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bstract

Heterogeneous acid catalysis by heteropoly acids (HPAs) has the potential of substantial economic and green benefits. Its application, however,
as been limited because of the difficulty of catalyst regeneration due to a relatively low thermal stability of HPAs. The aim of this paper is to
iscuss the perspectives of acid catalysis by solid HPAs, in particular focusing on several approaches that could help overcome the deactivation

f HPA catalysts to achieve sustainable catalyst performance. These approaches include: developing novel HPA catalysts possessing high thermal
tability, modification of HPA catalysts to enhance coke combustion, inhibition of coke formation on HPA catalysts during operation, reactions in
upercritical fluids and cascade reactions using multifunctional HPA catalysis.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Today, catalysis by heteropoly acids (HPAs) is a well-
stablished area [1–5]. Arguably, it is one of the most successful
reas in contemporary catalysis, where systematic studies of
PA catalysts at the molecular level have led to a string of

arge-scale industrial applications [4]. HPAs possess unique
hysicochemical properties, with their structural mobility and
ultifunctionality the most important for catalysis [1–4]. HPAs,

nlike metal oxides and zeolites, have discrete and mobile ionic
tructure. They possess, on one hand, a very strong Brønsted
cidity and, on the other hand, appropriate redox properties,
hich can be tuned by varying the chemical composition of
PA. Consequently, acid catalysis and catalytic oxidation are

he two major areas of catalysis by HPAs.
Although there are many structural types of HPAs [1,4,6],

he majority of the catalytic applications use the most common
eggin type HPAs, especially for acid catalysis. The Keggin
PAs comprise heteropoly anions of the formula [XM12O40]n−

�-isomer), where X is the heteroatom (P5+, Si4+, etc.) and M
s the addenda atom (Mo6+, W6+, etc.). The structure of the

eggin anion is composed of a central tetrahedron XO4 sur-

ounded by 12 edge- and corner-sharing metal-oxygen octahedra
O6 (Fig. 1). Most typical HPAs, such as H3PW12O40, H4
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iW12O40, H3PMo12O40 and H4SiMo12O40, are commercially
vailable.

Presently, HPAs are used as catalysts in several industrial
rocesses [4], the most important shown in Table 1. The top two
re heterogeneously catalysed selective oxidations in gas phase:
he oxidation of methacrolein to methacrylic acid and ethylene
o acetic acid. The rest are acid-catalysed reactions including
he homogeneous liquid-phase hydration of olefins, the biphasic
olymerisation of THF to poly(tetramethylene glycole) and the
as-phase synthesis of ethyl acetate from ethylene and acetic
cid (BP’s AVADA process).

Heterogeneous acid catalysis by HPAs has the poten-
ial of a great economic reward and green benefits—hence

uch interest in it [1–5]. The acidity of HPAs is stronger
han that of the conventional solid acid catalysts (e.g., acidic
xides and zeolites), decreasing in the order: H3PW12O40 >H4
iW12O40 > H3PMo12O40 > H4SiMo12O40 [1,2,4]. The acid
ites in HPA are more uniform and easier to control than
hose in other solid acid catalysts. Being stronger acids, HPA
re generally more active catalysts than the conventional solid
cid catalysts, which allows efficient operating under milder
onditions. However, there is a serious problem to HPA
atalysts—their low thermal stability, hence limited reaction
emperature and, especially, difficulty of regeneration of solid

PA catalysts (decoking) [2,4]. The thermal stability of Keg-
in HPAs, defined as the temperature at which all acidic pro-
ons are lost, decreases in the order: H3PW12O40 (465 ◦C) > H4
iW12O40 (445 ◦C) > H3PMo12O40 (375 ◦C) > H4SiMo12O40

mailto:kozhev@liverpool.ac.uk
dx.doi.org/10.1016/j.molcata.2006.08.072
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Fig. 1. The structure of the Keggin heteropoly anion [�-XM12O40]n− in polyhedral (left), ball-and-stick (middle) and space-filling (right) representations [6].

Table 1
Industrial processes catalysed by heteropoly acids [4]

Reaction Catalyst Type Start

CH2-C(CH3)CHOY+YO2YrYCH2-C(CH3)COOH Mo–V–P–HPA het 1982
CH2-CH2Y+YO2YrYCH3COOH Pd–H4SiW12O40/SiO2 het 1997
CH2-CHCH3Y+YH2OYrYCH3CH(OH)CH3 H4SiW12O40 hom 1972
CH2-C(CH3)2Y+YH2OYrY(CH3)3COH H3PMo12O40 hom 1984
CH3CH-CHCH3Y+YH2OYrYCH3CH(OH)CH2CH3 H3PMo12O40 hom 1989
n 3PW
C 4SiW
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THFY+YH2OYrYHO-[-(CH2)4-O-]n-H H
H2-CH2Y+YCH3COOHYrYCH3CH2O2CCH3 H

om = homogeneous, het = heterogeneous and bip = biphasic.

350 ◦C), the strongest acid H3PW12O40 being the most stable
2,4].

Fig. 2 shows the TGA profile for H3PW12O40 hydrate [4].
hree main peaks can be observed: (1) a peak at a temper-
ture below 100 ◦C corresponding to the loss of physisorbed
ater (a variable amount depending on the number of hydration
aters in the sample); (2) a peak in the temperature range of

00–280 ◦C centred at about 200 ◦C accounted for the loss of

a. 6H2O molecules per Keggin unit, corresponding to the dehy-
ration of a relatively stable hexahydrate H3PW12O40·6H2O, in
hich the waters are hydrogen-bonded to the acidic protons to

orm the [H2O· · ·H+· · ·OH2] ions; and (3) a peak in the range

Fig. 2. TGA for H3PW12O40 hydrate [4].
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12O40 bip 1985

12O40/SiO2 het 2001

f 370–600 ◦C centred at 450–470 ◦C due to the loss of 1.5H2O
olecules corresponding to the loss of all acidic protons and the

eginning of decomposition of the Keggin structure. For tung-
ten HPAs, the latter loss is practically irreversible, which causes
rreversible loss of catalytic activity. The decomposition is com-
lete at about 610 ◦C to form P2O5 and WO3, which is shown
y an exotherm in DTA and DSC [4,7]. Therefore, the thermal
ecomposition of H3PW12O40 follows the course:

Coke formation is the most frequent cause of catalyst deacti-
ation in heterogeneous acid-catalysed organic reactions [8–11].
herefore, much research has been carried out on coke formation
n the catalysts for petrochemical processes (cracking, reform-
ng, hydrotreatment, etc.). The most studied catalysts include
morphous silica–alumina, zeolites and acidic alumina, as well
s those doped with metals such as palladium, platinum and
ickel [8–11]. Catalyst regeneration (decoking) is usually car-
ied out by coke combustion at 450–550 ◦C [8–11]. For the oxide
nd zeolite catalysts possessing sufficient thermal stability, the
ombustion is an effective method to recover catalyst activity.
olid HPA catalysts in organic reactions, like the conventional
olid acid catalysts, suffer from deactivation by coking. Little
nformation is available about coke formation on HPA catalysts
hough. For the coked HPA catalysts, the problem is that the
tandard catalyst regeneration by coke combustion is not appli-

able due to the low thermal stability of HPAs, which makes
oking the most serious problem for heterogeneous acid catal-
sis by HPAs [2,4]. Other possible causes of HPA deactivation,
uch as poisoning, aggregation, dehydration and decomposition
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intact. 13C CP/MAS NMR for coked H3PW12O40 catalysts
showed that Pd doping does affect the nature of coke deposit-
ing on the catalyst [14]. On the undoped catalyst, both aliphatic
(soft) and polyaromatic (hard) coke formed. In contrast, the Pd-
8 I.V. Kozhevnikov / Journal of Molecula

f HPA, could also play a role, but these are not as crucial as the
oking, at least at moderate reaction temperatures 100–300 ◦C.

The question is how to overcome the problem of coking and
ake heterogeneous acid catalysis by HPA sustainable? Sev-

ral directions that may be instrumental to achieve this goal
ill be discussed here. These are: developing novel HPA cat-

lysts possessing high thermal stability; modification of HPA
atalysts to enhance coke combustion; inhibition of coke for-
ation on HPA catalysts during operation; reactions in super-

ritical fluids; and cascade reactions using multifunctional HPA
atalysis.

. Development of novel HPA catalysts possessing high
hermal stability

There has been considerable activity in this direction recently,
ith the main focus on oxide composites comprising W(VI)
olyoxometalates and niobia or zirconia ([12,13] and references
herein). The composites are usually prepared by wet chemical
ynthesis, followed by calcination at 500–750 ◦C, i.e., at tem-
eratures higher than the temperature of HPA decomposition.
he materials thus made contained HPA precursors or HPA
ecomposition products, possessing Brønsted and Lewis acid
ites of moderate strength. These materials have been found
ctive in Friedel–Crafts reactions, with good catalyst recycling.
owever, their activity is considerably lower than that of the

tandard HPA catalysts. For example, the H3PO4–WO3–Nb2O5
9:55:36 wt.%) composite with a surface area of 58 m2/g was
repared by interaction of (NH4)10W12O41, Nb(V) oxalate and
3PO4 in aqueous solution, followed by evaporation and cal-

ination at 500 ◦C [12]. It was tested in the alkylation of
nisole by benzyl alcohol (Eq. (1)) to yield 94% of the alky-
ation product. The catalyst was recyclable many times with-
ut loss of its activity. This catalyst, however, was less active
han the H3PW12O40/Nb2O5 catalyst prepared by the usual
mpregnation of niobia with H3PW12O40, but the latter was not
ecyclable

(1)

nother composite was obtained by impregnation of 15%
4SiW12O40 on zirconia and calcination at 700 ◦C [13]. From
aman spectra, it contained ZrO2-anchored mono-oxotungstate
nd possessed Brønsted and Lewis acid sites. This solid acid
as active in the acylation of veratrole by benzoic anhydride

Eq. (2)), with no leaching and good catalyst recycling after
egeneration by coke combustion at 500 ◦C. However, this cata-
yst was less active than HY zeolite per 1 g catalyst, whereas the

tandard HPA catalysts are about 10 times more active than the
Y. Therefore, the above-mentioned composite materials based
n niobia and zirconia possess relatively weak acid sites and as
olid acid catalysts have practically no advantage over the acidic

F
i
P

alysis A: Chemical 262 (2007) 86–92

eolites. Work should continue to obtain the HPA materials pos-
essing stronger acid sites

(2)

. Modification of HPA catalysts to enhance coke
ombustion

Doping of solid acid catalysts with platinum group metals
PGM) such as Pd and Pt is well known to enhance catalyst
egeneration by coke combustion. For example, this method has
een used for zeolite and alumina catalysts for alkane isomeri-
ation and cracking [8,9]. We have found that the PGM doping
s also effective for enhancing the regeneration of solid HPA
atalysts [14–17].

The effect of Pd doping on coke combustion is apparent from
he TGA/TPO for the coked 20% H3PW12O40/SiO2 (Fig. 3)
14,15]. The catalyst was coked by propene in a fixed bed
ow reactor at 200 ◦C. In the absence of Pd, coke burns at
bout 500 ◦C. In the case of Pd-doped catalysts, this temperature
ecreases, the higher the Pd loading the lower the temperature
f coke combustion. With 2% Pd doping, coke burns at 350 ◦C,
hich is well below the temperature of H3PW12O40 decompo-

ition.
XPS and 31P MAS NMR showed that coking does not affect

he structure of H3PW12O40 [15]. From XPS, the oxidation state
f tungsten was 6+ in both the fresh and coked catalyst. The
1P chemical shift was the same for the as-made, Pd-doped and
oked catalyst (ca. −15 ppm versus 85% H3PO4, as expected for
3PW12O40), which indicates that the Keggin structure remains
ig. 3. TGA/TPO in air for Pd-doped 20% H3PW12O40/SiO2 coked by propene
n a fixed bed flow reactor at 200 ◦C: (a) no Pd doping, (b) 1.6% Pd, (c) 2.0%
d and (d) 2.5% Pd [14,15].
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Fig. 4. The performance of fresh and regenerated 2.5% Pd/20% H PW O
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SiO2 catalysts in the gas-phase propene oligomerisation (fixed bed flow reactor,
00 ◦C, 2% C3H6 in N2, GHSV = 6000 h−1; in situ regeneration by air calcina-
ion at 350 ◦C/2 h followed by reduction with H2 at 225 ◦C/2 h) [15].

oped catalyst built only the aliphatic coke which would burn
ff easier. From these results, the effect of Pd appears to be two-
old. On one hand, the Pd can catalyse the combustion of coke.
n the other, it inhibits the formation of hard polyaromatic coke,
hich is more difficult to burn off [14,15].
The Pd doping was found effective to enhance the regenera-

ion of silica-supported H3PW12O40 catalyst for the gas-phase
ligomerisation of propene [15]. The reaction was carried out
n a fixed bed flow reactor, yielding C12 to C18 oligomers as
he major products. The undoped and Pd-doped H3PW12O40
atalysts both had a high initial activity, but suffered from fast
eactivation due to coking. As expected from the TPO studies,
he Pd doping allowed for the catalyst to be regenerated in situ
y the combustion of coke at 350 ◦C to fully regain its activ-
ty (Fig. 4). In contrast, the undoped H3PW12O40 catalyst was
mpossible to regenerate under such conditions.

Doping with Pd and Pt also proved effective for regeneration
nd recycling of HPA catalysts for Friedel–Crafts acylation in
iquid-phase batch processes [16,17]. This is illustrated by our

tudies of Fries rearrangement of phenyl acetate, a practically
mportant reaction yielding acylated phenols (Eq. (3)). Solid
PAs are very efficient catalysts for this reaction, much more

ctive than H2SO4 and acidic zeolites [18,19]. The bulk acidic

ig. 5. TGA/TPO in air for the coked catalysts CsPW and 2.1% Pd/CsPW after
se for Fries reaction of PhOAc (in nitrobenzene, 130 ◦C, 2 h) [16].

e
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ig. 6. TGA/TPO in air for the coked catalysts after use for Fries reaction of
hOAc (in nitrobenzene, 130 ◦C, 2 h): (a) CsPW, (b) 0.3% Pt/CsPW and (c) 1%
t/CsPW [17].

alt Cs2.5H0.5PW12O40 (CsPW) which is insoluble, hence easily
ecyclable, is especially good solid acid catalyst for this reaction.
owever, this catalyst is deactivated by carbonaceous deposit

nd requires regeneration. From the TGA/TPO (Fig. 5), coke
ombustion on the CsPW catalyst after its use for the Fries rear-
angement of PhOAc is complete at about 550 ◦C. This temper-
ture is too high for the regeneration of this catalyst. In the case
f Pd-doped CsPW (2.1% Pd), coke is already gone at 350 ◦C
16].

Platinum doping was found to be even more effective,
nhancing coke combustion at a Pt loading as low as 0.3% [17].
he TGA/TPO (Fig. 6) shows two combustion peaks at a lower
nd higher temperature, which can be attributed to soft aliphatic
oke and hard polyaromatic coke, respectively

(3)

The doping with Pd and Pt allows sustainable ex situ regen-
ration of solid HPA catalysts for Fries reaction by coke com-
ustion [16,17]. Fig. 7 shows excellent recycling of the 0.3%
t/CsPW catalyst in the Fries rearrangement of PhOAc. After
ach run the catalyst was separated and regenerated by air cal-
ination at 350 ◦C, followed by steaming at 200 ◦C to restore
he acid sites. As evidenced by FTIR, the Keggin structure of
he CsPW remained unchanged after catalyst regeneration and
euse [17]. Care must be taken regarding possible effect of PGM
n reaction selectivity. Although no such effect was observed in
he Fries reaction [16,17], it might be the case in other reactions.
. Inhibition of coke formation on HPA catalysts

Obviously, it is much better to prevent the catalyst from cok-
ng to avoid its regeneration in the first place. In collaboration
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Fig. 7. Catalyst reuse in Fries rearrangement of PhOAc: conversion and total
acylation selectivity in successive runs (0.3% Pt/CsPW (2.3 wt.%), in nitroben-
zene, 130 ◦C, 2 h) [17].
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Scheme 1.

ith BP, we studied coke inhibition in HPA catalysed propene
ligomerisation as a model reaction [14,15]. The reaction occurs
ia the carbenium ion mechanism yielding propene oligomers
nd coke (Scheme 1). The oligomers may be considered as coke
recursors. Addition of nucleophilic molecules, such as water,
ethanol and acetic acid, was found to greatly affect the reac-

ion selectivity by reacting with carbenium ion intermediates
o yield oxygenates at the expense of the oligomers and coke
Scheme 1). The nucleophilic additives also help remove coke
recursors from the catalyst surface. Water was found to be the
ost effective coke inhibitor, with the amount of coke decreased

o about 1/7 of the background (Table 2) [15].
The addition of water to the feed has been used by BP in

rder to prolong catalyst lifetime in the vapour-phase synthe-
is of ethyl acetate over H4SiW12O40/SiO2 catalyst (Table 1)
20,21]. In 2001, this process was commercialised on a scale of
20,000 t/year in England. Table 3 illustrates the high catalytic
ctivity of HPA in comparison with other solid acid catalysts in

erms of the space–time yield [20]. Co-feeding water is essen-
ial for the stable performance of the HPA catalyst. Without
ater, the catalyst deactivates quickly due to coking. The addi-

ion of water causes the formation of ethanol and diethyl ether as

able 2
ffect of additives (7 vol.%) to propene flow on coke formation on the 40%

3PW12O40/SiO2 catalyst at 150 ◦C [15]

dditive Time on stream (h) Amount of coke (%)

one 3.0 3.6

2O 3.0 0.5
ethanol 3.0 1.7
cetic acid 3.0 2.6

c
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n
t
s
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b
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alysis A: Chemical 262 (2007) 86–92

y-products, which are recycled back to the reactor. The effect
f water is probably manifold. Besides the coke inhibition, the
ater should stabilise the catalyst by preventing it from dehy-
ration. Therefore, for the ethyl acetate process, which tolerates
he presence of some water, the inhibition of coke formation by
ater proved to be a success, which ensured economically viable

ifetime of HPA catalyst [20,21]. It should be pointed out, how-
ver, that this is not a universal recipe. It would hardly work out
or the reactions incompatible with water such as Friedel–Crafts
cylation and alkane isomerisation.

. Reactions in supercritical fluids

Heterogeneous catalysis in supercritical fluids (SCFs) offers
onsiderable benefits (for a review, see [22]). Use of SCFs in het-
rogeneous catalysis can enhance the reaction rate, selectivity
ontrol and product separation, intensify mass and heat trans-
er, facilitate catalyst regeneration and increase catalyst lifetime.
CFs possess unique solvent properties which have long been
tilized in separation technology (extraction and chromatogra-
hy) and are now gaining increasing interest for application
n catalytic synthesis. SCFs are miscible with gases and can
issolve solids and liquids. Usually, the SCF methodology is
pplied in the region near the critical point, (1.0–1.2)Tc and
1–2)Pc, where densities are close to, or above, the critical
ensity of the fluid, and the dissolution power of the fluid is
t its maximum. SCFs exhibit considerably higher solubilities
han corresponding gases for heavy organic compounds which

ay deactivate catalysts and promote coking. Changing process
onditions from gas phase to dense supercritical medium may
uppress this deactivation. Furthermore, enhanced diffusivity in
upercritical system can accelerate the transfer of coke precur-
ors from the catalyst surface.

It has been reported that the lifetime of solid HPA cata-
ysts can be significantly longer in supercritical systems than
n conventional gas or liquid systems, and regeneration of HPA
atalysts deactivated by coking can be accomplished in super-
ritical systems by extracting the carbonaceous deposits from the
atalyst surface [23–26]. The isomerisation of n-butane has been
tudied in the supercritical n-butane in a flow reactor using 20%
3PW12O40/TiO2, 20% H4SiW12O40/TiO2 (260 ◦C, 110 bar),

ulfated zirconia (215 ◦C, 61 bar) and H-mordenite (300 ◦C,
38 bar) as the catalysts [24,25]. The gas-phase isomerisation
n these catalysts exhibited rapid deactivation due to catalyst
oking. The supercritical system showed a stable activity with-
ut catalyst deactivation, for more than 5 h on stream in the case
f HPA/TiO2. The catalysts coked in the gas-phase isomeri-
ation could be regenerated in the supercritical system at the
-butane density close to its critical value to almost fully regain
heir initial activity. On the HPA/TiO2 and sulfated zirconia in
upercritical n-butane, the selectivity to isobutane reached 80%
t 20–25% conversion. H-mordenite gave <40% selectivity at
5% conversion, with n-butane cracking dominating.
The alkylation of isobutane with butenes competing with
utene oligomerisation has been studied in supercritical and con-
entional gas–liquid systems over a range of solid acid catalysts
uch as 20% H3PW12O40/TiO2, 20% H4SiW12O40/TiO2, sul-



I.V. Kozhevnikov / Journal of Molecular Catalysis A: Chemical 262 (2007) 86–92 91

Table 3
Solid acid catalysts for the synthesis of ethyl acetate from ethylene and acetic acid [20]

Catalyst C2H4/AcOH (mol/mol) Temperature (◦C) Pressure (bar) Contact time (s) H2O in feed (mol%) STY (g/L h)

H-montmorillonite 5/1 200 50 4 0 144
XE386 resin 5/1 155 50 4 0 120
N 50 4 0 102
H 50 4 0 2
H 10 2 6 380
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afion-H 5/1 170
-Zeolite Y 5/1 200

4SiW12O40/SiO2 12/1 180

ated zirconia, 15% WO3/TiO2 and 0.5% Pt/�-Al2O3–Cl [26].
n the supercritical system (140–165 ◦C, 40–45 bar), both reac-
ions were fast, with a steady catalytic activity. In contrast, in
he liquid phase and particularly in the gas phase the reactions
ccurred slower, and rapid catalyst deactivation was observed.

It should be noted, however, that the benefits gained from the
CF methodology must be carefully weighed against the higher
osts of supercritical process technology. Typically reactions at
upercritical conditions require high pressures, and the potential
anger of such conditions should never be ignored [22].

. Cascade reactions using multifunctional HPA
atalysts

The development of one-pot cascade processes without inter-
ediate separation steps using multifunctional catalysts is an

mportant strategy to carry out sustainable organic synthesis
ith a high atom and energy efficiency [27,28]. Multifunctional

atalysts contain two or more catalytic functions (acid, base,
etal, etc.) acting synergistically to carry out a cascade reaction.
here is evidence that a combination of HPA acid catalysis and
redox catalysis in a heterogeneous cascade process may lead

o efficient processing, less sensitive to deactivation by coking
ompared to the conventional HPA catalysis [29].

This approach can be illustrated by our study of the bifunc-
ional Pd-HPA catalyst for the one-step conversion of acetone to
ethyl isobutyl ketone (MIBK) [29]. This is a cascade reaction

nvolving the acid-catalysed condensation of acetone to diace-
one alcohol (DA) and its dehydration to mesityl oxide (MO),
ollowed by hydrogenation of MO to MIBK on Pd metal sites
Scheme 2). The MIBK can react further in the same way to give

iisobutyl ketone (DIBK). All these steps occur simultaneously
n a bifunctional Pd-acid catalyst in gas or liquid phase. Both
IBK and DIBK are good solvents for paint and produced on
large scale.

e
c
g
c

Scheme 2
ig. 8. Gas-phase acetone conversion and product selectivities vs. time on
tream (fixed bed flow reactor, 0.20 g 0.5% Pd/CsPW, 7.5 mL/min H2 flow,
acetone]/[H2] = 2:1, 100 ◦C) [24].

The Pd-doped CsPW catalyst was found to be on a level
ith the best catalysts for this reaction [29]. In the contin-
ous gas-phase process, it gives 83% MIBK selectivity, with
1% total selectivity to MIBK + DIBK. The reaction occurs at
00 ◦C, whereas the usual temperature is above 140 ◦C (e.g.,
ith Pd–zeolite). This may be explained by the stronger acidity
f HPA compared to the zeolite. In the liquid-phase batch pro-
ess, 95% MIBK and 98% total MIBK + DIBK was obtained
t an unprecedented low H2 pressure of only 5–7 bar (usually
0 bar or higher). In the gas-phase reaction, the HPA catalyst
howed excellent durability: no deactivation was observed dur-
ng 25-h operation (Fig. 8). It should be noted that in the absence
f H2 the catalyst lost its activity in about 4 h (in this case, MO
as the main reaction product). Only a small amount of coke

ca. 1%) was formed in the reaction, which did not affect the
atalyst performance. Such a minor coking may be due to the

fficient coke removal by in situ hydrogenation. Therefore the
ombination of the HPA acid catalysis with Pd-catalysed hydro-
enation in heterogeneous cascade process is effective to avoid
atalyst deactivation by coking.

.
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Similarly, a combination of HPA acid catalysis with catalytic
xidation may be effective to reduce catalyst coking. However,
n such a case it may be more difficult to make the acid and
xidation steps compatible.

. Conclusions

Heterogeneous acid catalysis by heteropoly acids offers sub-
tantial economic and environmental benefits. However, the rel-
tively low thermal stability of HPAs is a serious problem to the
PA catalysis due to the difficulty of regeneration of solid HPA

atalysts (decoking). Several approaches can be instrumental in
vercoming the deactivation of HPA catalysts to achieve sus-
ainable catalyst performance. One of these may be the develop-

ent of novel HPA materials possessing high thermal stability.
ecent studies have provided some new solid acid catalysts, e.g.,

hose comprising W(VI) polyoxometalates on ZrO2 and Nb2O5,
xhibiting good regeneration and reuse. However, these catalysts
ave weak acid sites and low catalytic activity compared to the
tandard HPA catalysts. Another approach is the modification of
PA catalysts by Pt and Pd to enhance coke combustion. This
ethod has proved effective for in situ and ex situ catalyst regen-

ration by the combustion of coke at 350 ◦C without destroying
he structure of HPA. For acid-catalysed processes tolerating the
resence of water, co-feeding water can effectively inhibit coke
ormation and prolong catalyst lifetime (BP’s AVADA process).
he lifetime of HPA catalyst can be prolonged when the reac-

ion is carried out in supercritical system. However, high cost of
upercritical process technology should be taken into account.
inally, HPAs have the potential to be used effectively within
eterogeneous multifunctional catalysts for cascade processes
nvolving acid and redox catalysis. Such processes can have
igh efficiency and greater stability towards HPA deactivation.
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