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Solid acid catalysts prepared by supporting 15 wt%H3PW;,040 heteropoly acid (HPA) on TiO,, ZrO, and
Nb,0s with a sub-monolayer HPA coverage were characterised at a gas—solid interface, regarding their
acid properties and chemical structure of HPA on the catalyst surface and compared to “standard” HPA
catalysts such as bulk and silica-supported H3PW;,040 and Cs; sHosPW12040. In contrast to the parent
acid, H3PW;,04, possessing strong Brensted acid sites, the catalysts supported on TiO,, ZrO, and
Nb,Os have both Brensted and Lewis acid sites, with the latter mainly originating from the oxide support.
The strength of acid sites in these catalysts is weaker than that in H3PW;,040 and Cs;sHgsPW12040.
The catalytic activity (turnover frequency) in gas-phase isopropanol dehydration decreases in the order:
H3PW 5040 > Cs3 5Hg 5sPW15040 > 15%H3PW]2040/Si02 > ]5%H3PW]2040/T102 > 15%H3PW]2040/Nb205 >
15%H3PW1,040/Zr0O,, which is in line with the acid strength as determined by NH5 adsorption calorime-
try. Ammonia adsorption calorimetry, 3!P{'H} MAS NMR and FTIR indicate increasing interaction
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between support and HPA in the following order of supports: SiO, < TiO, < Nb,0s5 < ZrO,.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Heterogeneous acid catalysis by heteropoly acids (HPAs) has
attracted much interest because of its potential to generate eco-
nomic rewards and green benefits [1-4]. For example, the synthesis
of ethyl acetate from acetic acid and ethylene over silica-supported
HPA in the gas phase has been commercialised by Showa Denko in
Japan [3] and BP in the United Kingdom [5]. The majority of cata-
lytic applications use the most stable and easy available Keggin
HPAs comprising heteropoly anions of the formula [XM;,040]"",
where X is the heteroatom (P°*, Si**, etc.) and M the addendum
atom (Mo®", W5, etc.). HPAs possess stronger acidity than conven-
tional solid acid catalysts such as acidic oxides and zeolites.
The acid strength of Keggin HPAs decreases in the order:
H3PW ;304 > H4SiW12040 > H3PMo012040 > H4SiM012040 [1,2] Usu-
ally, tungsten HPAs are the acid catalysts of choice because of their
stronger acidity, higher thermal stability and lower oxidation po-
tential compared to molybdenum HPAs [1-4].

The temperature at which Keggin HPAs lose all acidic protons
(e.g., H3PW13040 —» PW150385+ 1.5 H,0) decreases in the order:
H3PW 1,049 (465 °C) > H4SiW1,049 (445 °C) > H3PM01,04¢ (375 °C) >
H4SiM01,040 (350 °C) [2], the strongest acid H3PW,04¢ being the
most stable one. Complete decomposition of Keggin structure to
the constituent oxides occurs at higher temperatures, but follows
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the same order: 610, 540, 495 and 375 °C, respectively [6]. Relatively
low thermal stability of HPAs and difficulty in catalyst regeneration
renders their use in heterogeneous catalysis rather limited [2,4].

The development of HPA catalysts possessing higher thermal
stability is an important challenge [4]. In recent years, there has
been considerable activity in this direction, focussing mainly on
acidic composites comprising tungsten HPAs and Nb,Os, ZrO,
and TiO, as oxide matrixes [7-15]. (Work on supported HPA cata-
lysts published before 2000 has been extensively reviewed else-
where [16]). These composites are usually prepared by wet
chemical synthesis, followed by calcination at 500-850 °C, i.e., at
temperatures considerably higher than the temperature of HPA
decomposition. These materials have been found active in a range
of acid-catalysed reactions, often with good catalyst recycling.
Only limited knowledge of their acid properties is available,
though. Their catalytic activity is often lower than that of the
“standard” solid HPA catalysts, such as bulk and silica-supported
H3PW;,040 and Cs,sHgsPW12040, Which indicates weaker acid
sites compared to the “standard” HPA catalysts. This, however,
can be compensated for by a better performance stability and recy-
clability of such composites [7-15].

The state of H3PW;,049 on the surface of Nb,Os, ZrO, and TiO,
has been studied by various techniques including XRD, FTIR and
3P MAS NMR [7,8,10,12,13,16-18]. Amongst the main factors
determining the stability of such catalysts are the calcination
temperature, the nature of support and the HPA loading. It has
been found that H3PW;,04¢ that forms in the H3PO4~WO3-Nb,05
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system partially decomposes upon calcination at 500 °C. A recent
study of 25%H3PW;,040/Nb,05 catalyst has revealed HPA decom-
position between 400 and 500 °C, with profound loss of catalyst
activity in esterification of fatty acids [17]. In 20%H3PW,040/
TiO, calcined at 700 °C, both fragmented and intact HPA species
have been found [13]. In H3PW;,04/ZrO, calcined at 750 °C, the
HPA has been claimed to be stabilised by ZrO,, unless its loading
exceeds a monolayer (15 wt%) [10]. Earlier, however, it had been
found that H3PW;,04 on ZrO, decomposes above 500 °C [18].
Reportedly, H3PW1,04 is present on the mixed support ZrO,-
MCM-41 even after calcination at 850°C [12]. This should be
treated with caution, however, since these calcination tempera-
tures are higher than the temperature of decomposition of bulk
H3PW1,04.

The aim of this work is to study the acidity and catalytic activity
of such composites at a gas—solid interface. This is complemented
by the characterisation of catalyst texture and chemical environ-
ment of HPA on the catalyst surface. The composites under study
comprise the strongest Keggin HPA, H3PW;,040, supported at
sub-monolayer coverage on Nb,Os, ZrO, and TiO,. These are com-
pared with the “standard” bulk and supported HPA catalysts such
as H3PW]2040, H3PW12040/Si02 and C52'5H0'5PW12040. Isopropanol
dehydration is used as a test reaction to characterise the activity of
these catalysts at the gas-solid interface.

2. Experimental
2.1. Chemicals and catalysts

The organic and inorganic chemicals were purchased from
Aldrich unless stated otherwise and used as supplied without
further purification.

The acidic heteropoly salt Cs;sHosPW1,049 was prepared
according to the literature procedure [19] by adding dropwise
the required amount of aqueous solution of caesium carbonate
(0.47 M) to aqueous solution of H3PW;,040 (0.75 M) at room tem-
perature with stirring. The precipitate obtained was aged in aque-
ous mixture for 48 h at room temperature and dried in a rotary
evaporator at 45 °C/3 kPa and after that in an oven at 150 °C/
0.1 kPa for 1.5h. The silica-supported catalyst 15%H3PW;,040/
Si0, was prepared by wet impregnation of Aerosil-300 silica
(300 m?/g surface area) with an aqueous solution of HsPW;5049
[20]. The mixture was stirred overnight at room temperature, fol-
lowed by drying in a rotary evaporator. Finally, the catalyst was
dried at 150°C/0.1 kPa for 1.5 h. The catalyst 20%Cs;HPW {5040/
SiO, was prepared using a modification of the two-step procedure
[21]. First, Aerosil-300 (4 g) was impregnated with caesium car-
bonate by stirring with 50 ml of aqueous solution of Cs,CO3
(0.104 g, 0.32 mmol) at room temperature for 3 h, followed by dry-
ing in an oven at 100 °C overnight and calcination at 300 °C for 3 h
in air. In the second step, the silica-supported Cs,COs; was treated
with a stoichiometric amount of H3PW,040 (0.32 mmol) in meth-
anol (50 ml) at room temperature for 24 h, followed by drying, first
in an oven at 100 °C overnight, then at 150 °C/0.1 kPa for 1.5 h.

The catalysts comprising H3PW;,040 (15 wt%) supported onto
Nb,Os, ZrO, and TiO, were prepared by wet impregnation of these
oxides with H3PW;,049 from aqueous solution. The TiO, was a
Hombikat purchased from Fluka, which, from manufacturer’s spec-
ification, is a fine-crystalline anatase modification with a surface
area >300m?/g and a weight loss on drying <10%. The Nb,Os
and ZrO, were in-house made hydrous oxides (see below). An
aqueous solution of H3PW;,040 (1.5 g) was mixed with 8.5 g oxide
support to form hydrogel. It was then aged for 24 h at room tem-
perature with stirring, followed by drying in a rotary evaporator.
Finally, the catalyst was calcined in air at 300 or 500 °C for 3 h.

Hereafter, the calcination temperature is noted in the catalyst
formulation as, for example, 15%H3PW;5,049/Nb,05-300 and
15%H3PW1,040/Nb,05-500.

Nb,Os was prepared as described in the literature [22]. NbCls
powder (5 g) was dissolved in 10 ml of ethanol and slowly added
to 200 ml of 0.3 M NHj3 aqueous solution to afford a white precip-
itate of niobic acid Nb,0Os-nH,0. The precipitate was separated
using a centrifuge, washed with distilled water until chloride free
as tested with AgNOs and dried in an oven at 100 °C for 3 h. ZrO,
was prepared by adding dropwise aqueous ammonium hydroxide
(25%) to an aqueous solution of ZrOCl, at room temperature with
intense stirring until a pH of 10 was reached. The hydrogel formed
was aged at room temperature for 24 h with stirring, and then fil-
tered through a Buchner funnel. The hydrous ZrO, thus obtained
was washed with distilled water until chloride free (AgNO3). The
oxide was dried in an oven at 100 °C for 24 h.

2.2. Techniques

The BET surface area and porosity of catalysts were determined
from nitrogen physisorption measured on a Micromeritics ASAP
2000 instrument at —196 °C. Before the measurement, the samples
were evacuated at 250 °C for 2 h. Powder X-ray diffraction (XRD)
spectra of catalysts were recorded on a PANalytical Xpert diffrac-
tometer with a monochromatic Cu Ko radiation (4=0.154 nm).
XRD patterns were attributed using the JCPDS database. Thermo-
gravimetric analysis (TGA) was carried out on a Perkin-Elmer
TGA 7 instrument under nitrogen flow. ICP-AES elemental analysis
was carried out on a Spectro Ciros emission spectrometer.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra of
catalysts were taken on a Nicolet NEXUS FTIR spectrometer using
powdered catalyst mixtures with KBr. The DRIFT spectra of ad-
sorbed pyridine were obtained using the same instrument
equipped with a controlled environment chamber (Spectra-Tech
Inc., model 0030-101) as described elsewhere [23]. Catalyst sam-
ples were diluted with KBr powder (10 wt% in KBr) and pre-treated
at 150 °C/0.01 kPa for 1 h. The samples were then exposed to pyr-
idine vapour at room temperature for 1 h, followed by pumping
out at 150 °C for 1 h to remove the physisorbed pyridine. Then,
the DRIFT spectra of adsorbed pyridine were recorded at room
temperature.

31p{TH} MAS (magic angle spinning) NMR spectra were re-
corded at 9.4 T and 161.9 MHz with an MAS rate of 10 kHz on a
Bruker DSX-400 spectrometer with an MAS triple resonance
probe-head using zirconia rotors 4 mm in diameter. The 3'P /2
pulse length was 3.5 pis with a recycle delay of 30 s, and 3000 scans
were accumulated. A 'H TPPM (two-pulse phase modulation)
decoupling pulse length of 5.5 pus with radio frequency field
strength of 90.9 kHz was used. The position of the 3'P resonances
is quoted in ppm from external aqueous 85%H3PO,.

Differential heats of ammonia adsorption on the catalysts were
measured by a pulse method in a flow system using a Setaram
TG-DSC 111 differential scanning calorimeter as described previ-
ously [23]. Catalyst samples (30-70 mg) were placed in the calo-
rimeter and pre-treated under a flow of helium (30 ml/min) at
300 °C for 1 h. Then, the temperature was lowered to 100 °C under
a flow of He. After sample weight stabilisation at 100 °C (about
2 h), the analysis was performed by successive pulses of 0.50 ml
of ammonia into the He flow using a loop fitted in a 6-port valve.
Sufficient time was allowed after each pulse for adsorption equilib-
rium to be reached (about 20 min). Weight gain and the
corresponding heat of adsorption were recorded, from which the
differential adsorption heat was obtained.
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2.3. Catalyst testing

The catalysts were tested in isopropanol dehydration in the gas
phase, which was carried out under atmospheric pressure in a Pyr-
ex fixed-bed downflow reactor (9 mm internal diameter) fitted
with an on-line gas chromatograph (Varian Star 3400 CX instru-
ment with a 30 m x 0.25 mm x 0.25 pm ZB-1701 capillary column
and a flame ionisation detector). The temperature in the reactor
was controlled by a Eurotherm controller using a thermocouple
placed at the top of the catalyst bed. The gas feed contained isopro-
panol (5.52 kPa partial pressure) in nitrogen obtained by passing
nitrogen flow controlled by a Brooks mass flow controller through
a saturator, which held liquid isopropanol at 25 °C to maintain the
chosen reactant pressure. The gas feed entered the reactor at the
top at a flow rate of 20 ml/min. The reactor was packed with
0.100 g catalyst powder (sieved to 45-180 um). The configuration
of catalyst bed was appropriate to allow adequate plug-flow per-
formance. It should be noted that isopropanol dehydration under
the chosen conditions was a zero-order reaction (Section 3.2),
hence not affected by axial dispersion in a plug-flow reactor [24].
Prior to reaction, the catalysts were pre-treated in situ at 300 °C
in a nitrogen flow (20 ml/min) for 1 h. At regular time intervals,
the downstream gas flow was analysed by the on-line GC to obtain
isopropanol conversion and product selectivity. In light-off tests,
the temperature dependent conversion of isopropanol was mea-
sured in a temperature range from 80 °C up to the point where
100% conversion was observed. From these results, the tempera-
ture of 50% conversion, Tsg, was obtained and the apparent
activation energy of reaction, E,, was calculated at isopropanol
conversion <10%.

3. Results and discussion
3.1. Catalyst characterisation

The supports that were used for preparing the catalysts were of
different origin. Nb,05 and ZrO, were in-house made freshly precip-
itated amorphous hydrous oxides, oven-dried at 100 °C. The TiO,
support was a commercial Hombikat material (from Fluka), fine-
crystalline anatase modification with a surface area >300 m?/g
(manufacturer’s value). The SiO, support, commercial Aerosil-300,
is high-purity amorphous silica fumed in a high-temperature flame,
consisting of nanosized nonporous spheres, which upon wetting
with water form hydrogel, yielding mesoporous silica after drying.
The different origin of supports might have an effect on the chemical
structure of HPA supported on their surface. In order to level the said
differences, the loading of HPA was carried out by wet impregnation
with excess of aqueous HPA solution with a long enough ageing time
of 24 h. Silica is well known to rehydrate upon treatment with water.
Titania is usually quite inert to rehydrate in the bulk, but it still could
rehydrate to some extent at the surface. From TGA, water loss upon
heating the supports to 700°C in N, flow was Aerosil-300
(~0%) < Hombikat TiO, (2%) < hydrous Nb,0s (8%) < hydrous ZrO,
(12%). Most of the water was lost below 400 °C.

The reason for choosing the HPA loading of 15 wt% was this. On
the one hand, such loading is usually sufficient to provide efficient
acid catalysis, and on the other hand, it is small enough to ensure
sub-monolayer coverage of the catalyst surface with finely dis-
persed HPA molecules (see below). Our aim was to avoid large
HPA crystallites on the catalyst surface, which would rather behave
like the bulk HPA, thus making it more difficult to evaluate HPA/
support interaction.

The texture of catalysts and supports studied is shown in Table
1. All the catalysts were mesoporous materials with pore diame-
ters of 24-230 A. Amongst them, silica- and titania-based catalysts

Table 1
Catalyst texture from nitrogen adsorption.®

Catalyst Sger® Pore diameter® Pore volume?
(m’g) (A (cm’[g)

SiO, (Aerosil-300) 300°

Nb,05-250* 287 46 0.33
Zr0,-250° 162 23 0.09
TiO, >300°

Ti0,-250? 44 90 0.10
H3PW;3040-250? 2.0 81 0.04
15%H3PW1,040/Si0,-250° 229 204 117
15%H3PW15040/Nb,05-300 166 52 0.22
15%H3PW15040/Nb,05-500 96 80 0.19
15%H3PW12040/Zr0,-300 121 24 0.07
15%H3PW1,040/Zr0,-500 54 56 0.08
15%H;PW 12040/ TiO,-300 41 154 0.16
15%H3PW12040/Ti02-500 40 230 0.23
C55.5Ho5PW12040-250° 111 24 0.07
20%Cs,HPW1,040/Si0,-250° 185 191 0.88

2 Prior to N, adsorption, the catalysts were pre-treated at 250 °C in vacuum for
2h.

b BET surface area.

¢ Average BET pore diameter.

4 Single-point total pore volume.

¢ The value of surface area given by manufacturer.

possessed larger pores and zirconia-based ones showed smaller
pores, with niobia-based catalysts in between. For HPA catalysts
supported on Nb,Os5 and ZrO, hydrous oxides, the surface area re-
duced upon HPA impregnation followed by calcination at 300 °C
and reduced further with increasing the calcination temperature
from 300 to 500 °C, as expected. The commercial TiO, support de-
creased its surface area dramatically from ~300 to 44 m?/g upon
pre-treatment at 250 °C in vacuum, which implies that the TiO,
as supplied consisted of very fine particles, in agreement with
manufacturer’s specification. Supporting HPA on TiO, followed by
calcination at 300 and 500 °C had only a little effect on the catalyst
surface area (41 and 40 m?/g, respectively). The texture of our bulk
H3PW;,040 and Cs; sHg sPW,049 was typical of these materials as
reported in the literature [19,25].

The surface areas of the supported HPA catalysts ranged from
40 to 229 m?/g. Assuming a cross section of 144 A% for the
H3PW;,040 molecule [1,2], the 15%HPA loading will correspond
to 45 m?/g monolayer HPA coverage. Therefore, these catalysts
could be adequately viewed as having sub-monolayer HPA cover-
age, with some reservation in case of titania-supported catalysts
that had a surface area of 40-41 m?/g. The XRD spectra (Fig. 1) con-
firm fine dispersion of HPA on the catalyst surface.

Fig. 1 shows XRD patterns for bulk and supported H3PW,04¢
catalysts as well as for catalyst supports. The 15%H3PW;,040/
Nb,0s5 and 15%H3PW,040/ZrO, catalysts, prepared from the amor-
phous Nb,0s and ZrO, hydrous oxides, after calcination at 300 °C
were XRD amorphous. After calcination at 500 °C, both the sup-
ports and the catalysts became crystalline. Nb,0s-500 and
15%H3PW15040/Nb,05-500 exhibited the pattern of hexagonal nio-
bia. Zr0,-500 showed the pattern of the tetragonal phase, with a
little of monoclinic ZrO, also present. 15%H3PW;5040/Zr05-500
consisted of a mixture of tetragonal and monoclinic modifications
of ZrO,, the content of monoclinic phase increased compared to the
pure ZrO,-500. 15%H3PW;5040/TiO,, prepared from commercial
anatase TiO,, also exhibited the pattern of anatase after calcination
at 300 and 500 °C. All supported catalysts were XRD amorphous
with regard to H3PW;,049, which indicates fine dispersion of
HPA on the catalyst surface. XRD pattern of WO3 was not observed
in the catalyst samples. It should be noted that WO5 has been
found in supported HPA catalysts with higher HPA loadings (e.g.
25%H3PW1,040/Nb,0s [17]) after calcination at 500 °C.
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Fig. 1. XRD patterns (Cu Ko radiation) for: (1) Zr0,-500, (2) 15%H3PW12040/Z1rO,-
300, (3) 15%H3PW;2040/Zr0,-500, (4) Ti0,-500, (5) 15%H3PW12040/Ti0,-300, (6)
15%H3PW3040/Ti02-500, (7) Nb,0s-500, (8) 15%H3PW;5040/Nby05-300, (9)
15%H3PW3040/Nb,05-500 and (10) H3PW;,040.

Bulk H3PW1,040 and Cs; sHgsPW12040 pre-treated at tempera-
tures below 300 °C are known to possess strong Bransted acid sites
[1,2]. From the DRIFT spectra of adsorbed pyridine (Figs. 2-4), the
HPA catalysts supported on Nb,Os, ZrO, and TiO, possessed both
Brgnsted and Lewis acid sites, as evidenced by strong IR bands at
1540 and 1450 cm ™!, respectively. This is consistent with the pre-
vious studies of these catalysts [7,10,12,13]. In agreement with the
literature [26], the pure oxides Nb,0s, ZrO, and TiO, all exhibited

.
T

1580 1560 1540 1520 1500 1480 1460 1440 1420

Absorbance

Absorbance
(1] o [

Wavenumber, cm™

Fig. 2. DRIFT spectra of pyridine adsorbed on (a) TiO,-300, (b) TiO,-500, (c)
15%H3PW12040/Ti02-300 and (d) 15%H3PW;,046/Ti02-500.

Lewis acid sites. Nb,Os and ZrO, also displayed Brensted acid sites
capable of protonating pyridine (Figs. 2-4). Table 2 shows the rel-
ative number of Brgnsted and Lewis acid sites, B/L, in the catalysts
and supports defined as a ratio of areas of DRIFTS peaks at
1540 cm™~! and 1450 cm™!. The ratio of extinction coefficients for
these peaks has been found close to unity [27]. As expected, the
B/L value was higher in supported HPA catalysts than in the corre-
sponding oxide supports. This is more evident for the titania-sup-
ported catalysts due to the lack of intrinsic Brgnsted acidity in TiO,.
The Nb,0s5 and ZrO, catalysts show smaller increases in B/L values
because these supports themselves possess substantial Brgnsted
acidity. The relative number of Brensted acid sites decreased with
increasing calcination temperature due to catalyst dehydration. In
ZrO,, however, the relative number of Bregnsted sites capable of
protonating pyridine increased with increasing the calcination
temperature from 300 to 500 °C. This may be related to the trans-
formation of ZrO, into the tetragonal phase upon calcination
(Fig. 1), which has been found to be a more active catalyst in alkane
isomerisation (hence probably more acidic) than the monoclinic
phase [28]. From the DRIFTS results, it can be concluded that Lewis
acid sites in our HPA/Nb,Os, HPA/ZrO, and HPA/TiO, catalysts
were mainly originated from the oxide supports, and Brensted acid
sites were provided by the HPA and support (in the case of Nb,Os5
and ZrO,).

The strength of acid sites in the catalysts was characterised by
measuring the enthalpy of ammonia adsorption at the gas-solid
interface. This technique does not discriminate Bransted and Lewis
acid sites. As an example, Fig. 5 shows the determination of the initial
enthalpy of NHs adsorption, AH;, for H3PW1,049, Cs25HosPW12049
and 15%H3PW3040/Zr0,-500. The AH; values for H3PW;,049 and

1580 1560 1540 1520 1500 1480 1460 1440
Wavenumber, cm™

Fig. 3. DRIFT spectra of pyridine adsorbed on (a) Nb,05-300, (b) Nb,0s-500, (c)
15%H3PW12040/Nb,05-300 and (d) 15%H3PW;,040/Nb,05-500.
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Absorbance

1560 1540 1520 1500 1480 1460 1440

Wavenumber, cm™

Fig. 4. DRIFT spectra of pyridine adsorbed on (a) Zr0,-300, (b) Zr0,-500, (c)
15%H3PW,040/Zr0,-300 and (d) 15%H3PW;,040/Zr0,-500.

Csy5HpsPW1,040 are in excellent agreement with those reported
previously [29,30]. The values of AH; for all the catalysts under study
are given in Table 3. For the catalysts pre-treated at 300 °C, the acid
strength decreases in the order: H3PW;5040> Csy5HgsP-
W12040 > 20%Cs;HPW15040/Si05 > 15%H3PW1,040/Si0; > 15%H5P-
W12040/Ti02 > 15%H3PW12040/Nb205 > 15%H3PW12040/ZF02. This
shows that the catalysts comprising HPA supported on Nb,Os,
Zr0, and TiO, possess weaker acid sites than the “standard” HPA cat-
alysts. Their AH; values are in the range from —121 to —143 kJ/mol,
which is similar to those for acidic zeolites [31]. The catalyst acid
strength decreases in the order of supports: SiO, > TiO, > Nb,O5 > Z-
r0O,, which indicates increasing interaction between the HPA and

Table 2
Brensted (B) versus Lewis (L) acidity of catalysts
from DRIFTS of adsorbed pyridine.

Catalyst B/L?
TiO,-300 0.04
TiO,-500 0.04
15%H3PW12040/Ti02-300 2.82
15%H3PW12040/Ti0,-500 1.53
Nb,05-300 1.32
Nb,05-500 0.99
15%H3PW12040/Nb05-300 1.42
15%H3PW12040/Nb205-500 1.25
Zr0»-300 0.32
Zr0,-500 0.98
15%H3PW15040/Zr0,-300 1.42
15%H3PW1,040/Zr0»-500 1.07

2 The ratio of intensities (integrals of peak
areas) of the DRIFTS peaks at 1540 cm™' and
1450 cm~.

oxide support in that order. This is also confirmed by infrared spec-
troscopy and 3'P NMR (see below).

We examined the state of HPA on Nb,0Os, ZrO, and TiO, in com-
parison with that on SiO, by infrared spectroscopy (DRIFTS). The
spectra were measured using 10% catalyst mixtures with KBr. All
samples contained the same amount of HPA and support. Fig. 6 dis-
plays the DRIFT spectra in the range of 750-1150 cm~! character-
istic of the Keggin structure. A 15:85 w/w mechanical mixture of
bulk HPA and ZrO, (both calcined separately at 300 °C in air prior
to mixing) exhibits the well-known spectrum of H3PW;,044 (a),
with strong bands of stretching vibrations at 1080 (P—0), 983 (ter-
minal W=0 group), 890 and 812 cm~! (edge- and corner-sharing
W—0—W groups) [1,16]. This spectrum shows that the HPA was
not affected by ZrO, in this sample, as expected. Spectra (b)-(d),
(h) represent supported HPA catalysts calcined at 300 °C and (e)-
(g) those calcined at 500 °C. Some of them clearly show the pres-
ence of Keggin bands. But their intensity is much weaker compared
to those in spectrum (a), despite the same concentration of HPA in
all these samples. This can be explained by restriction of molecular
vibrations and loss of symmetry in adsorbed HPA species. It is also
evident that the nature of support and the calcination temperature
play an important role. DRIFT spectra (e)-(g) for HPA supported on
Nb,Os, ZrO, and TiO, after calcination at 500 °C show no Keggin
unit bands, the spectra being similar to those for the pure oxide
supports. This could be the result of HPA decomposition. The cata-
lysts calcined at 300 °C may be expected to be more stable. Indeed,
the 15%HPA/Ti0,-300 catalyst exhibits the Keggin bands at 1080
(P—0) and 983 cm~! (W=0) (spectrum (b)). However, no bands
of the bridging W—0—W groups appear in this spectrum. In con-
trast, HPA/Zr0,-300 and HPA/Nb,05-300 hardly show any Keggin
unit bands (spectra (c), (d)) probably due to strong HPA/support
interaction leading to partial decomposition of the Keggin
unit (see 3'P{'H} MAS NMR spectra below). The “standard”
H3PW;,040/SiO catalyst is known to be stable at 300 °C and be-
yond, with weak HPA/support interaction [1,2,6,16]. In spectrum
(h) for 15%HPA/SiO,-300, silica exhibits strong infrared bands at
1100 and 806 cm™! and a weak shoulder band at 984 cm™. The
strong bands from silica mask the HPA bands at 1080 and
812 cm™!, but the vibrations at 983 (W=0) and 890 (W—0—W) ap-
pear at their normal positions with unchanged relative intensity.
From these results, it can be inferred that the HPA/support interac-
tion increases in the series: SiO, < TiO, < Nb,Os, ZrO,. This is the
same order in which the acid strength of the corresponding sup-
ported HPA catalysts decreases (Table 3). However, the uncertainty
in interpretation of DRIFTS for strongly adsorbed HPA molecules
makes it difficult to prove decomposition of supported HPA at

200 4 AH3PW12049
OCsj 5H0.5PW12040
o1 5%H3PW1 2040/ZI'02—500

160 _—e—e\o\o\o

120 “\*\*\.\.

0 0.02 0.04 0.06 0.08
NH;, mmol/g

180 |

-AH, kd/mol

Fig. 5. Enthalpy of NH; adsorption versus NH3 uptake at 100 °C for 15%H3PW;5040/
Zr0,-500, C; 5sHo sPW12049 and H3PW5040.
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Table 3
Isopropanol dehydration.?

Catalyst Tso? (°C) E, € (kJ/mol) X9 (%) TOF¢ (h™") Sf (mol%) —AH; & (k]/mol)

1 H3PW15040-300 104 90 81 3500" 98 (93) 195
2 Cs2.5H0.5PW12040-300 100 68 94 430" 99 (91) 164
3 20%Cs3H; PW;2040/Si05-300 105 67 94 430 99 (92) 160
4 15%H3PW15040/Si05-300 103 86 99 190 99 (94) 154
5 15%H3PW15040/Ti0,-300 110 90 67 130 92 (91) 143
6 15%H3PW12040/TiO2-500 137 81 19 36 83 (89) 130
7 15%H3PW15040/Nb,05-300 155 71 9 17 83 (92) 132
8 15%H3PW15040/Nb,05-500 165 72 4 8 84 (96) 121
9 15%H3PW150.40/Zr0,-300 168 59 5 10 (98) 121
10 15%H3PW12040/Zr0,-500 170 63 2 4 (92) 127
11 Nb,05-500 200 64 1 (99)

12 7r0,-500 310 43 0 (100)

13 Ti0,-500 285 41 0 (100)

@ Reaction conditions: 0.1 g catalyst, 5.52 kPa isopropanol partial pressure in N,, 20 ml/min flow rate (2.95 mmol/h rate of isopropanol supply); prior to reaction the

catalysts were pre-treated in situ at 300 °C for 1 h in N, (20 ml/min).
b Temperature corresponding to 50% isopropanol conversion from light-off tests.

€ Apparent activation energy determined from light-off tests at isopropanol conversion <10%.

4 Isopropanol conversion at 120 °C.

¢ Turnover frequency per HPA proton site calculated from isopropanol conversion at 120 °C and 2-h time on stream, assuming that all HPA protons were equally available

for reaction.

f Propene selectivity at 120 °C and in brackets at Tso; the only other product was diisopropyl ether.

¢ Initial enthalpy of ammonia adsorption at 100 °C.

" Turnover frequency per surface proton site estimated assuming a Keggin anion cross section of 144 A and using the surface area for fresh catalysts (Table 1).

Reflectance

o

QT o

1150 1100 1050 1000 950 900 850 800 7;50
Wavenumber, cm™

Fig. 6. DRIFT spectra of (a) 15:85 w/w mechanical mixture of H3PW,040 and ZrO,
(calcined separately at 300 °C in air, prior to mixing), (b) 15%H3PW,040/Ti0,-300,
(€) 15%H3PW15040/Zr05-300, (d) 15%H3PW;5040/Nby05-300, (&) 15%H3PW,,0.40/
Ti05-500, (f) 15%H3PW;2040/Zr05-500, (g) 15%H3PW;2040/Nby0s-500 and (h)
15%H3PW150.40/Si05-300.

sub-monolayer coverage, i.e., the absence of HPA bands does not
prove HPA decomposition.

Further insight into the state of HPA in the catalysts under study
can be gained by 3'P solid-state NMR. Fig. 7 shows the 3'P{'H} MAS

NMR spectra for bulk and supported H3PW;,04q catalysts pre-trea-
ted at 300 and 500 °C for 3 h in air. The well-documented bulk and
SiO,-supported HPA can be considered as reference systems for the
assessment of the state of HPA in supported catalysts. The bulk
HPA calcined at 300 °C, which should retain the Keggin structure,
indeed exhibits a sharp resonance at —15.3 ppm characteristic of
the H3PW,,04 Keggin unit [1,2]. However, some decomposition
of the HPA could be noted (peaks at —3.7 and —11.5 ppm), which
was probably due to a relatively long pre-treatment time (3 h). Pre-
dictably, the bulk HPA calcined at 500 °C shows no resonance at ca.
—15 ppm, which points to partial decomposition of the Keggin
structure. The stability of silica-supported HPA calcined at 300 °C
is confirmed by the strong peak of the Keggin unit at —15.7 ppm,
with some decomposition fragments also present similarly to the
bulk HPA (peaks at —11.7 and 3.1 ppm).

The HPA catalysts supported on TiO;, ZrO, and Nb,Os showed
different 3'P environments. Only the HPA/TiO,-300 catalyst, cal-
cined at 300 °C, exhibited the presence of a small number of Keggin
species (peak at —14.9 ppm). This is in agreement with the DRIFT
spectrum (Fig. 6). HPA/TiO»-300 and HPA/TiO,-500 display a very
broad upfield line centred at about —7.7 ppm, except no Keggin
species could be seen in for the latter material. Neither HPA/ZrO,
nor HPA/Nb,Os exhibited any Keggin species in their !P{'H}
MAS NMR spectra, which are also very broad.

Although it is difficult to attribute these >'P NMR spectra to any
particular species, the overall situation regarding the state of HPA
on the surface of TiO,, Nb,Os and ZrO, appears to be clear. The
broad lines probably indicate strong interaction between finely
dispersed amorphous HPA species and support leading to partial
decomposition of the PW;,03, anion. There are no intact Keggin
species present on Nb,Os and ZrO, characteristic of the bulk
H3PW,;,040. The titania catalyst calcined at 300 °C exhibits some
intact Keggin species, which disappear after calcination at 500 °C.
The catalysts calcined at 300 and 500 °C contain a number of
decomposition fragments represented by the 3!P NMR peaks at
2.7-3.1 ppm and —7.6 to —12.5 ppm. The origin of the former is
not clear; the latter, on the basis of solution 3'P NMR spectra
[32], may be assigned to unsaturated tungstophosphate polyoxo-
metalates with atomic ratios W/P < 12, which would imply partial
decomposition of the Keggin species to form less acidic tungsto-
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Fig. 7. 3'P{'H} MAS NMR spectra of catalysts calcined at 300 °C or 500 °C for 3 h in
air (HPW stands for H3PW;,040).

phosphates. Unsaturated tungstophosphates have been suggested
to form in supported H3PW,049 catalysts previously [33].

In summary, 3'P NMR spectroscopy and DRIFT spectroscopy to-
gether with NH3 adsorption calorimetry indicate that HPA/support
interaction increases in the series of supports: SiO; < TiO, < N-
b,05 < ZrO,, decreasing the acid strength of supported HPA cata-
lysts in that order (Table 3). Supported HPA undergoes partial
decomposition, as evidenced by 3'P NMR (Fig. 7). The degree of
decomposition appears to increase in the same order of supports,
in line with the relative Bronsted/Lewis acidity, B/L, of catalysts,
which is largely associated with the presence of HPA on the cata-
lyst surface. For the HPA catalysts calcined at 500 °C, the B/L values
decrease in the series TiO, > Nb,Os > ZrO,, approaching those for
the corresponding supports (Table 2). Amongst the supports stud-
ied, silica stands out as the inert support for HPA catalysts, in
agreement with previous results.

3.2. Isopropanol dehydration

The dehydration of isopropanol has been widely used for prob-
ing the acidity of catalysts through their catalytic activity [26]. Be-
sides water, this reaction yields propene and diisopropyl ether (Eq.
(1)). Propene forms in an uphill process, whereas the ether in a
downhill process, with standard reaction enthalpies of 50.8 and
—15.8 kJ/mol, respectively, for the gas-phase dehydration. On

many oxide catalysts, propene is the major reaction product and
forms with higher activation energy than the ether [34].

OH /
AL

N

o+ wo

With catalysts possessing sufficiently strong proton sites, iso-
propanol dehydration occurs via the carbenium ion mechanism
([34] and references therein), and its rate correlates directly with
the catalyst acidity (the number and the strength of acid sites). Iso-
propanol dehydration does not discriminate Brgnsted and Lewis
acid sites. Lewis acid sites may be affected by the water produced
in the reaction, turning into Brgnsted acid sites. Gas-phase isopro-
panol dehydration has been found zero-order in isopropanol over a
wide range of oxide catalysts (0.6-2.8 kPa isopropanol partial pres-
sure, 120-300 °C) [34], which indicates full coverage of the catalyst
surface with adsorbed alcohol molecules. Bulk and supported
HsPW,,040 have been tested in the dehydration of isopropanol as
well as other alcohols [1,18,35]. A thorough study of kinetics and
mechanism of 2-butanol dehydration over supported HPA catalysts
has been published recently [36].

Table 3 shows our results on catalyst activity in isopropanol
dehydration. Typically, the reaction reached steady state in less
than 15 min and proceeded without catalyst deactivation for at
least 4 h on stream. With all catalysts, propene was the major reac-
tion product in the temperature range studied. At the isopropanol
partial pressure of 5.52 kPa that was applied in this study, the reac-
tion is likely to be zero-order in isopropanol, as can be inferred
from the previous results [34]. This would imply the reaction rates
(isopropanol conversions) to be equivalent to the rate constants.

First, the activity of catalysts was characterised per unit catalyst
weight by measuring the temperatures of 50% conversion, Tsq, in
light-off tests. An example of such test for 15%H3PW;5040/TiO;-
500 is shown in Fig. 8. The light-off tests rank the catalyst activity
by the values of Tsq as follows: H3PW;,04¢ ~ CS3.5Hg5sPW15040 ~
15%H3PW1,040/Si0; ~ 20%Cs,HPW5040/Si05 > 15%H3PW 1,040/
TiO, > 15%H3PW12040/Nb205 > 15%H3PW12040/ZI'02 > Nb205 >
TiO, > ZrO, (Table 3). This order is in agreement with the order of
catalyst acid strength determined by NH3 adsorption calorimetry
(Table 3). The “standard” HPA catalysts possess higher activity per
catalyst weight than the catalysts comprising HPA supported on
Nb,0s, ZrO, and TiO,, which is in line with the catalyst acid strength.
As expected, supported HPA catalysts are much more active than the
corresponding oxide supports, so the supports make only minor
(Nb,0s) or no contribution (ZrO, and TiO,) to the activity of these
catalysts. The activity of supported catalysts decreases with increas-
ing calcination temperature from 300 to 500 °C, in accord with the
catalyst acid strength. This can be explained by the loss of proton
sites due to catalyst dehydration and the decrease in surface area
(Table 1).

The apparent activation energies, E,, for HPA catalysts esti-
mated from isopropanol conversion (<10%) in the light-off tests
were in the range of 59-90 kJ/mol (Table 3). These can be regarded
almost equal to the true activation energies given the reaction
being zero-order in isopropanol (see above). The E, values obtained
suggest that the reaction with all the catalysts studied occurred in
the chemical regime without diffusion limitations. Although any
discussion of individual E, values is hardly possible at this stage,
it is worth noting that the E, values for HPA catalysts are signifi-
cantly lower than those for Al;0s, SiO, and MgO oxide catalysts
[34], as expected from the acid strength of these catalysts.

+ HyO
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Fig. 8. Isopropanol dehydration over 15%H3;PW;,040/TiO,-500 at isopropanol
partial pressure of 5.52 kPa: light-off test (top) and isothermal test at 120 °C
(bottom).

Catalyst activities under isothermal conditions are represented
by isopropanol conversions at 120 °C (Table 3). These closely fol-
low the corresponding values of Tsq. Table 3 displays the turnover
frequency (TOF) per proton site for our catalysts at 120 °C, which
was calculated from the corresponding values of isopropanol con-
version. The number of proton sites available for reaction was
worked out as follows. For supported HPA and Cs;HPW{,049, all
protons were assumed to be equally available for reaction due to
a sub-monolayer surface coverage. For bulk Cs;sHgsPW13040,
which has been suggested to catalyse isopropanol dehydration
via the surface type mechanism [1,2], only surface protons were ta-
ken into account. Their number was calculated assuming a Keggin
unit cross section of 144 A? [1,2] and a surface area of 111 m?/g for
the fresh catalyst (Table 1). The surface area did not change after
reaction at 120 °C, which is not surprising since the catalyst had
been pre-treated at 300 °C, and no coke formation after reaction
was observed. The TOF values thus obtained should be regarded
as an approximation. The true values may be higher because the
number of accessible proton sites on the surface could be smaller
than the stoichiometric number of protons used in our calcula-
tions. Less clear was the situation with the bulk H3PW;,044, which
has been suggested to catalyse isopropanol dehydration via the
bulk type mechanism [1]. It seemed unlikely, however, that isopro-
panol molecules would penetrate deep in the bulk of HPA crystals
at 120 °C. Such reaction would be almost inevitably diffusion-hin-
dered [16], which is not consistent with the high activation energy
for the dehydration over bulk HPA (Table 3). Assuming that all HPA

protons were available for reaction (bulk type catalysis) gave a TOF
value of 23 h™!, which is obviously too small. From the HPA acid
strength, this value might be expected to be higher than that for
Cs5.5Ho5PW12040 (430 h=1). If only the surface protons were active
(surface type catalysis), the TOF would increase to 3500 h™}, as
estimated from the above Keggin unit cross section and the surface
area of 2.0 m?/g for the fresh HPA catalyst (Table 1). It is, therefore,
conceivable that only the protons in top layer(s) of solid
HsPW,,04¢ participated in catalysis rather than all protons in the
HPA bulk.

Fig. 9 shows a relationship between the catalytic activity of HPA
catalysts in isopropanol dehydration, log (TOF), and their initial en-
thalpy of NH3 adsorption, AH;. This is a fairly good linear plot,
which becomes even better if only the catalysts calcined at
300 °C are included (Fig. 10). The point for bulk H3PW;,0.49, calcu-
lated assuming the surface type catalysis, fits this plot well, which
supports the suggested mechanism. This relationship shows that
isopropanol dehydration and NH3 adsorption calorimetry give con-
sistent results regarding the acidity of HPA catalysts. Recently,
similar relationship between the rate constants for 2-butanol
dehydration over silica-supported HPA catalysts in the gas phase
and the deprotonation energies of HPA calculated by DFT has been
reported [36].

log (TOF)
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—AH;, kdJ/mol

Fig. 9. Relationship between log (TOF) and AH;. Point numbering corresponds to
that in Table 3.

log (TOF)
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Fig. 10. Relationship between log (TOF) and AH; for bulk and supported catalysts
calcined at 300 °C. Point numbering corresponds to that in Table 3.
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4. Conclusions

In recent years, solid acid catalysts comprising tungsten hetero-
poly acids, usually H3PW;,040, supported on niobia, zirconia and
titania have attracted significant interest because of their advanta-
ges for clean organic synthesis. However, only limited knowledge
of their acid properties had been available. In this study, we have
characterised the acid and catalytic properties of such catalysts at
the gas-solid interface using ammonia adsorption calorimetry and
infrared spectroscopy of adsorbed pyridine as well as gas-phase iso-
propanol dehydration as a test reaction. These catalysts have been
compared with the well-known “standard” HPA catalysts such as
bulk and silica-supported H3PW1,040 and Cs; sHg sPW12040. In con-
trast to the parent acid, HsPW,040, possessing strong Brgnsted acid
sites, the catalysts prepared by supporting H3PW;,040 on Nb,Os,
Zr0, and TiO; have been found to possess both Brgnsted and Lewis
acid sites. Their acid sites are weaker than those in H3PW;,049 and
Csy 5HpsPW12040. The catalytic activity (turnover frequency) in
isopropanol dehydration decreases in the order: H3PW;,049 >
C52_5H0_5PW12040 > 15%H3PW12040/Si02 > 15%H3PW12040/Ti02 >
]5%H3PW12040/Nb205 > ]5%H3PW12040/ZI'02, which is in line
with the acid strength determined by NH3 adsorption calorime-
try. From catalyst characterisation by NH3 adsorption calorimetry,
FTIR and 3'P{'H} MAS NMR, it can be derived that interaction be-
tween HPA and support increases in the series of supports: SiO, <
TiO; < NbOs < ZrO,, causing partial decomposition of HPA and
decreasing the catalyst acid strength in that order. Regarding their
acid strength, the H3PW;,04¢ catalysts supported on Nb,Os, ZrO,
and TiO, oxides appear to be similar to acidic zeolites. These
catalysts, however, have the advantage over zeolite catalysts in bet-
ter accessibility of reactant and product molecules, especially for
reactions involving large organic molecules that will not fit into zeo-
lite micropores. Development of thermally stable HPA composites
possessing stronger acid sites remains a challenge for further
research.
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