to
the known capacity of crystalline WO3 species to generate col-
ored bronzes on reduction [78] despite their known inactivity in
catalysis.

In this study, we found that at the tungsten surface density
of maximum catalytic activity (6max), the sample prepared by
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Fig. 10. DR UV-vis spectra of sample WZ(C,6.8) obtained at different times
(TOS) during in situ reduction treatment at 523 K in flowing H,. Note that only
the intensity of the absorption in the pre-edge (visible) region increases with
TOS until a stationary state is attained.

coprecipitation displayed a lower AEE than that prepared by
impregnation, despite a similar WO, domain size may be ex-
pected for both catalysts on the basis of their comparable TOF.
Moreover, at comparable TOF, WO, species in the coprecip-
itated samples were slightly more reducible than those in the
impregnated samples. These results concur with the general
trends reported for oxide-supported oxometallic (MO, ) species
showing that a lower energy gap between the valence and con-
duction bands increases the reducibility of the supported oxides
[66,79]. We also studied the reduction kinetics of the two sam-
ples with § = dax using in situ DR UV-vis spectroscopy under
flowing Hj at 523 K (see Section 2). We performed the study
on the Pt-free samples to avoid the possible interference of hy-
drogen spillover phenomena that may occur on the Pt sites and
can mask true reduction kinetics for the supported tungsten
species. In fact, it has been shown that a certain reduction of
tungsten in Pt/WZ catalysts readily occurs under H, flow even
at room temperature [39]. Our in situ reduction UV-vis study
used an energy range 1.8-2.4 eV as representative of the pre-
edge adsorption region to register the integrated changes of the
Kubelka—Munk function with time on stream (TOS), as previ-
ously proposed by Barton et al. [47]. Fig. 10 shows a represen-
tative plot of the evolution of the pre-edge absorption region in
the UV-vis spectra with TOS for the coprecipitated WZ(C,6.8)
sample. As can be seen, no appreciable changes in the postedge
region (photon energies >3.5 eV) occurs, in line with previous
observations [47]. In contrast, a gradual increase in the pre-edge
absorption can be seen up to a certain TOS, after which no fur-
ther changes in the UV-vis spectra occur. The results in Fig. 10
clearly show that the rate of change in pre-edge absorption de-
creases with TOS until it becomes nearly zero in the stationary
state. A broad band at ca. 2.19 eV, ascribed to d—d electronic
transitions in the formed reduced W3 sites, is also seen. Sim-
ilar trends were found for the impregnated WZ(I,5.2) sample
(not shown). Fig. 11 reflects the integrated absorption changes
in the pre-edge region against TOS for the two samples with
8 = dmax Within the two series, as well as for bulk WO3 used as
reference. As observed, the initial reduction rate is highest for
WOj3, which is known to undergo slight reductions more read-
ily than amorphous WO, species [47]. Interestingly, the initial
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Fig. 11. Integrated absorption change of the pre-edge UV-vis region during in
situ reduction at 523 K as a function of TOS for WOj3 (reference) and WZ sam-
ples displaying maximum catalytic activity (8 = dmax) Within the impregnated
(WZ(1,5.2)) and coprecipitated (WZ(C,6.8)) series.

reduction rate was significantly higher for WZ(C,6.8) than for
the impregnated WZ(I,5.2) counterpart, thus confirming that
the lower AEE observed in the former provides an enhanced
surface reduction of the supported WO, domains. It is worth
recalling here that the observed differences in reduction kinet-
ics are intrinsic to the preparation method; comparable WO,
domain sizes may be expected for the two samples displaying
nearly the same TOF.

It should be mentioned at this point that the differences in
the WO, reduction kinetics inherent to the preparation method
used can be expected to diminish or even vanish in the Pt-
promoted catalysts subjected to the 2-h reduction treatment at
523 K in flowing H», due to the assistance of the metal sites
in activating hydrogen. Thus, this effect will have little or no
influence during catalysis. Moreover, the pre-edge absorption
attained in the steady state of the in situ reduction process was
found to be greater for the coprecipitated sample, again point-
ing out the greater reducibility of the WO, domains in the
coprecipitated sample compared with its impregnated counter-
part. It also should be mentioned that because the two analyzed
WZ(1,5.2) and WZ(C,6.8) samples have similar W content (19
and 18 wt%, respectively; see Table 1), the distinct steady-state
absorptions cannot be ascribed to different W loadings; in the
case of bulk WO3, the absence of dilution by ZrO is likely re-
sponsible for its higher absorption.

4. Conclusion

In this study, two series of high-surface area tungstated zir-
conia (WZ) samples comprising a wide range of tungsten sur-
face densities (8, W at/nm?) were prepared by modified im-
pregnation and coprecipitation methods, followed by annealing
at 973-1073 K. The two series of Pt-promoted WZ catalysts
(1 wt% Pt) showed characteristic patterns in activity and selec-
tivity during the hydroconversion of n-hexadecane as a function
of §. Thus, a maximum in the catalytic activity and a minimum
in the selectivity to branched feed isomers (at constant conver-
sion) were attained at an intermediate tungsten surface density
(8max)- Despite the fact that both series of catalysts displayed
the same general trends in activity/selectivity with increasing &,
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the catalysts prepared by the coprecipitation route required
a higher tungsten surface density to attain the maximum cat-
alytic activity (8max,cop = 6.8 W at/ nm?) compared with those
obtained by impregnation (Smax,vp = 5.2 W at/ nmz), even
though both methods led to catalysts with nearly the same TOF
at their respective dmax. Moreover, the change in activity and
selectivity at § above the respective dpax Was much less pro-
nounced for coprecipitated catalysts. These differences can be
explained by the lower tendency toward sintering of the surface
WO, species on high-temperature annealing treatment when
generated by migration from the bulk of a coprecipitated W—Zr
solid to the zirconia surface instead of by titrating the surface
Zr—OH groups through impregnation with the tungsten precur-
sor. This indicates that a higher W surface density is required
in coprecipitated catalysts to produce the highly interconnected
amorphous WO, domains needed for the generation of catalyt-
ically active Brgnsted acid sites on reduction and to retard the
onset of growth of three-dimensional WOj3 crystallites on the
ZrO; surface.

Our findings allow the reconciliation of discrepancies found
in the literature concerning the influence of preparation method
on the structural and catalytic properties of WZ solid acids. Be-
sides the aforementioned structural and catalytic differences,
the preparation method also affects the optical and electronic
properties of the supported WO, domains. The polytungstate
clusters in WZ samples prepared by coprecipitation are charac-
terized by a lower UV-vis absorption edge energy (i.e., lower
valence—conduction energy gap for the WZ solids) and en-
hanced reducibility compared with those generated by impreg-
nation, probably due to enhanced formation of anion vacancies
by substitutional intergrowth at the interface between ¢-ZrO»
and WO, species.
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