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a  b  s  t  r  a  c  t

Reaction  pathways  of  the  gas-phase  deoxygenation  of  propionic  acid in  the  presence  of  heteropoly
acid  and  bifunctional  metal-loaded  heteropoly  acid catalysts  were  investigated  in  a  fixed-bed  reactor  at
250–400 ◦C  in  flowing  H2 or N2.  Silica-supported  H3PW12O40 (HPW)  and  bulk  acidic  salt  Cs2.5H0.5PW12O40

(CsPW),  both  in  H2 and  in N2, exhibited  ketonisation  activity  between  250  and  300 ◦C  to  yield 3-pentanone,
CsPW  being  more  selective  than  HPW.  At  400 ◦C,  HPW  and  CsPW  were  active  for  decarbonylation  and
decarboxylation  of  propionic  acid  to  yield  ethene  and  ethane,  respectively.  Loading  Pd or  Pt onto  CsPW
greatly  enhanced  decarbonylation  in flowing  H2 but  had  little  effect  in  N2.  Similar  performance  exhibited
etonisation
ropionic acid
eteropoly acid
etal catalysts
eterogeneous catalysis

Pd/SiO2 and  Pt/SiO2, giving  almost  100%  selectivity  to  ethene  in H2. These  results  are  consistent  with
hydrodeoxygenation  of  propionic  acid  on  Pd  and  Pt, suggesting  that  hydrogenolysis  of  C  C  bond  plays
essential  role.  In  contrast  to the  Pd  and  Pt catalysts,  Cu catalysts,  Cu/CsPW  and  Cu/SiO2,  were  both  active
in hydrogenation  of  C O bond  to  yield  propanal  and  1-propanol.  Turnover  rates  of  propionic  acid  con-
version  on  metal  catalysts  followed  the  order  Pd  > Pt > Cu  for both  CsPW-supported  and  silica-supported
metal  catalysts.
. Introduction

Carboxylic acids are readily available from natural resources
nd are attractive as renewable raw materials for the production
f value-added chemicals and biofuel components [1,2]. For fuel
pplications, carboxylic acids require reduction in their oxygen
ontent, i.e., deoxygenation [3].  Therefore, much recent research
as been focussed on deoxygenation of carboxylic acids using het-
rogeneous catalysis [4–10].

Previously, thermal and catalysed decomposition of lower
1–C3 acids in the gas phase had been addressed in consider-
ble detail ([11–14] and references therein). The decomposition of
ormic acid is straightforward due to simplicity of this molecule.
n the case of acetic and propionic acids, that are more relevant
o biomass-derived higher carboxylic acids, the products are more
aried reflecting a wider variety of the possible reaction pathways.
oth dehydration via C O bond cleavage and decarboxylation via

 C bond cleavage occur in the pyrolysis of C1–C3 carboxylic
cids. Thus propionic acid between 496 and 580 ◦C dehydrates

o form methylketene (Eq. (1)), simultaneously decarboxylating
o produce CO2 and ethane (Eq. (2))  [8].  Further decomposi-
ion of methylketene gives CO and ethene together with other

∗ Corresponding author. Fax: +44 151 794 3588.
E-mail address: I.V.Kozhevnikov@liverpool.ac.uk (I.V. Kozhevnikov).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2012.08.042
© 2012 Elsevier B.V. All rights reserved.

hydrocarbon products, resulting in decarbonylation of propionic
acid (Eq. (3))  [11,12].

CH3CH2COOH → CH3CH C O + H2O (1)

CH3CH2COOH → C2H6 + CO2 (2)

CH3CH2COOH → C2H4 + CO + H2O (3)

In catalysed decomposition of carboxylic acids the process
depends on the catalyst. On metal surfaces, the decomposition
may  occur via surface carboxylate intermediates [13,14]. Surface
acetate species give ketene by dehydrogenation accompanied by
C O bond cleavage, as well as CO2 and CH4 by C C bond cleavage.
On metal oxide surfaces carboxylic acids adsorb both in molecular
form and as carboxylates. These surface species may  decompose
via dehydration and/or decarboxylation giving ketene, CO2, CO and
hydrocarbons. Principal decomposition products on metal oxide
catalysts often include ketones with 2n − 1 carbon atoms such as
acetone and 3-pentanone for acetic and propionic acid, respectively
(Eq. (4))  [13,15].

2CH3CH2COOH → (CH3CH2)2CO + CO2 + H2O (4)

Current studies on catalysed deoxygenation of higher carboxylic

acids have been focussed on liquid-phase and gas-phase processes,
either in the presence of H2 (hydrodeoxygenation) or in hydrogen-
free systems [4–10]. The principal concern has been to discover
active catalysts that are selective towards deoxygenation and

dx.doi.org/10.1016/j.apcata.2012.08.042
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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table in the presence of CO, CO2 and water, the inevitable
yproducts of carboxylic acid deoxygenation. The gas-phase deox-
genation appears more promising given its technological and
nvironmental benefits. Acid deoxygenation can occur via decar-
oxylation and decarbonylation pathways, as illustrated above
or propionic acid (Eqs. (2) and (3)). Decarboxylation yields CO2
nd Cn−1 alkane, whereas decarbonylation yields CO, water and
n−1 alkene. Both reactions are thermodynamically favourable at
levated temperatures (e.g., 300 ◦C) [4]. Since the CO/CO2 selec-
ivity may  be affected by the reversible water-gas shift reaction,
O + H2O → CO2 + H2, it cannot be used to discriminate reliably
etween these pathways [6,10].  Supported Pd and Ni as well as
ther metals are frequently chosen as the catalysts for acid deoxy-
enation. Early on, 7% Pd/SiO2 was found to be an efficient catalyst
or acid deoxygenation in the gas phase; for example, it decarboxy-
ated octanoic acid to yield 97% of heptane at 330 ◦C in an H2 flow
9].  Although by stoichiometry H2 is not required for decarboxyl-
tion (Eq. (2)), the reaction did not occur under N2 in hydrogen-free
ystem. On the other hand, deoxygenation of carboxylic acids in
iquid-phase batch systems has been demonstrated to occur under

2 or N2 pressure with a wide variety of supported metal catalysts
4–8]. Pd/C has been reported to be the most efficient catalyst for
he liquid-phase deoxygenation of stearic acid [4].  Addition of 10%
2 to a He flow has been found to improve the stability of Pd/C cata-

yst in liquid-phase deoxygenation of C18 fatty acids [6].  Gas-phase
eoxygenation of oleic acid over 2% Pd/C at 380 ◦C in an H2 N2
ow yields a mixture of heptadecane and heptadecenes, with the
lkane/alkene ratio increasing with an increase in the H2/N2 ratio
10].

Ketonisation (Eq. (4))  allows for partial deoxygenation of car-
oxylic acids to be achieved accompanied by their carbon backbone
pgrade. It is catalysed by many metal oxide and oxide-like cata-

ysts ([16–18] and references therein). A ceria-zirconia catalyst has
een reported for ketonisation of C4–C6 carboxylic acids derived
rom renewable carbohydrate feedstocks (glucose and sorbitol) to
onvert these acids into transportation fuels [19].

Hydrogenation of carboxylic acids can also be used for their par-
ial or total deoxygenation. The hydrogenation over metal oxides
as attracted interest as an environmentally friendly route to alde-
ydes (Eq. (5))  ([16] and references therein). Compelling evidence
as been obtained for the reaction occurring via Mars–Van Krevelen
echanism [16,20]. Mitsubishi developed commercial hydrogena-

ion of aromatic acids using Cr2O3/ZrO2 oxide catalyst and aliphatic
cids with Cr2O3 catalyst to produce the corresponding aldehydes
ith ≥90% yield [16].

COOH + H2 → RCHO + H2O (5)

Heteropoly compounds comprising polyoxometalates (POMs),
.e., metal–oxygen cluster anions, have found numerous applica-
ions as catalysts, offering significant economical and environmen-
al benefits [21–23].  Previously, P–Mo–V heteropoly compounds
f Keggin structure have been studied as catalysts for the gas-
hase hydrogenation and ketonisation of aliphatic carboxylic acids
24,25]. However, due to their relatively low thermal stability
<400 ◦C) these POMs decompose in situ to form Mo  and V oxides,
hich are the true catalysts rather than the POMs themselves

24,25].
We now investigate key reaction pathways of the gas-phase

eoxygenation of propionic acid catalysed by POMs and metal-
oaded POMs with proven on-stream stability. Propionic acid is
hosen as a representative of carboxylic acids with the number of
arbon atoms n ≤ 6 derived from carbohydrate feedstocks [2,19].

s the catalysts we choose tungstophosphoric Keggin heteropoly
cid H3PW12O40 (HPW) and its Cs acidic salt Cs2.5H0.5PW12O40
CsPW), which possess sufficiently high thermal stability, with
ecomposition temperatures 450 and >500 ◦C, respectively [23].
: General 447– 448 (2012) 32– 40 33

These compounds have a very strong Brønsted acidity and are
well-documented as acid catalysts [21–23].  Pd-, Pt- and Cu-loaded
CsPW are studied as bifunctional metal-acid catalysts. In particu-
lar, it should be interesting to compare Pd and Pt catalysts with
Cu catalysts because they preferably catalyse C C and C O bond
hydrogenation, respectively. These catalysts are compared with
the corresponding SiO2-supported metal catalysts regarding their
selectivity and turnover rate.

2. Experimental

2.1. Chemicals and catalysts

Chemicals were from Sigma–Aldrich unless stated otherwise
and used as supplied without further purification. N2 and H2 gases
(>99%) were supplied by the British Oxygen Company.

The acidic heteropoly salt Cs2.5H0.5PW12O40 was prepared
according to the literature procedure [26] by adding dropwise the
required amount of aqueous solution of caesium carbonate (0.47 M)
to aqueous solution of H3PW12O40 (0.75 M)  at room temperature
with stirring. The precipitate obtained was aged in aqueous mix-
ture 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 1.5 h.
Similar procedure was used for the preparation of Cs3PW12O40. The
silica-supported catalyst 30% H3PW12O40/SiO2, was  prepared by
wet  impregnation of Aerosil 300 silica (300 m2 g−1 surface area)
with an aqueous solution of H3PW12O40 [27]. The mixture was
stirred overnight at room temperature, followed by drying in a
rotary evaporator. Finally, the catalyst was dried at 150 ◦C/0.1 kPa
for 1.5 h.

0.5% Pd/CsPW and 0.5% Pd/SiO2 catalysts were prepared by wet
impregnation of support (CsPW or Aerosil 300) with 0.02 M ben-
zene solution of Pd(OAc)2, followed by drying in a rotary evaporator
at 60 ◦C and reduction with H2 at 250 ◦C for 2 h. 0.5% Pt/CsPW and
0.5% Pt/SiO2 were prepared by the same procedure using Pt(acac)2
as a precursor. 5% Cu/CsPW and 5% Cu/SiO2 were prepared by wet
impregnation using an aqueous solution of Cu(NO3)2·2.5H2O, fol-
lowed by drying in a rotary evaporator, air calcination at 400 ◦C for
2 h and final reduction with H2 at 400 ◦C for 2 h. The catalysts were
sieved into a powder of 45–180 �m particle size.

2.2. Techniques

The BET surface area and porosity of catalysts were determined
from nitrogen physisorption measured on a Micromeritics ASAP
2010 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 K� radiation (� = 0.154 nm).
XRD patterns were attributed using the JCPDS database. Electron
microscopy was  performed on a VGHB601UX scanning transmis-
sion electron microscope (STEM) operated at 100 kV equipped
with an Oxford Pentafet energy dispersive X-ray detector (EDX).
The mean surface metal particle diameter was calculated as
ds = �nidi

3/�nidi
2, where ni is the number of metal particles

of a diameter di. Thermogravimetric 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 emis-
sion 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 same

instrument equipped with a gas cell of 10 cm path length was used
to detect CO, CO2 and methylketene among the products of pro-
pionic acid deoxygenation in the downstream gas flow. For this
purpose methylketene (b.p. −23 ◦C [12]) was separated from CO
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sing a dry ice trap then thawed in an N2 flow to transfer it into
he gas cell. Temperature programmed reduction (H2-TPR) of cat-
lysts was carried out on Micromeritics TPD/TPR 2900 apparatus
quipped with a thermal conductivity detector. Catalyst samples
20–30 mg)  were heated up to 800 ◦C at a rate of 10 ◦C min−1 in a
2 N2 (5:95) gas flow (60 ml  min−1).

Metal dispersion for Pt and Pt catalysts was measured by hydro-
en chemisorption on a Micromeritics TPD/TPR 2900 instrument as
escribed previously [28]. A catalyst sample (50 mg)  pre-exposed
o air at room temperature was placed in a glass sample tube
onnected to the instrument and stabilised at 100 ◦C under nitro-
en flow. 50 �l pulses of pure H2 were injected in the flow in

 min  intervals until the catalyst was saturated with hydrogen.
ydrogen did not adsorb on CsPW and SiO2 under such condi-

ions, and no reduction of CsPW in the metal-loaded catalysts was
bserved at 100 ◦C, as found by TPR (see below). The metal dis-
ersion, D, defined as the fraction of metal (M)  at the surface,

 = Ms/Mtotal, was calculated assuming the stoichiometry of H2
dsorption: MsO + 1.5H2 → MsH + H2O [29,30]. The average diame-
er of metal particles, d, was obtained from the empirical equation

 (nm) = 0.9/D [30]. For 0.5% Pd/CsPW, the metal particle size was
lso measured by STEM-EDX (mean surface particle diameter).

The Cu metal dispersion in 5% Cu/CsPW and 5% Cu/SiO2
as determined using N2O chemisorption followed by H2-TPR

31]. Prior to N2O chemisorption, a catalyst sample (150 mg)
as reduced in a hydrogen flow (20 ml  min−1) at 400 ◦C for

.5 h with a temperature ramp rate of 10 ◦C min−1, then cooled
own to room temperature and treated at this temperature with

 gas mixture containing 1% N2O in nitrogen at a flow rate
f 60 ml  min−1 for 15 min  to convert the surface Cu atoms to
u2O. Finally, the amount of Cu2O was determined by H2-TPR,

ncreasing the temperature up to 400 ◦C as described above. The
u2O reduction peak was observed in the temperature range
40–250 ◦C in agreement with the literature [31]. The copper
etal dispersion, D = Cus/Cutotal, was calculated assuming a stoi-

hiometry Cus/N2O = 2 and Cus/H = 1 according to the equations
Cus + N2O → (Cus)2O + N2 and (Cus)2O + H2 → 2Cus + H2O ([31] and
eferences therein). The average diameter of Cu particles, d, was cal-
ulated from the equation d (nm) = 1.1/D [32]. For 5% Cu/SiO2, the
etal particle size was also determined by TEM as well as by XRD

sing the Scherrer equation, with line broadening assessed as the
ull width at half maximum intensity (FWHM).

.3. Catalyst testing

The deoxygenation of propionic acid was carried out in the gas
hase both in flowing H2 and in hydrogen-free system (in N2). The
atalysts were tested at 250–400 ◦C under atmospheric pressure
n a Pyrex fixed-bed down-flow reactor (9 mm  internal diame-
er) fitted with an online gas chromatograph (Varian Star 3400
X instrument with a 30 m × 0.25 mm HP INNOWAX capillary col-
mn  and a flame ionisation detector). For more accurate analysis
f C1–C3 hydrocarbon products, a 60 m × 0.32 mm GSGasPro cap-
llary column was used, which allowed for full separation of these
ydrocarbons. The temperature in the reactor was  controlled by

 Eurotherm controller using a thermocouple placed at the top of
he catalyst bed. The gas feed contained 2.0% propionic acid in N2
r H2 as a carrier gas. The acid was fed by passing the carrier gas
ow controlled by a Brooks mass flow controller through a stain-

ess steel saturator, which held liquid propionic acid at 47 ◦C to
aintain the chosen reactant concentration. The downstream gas

ines and valves were heated to 100 ◦C to prevent substrate and

roduct condensation. The gas feed entered the reactor at the top
t a flow rate of 10 ml  min−1 unless stated otherwise (space time
/F = 8.0 h g mol−1, where W is the catalyst weight (g) and F the

otal molar flow rate (mol h−1)). The reactor was packed with 0.2 g
: General 447– 448 (2012) 32– 40

catalyst powder of 45–180 �m particle size. Prior to reaction, the
catalysts were pre-treated in H2 for 1 h at the reaction tempera-
ture. Once reaction started, the downstream gas flow was  analysed
by the online GC to obtain propionic acid conversion and product
selectivity. The selectivity was  defined as moles of product formed
per 1 mol  of propionic acid converted and quoted in mole per cent.
The run-to-run deviation of conversion and selectivity was  typically
within 15%. The rates of overall propionic acid conversion over dif-
ferent metal catalysts were measured at 250 ◦C under differential
conditions within the conversion range <10%. To fit these condi-
tions, the amount of catalysts was  reduced to 0.050 g and diluted
with 0.15 g silica.

3. Results and discussion

3.1. Catalyst characterisation

The catalysts studied together with their characterisation data
are shown in Table 1. CsPW-based catalysts had surface areas
between 75 and 111 m2 g−1 and low porosities, which is typical for
such catalysts. SiO2-supported catalysts had larger surface areas
(160–287 m2 g−1) and larger porosities. In metal-loaded catalysts,
the loading of Pd and Pt was  0.5%; for Cu catalysts, it was 5% due to
lower catalytic activity of Cu compared to Pd and Pt.

Fig. 1 shows H2-TPR profiles for the HPW and CsPW catalysts.
The TPR profile of HPW peaked at 530 ◦C, with a reduction onset
at ∼400 ◦C. For CsPW these temperatures were 750 and ∼650 ◦C.
These results are in agreement with previous reports [33,34]. The
TPR profiles for Pd/CsPW and Pt/CsPW peaked at 710 and 730 ◦C,
respectively, both with a reduction onset at ∼600 ◦C. Since Pd and
Pt are already reduced in these catalysts and Cs+ will not be reduced
under these conditions, it leaves W(VI) reduction as the source of
the H2-TPR signals. Therefore, all these catalysts should be resistant
to reduction with H2 upon propionic acid conversion at the chosen
reaction temperatures (250–400 ◦C), although partial reduction at
their surface to form oxygen vacancies cannot be excluded.

Figs. 2 and 3 display the DRIFT spectra for fresh and spent
POM catalysts in the range of 750–1150 cm−1 characteristic of the
Keggin structure. All spent catalysts based on CsPW after reac-
tion at 400 ◦C in H2 exhibited the well-known spectrum of the
Keggin anion [PW12O40]3− (Fig. 2) with strong bands of stretch-
ing vibrations at 1080 (P O), 987 (terminal W O group), 890 and
800 cm−1 (edge- and corner-sharing W O W groups), matching
exactly the spectrum of fresh CsPW [21,22]. This shows that bulk
CsPW and CsPW-supported Pd, Pt and Cu catalysts retained their
primary structure (Keggin structure of POM) intact after reaction
at 400 ◦C in H2. Moreover, all these catalysts, fresh and spent,
show the same XRD pattern of crystalline CsPW (Fig. 4). Therefore,
the CsPW catalysts also retained their secondary structure (crys-
tal structure) after reaction, in contrast to the less stable P Mo  V
POMs studied previously [24,25]. In the DRIFT spectrum for fresh
30% HPW/SiO2 (Fig. 3(a)), silica exhibits strong bands at 1100 and
806 cm−1, obscuring the HPW bands at 1080 and 800 cm−1, but the
vibrations at 987 (W O) and 890 (W O W)  appear at their nor-
mal  positions with unchanged relative intensity. This shows that
HPW retained the Keggin structure in the fresh catalyst. From spec-
tra (b)–(e) in Fig. 3, it is evident that the HPW primary structure
remained stable after reaction at ≤350 ◦C in N2, but decomposed at
400 ◦C.

For metal-loaded catalysts, metal dispersion was determined
in order to evaluate turnover rates for these catalysts. Regarding

the metal dispersion, the priority was  given to established adsorp-
tion techniques, which directly measure the dispersion of metal
particles: H2 adsorption for Pd and Pt and N2O adsorption for
Cu. In addition, XRD and TEM/STEM-EDX were used to estimate
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Table  1
Catalyst characterisation.

Catalysta SBET
b (m2 g−1) Pore diameterc (Å) Pore volumed (cm3 g−1) De df (nm)

30% HPW/SiO2 160 96 0.40
CsPW 111 26 0.07
Cs3PW12O40 124 48 0.08
0.5% Pd/CsPW 87 29 0.06 0.37 (0.07) 2.4,g 2.5h

0.5% Pt/CsPW 100 28 0.07 0.48 (0.25) 1.9g

0.5% Pd/SiO2 255 106 0.68 0.62 (0.49) 1.5g

0.5% Pt/SiO2 287 74 0.52 0.27 (0.26) 3.3g

5% Cu/CsPW 75 30 0.06 0.11 10i

5% Cu/SiO2 251 118 0.74 0.055 20,i 45,j 35h

a HPW = H3PW12O40, CsPW = Cs2.5H0.5PW12O40.
b BET surface area.
c Average BET pore diameter.
d Single point total pore volume.
e Metal dispersion in fresh catalysts and in brackets in spent catalysts after reaction of propionic acid at 300 ◦C in H2, as determined from chemisorption of H2 (Pd, Pt) or

N2O (Cu).
f Metal particle diameter.
g Values obtained from the equation d (nm) = 0.9/D [30].
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h From TEM and STEM-EDX analysis.
i Values obtained from the equation d (nm) = 1.1/D [32].
j From XRD.

etal particle size for some of these catalysts. Table 1 shows the
ispersion of Pd and Pt in fresh and spent catalysts determined
rom H2 chemisorption. From these data, the average diameter
f Pd and Pt particles on CsPW and SiO2 in fresh catalysts was
etween 1.5 and 3.3 nm.  For the fresh Pd/CsPW, the average diam-
ter of Pd particles obtained from H2 chemisorption (2.4 nm)  was
n excellent agreement with the value of 2.5 nm obtained from
TEM. Fig. 5 shows an STEM-EDX image of this catalyst, with Pd
articles in the size range of 0–14 nm.  Powder XRD analysis of
ur Pd and Pt catalysts (Fig. 4) did not reveal any metal phase on
sPW and SiO2; this is probably due to the fine dispersion and

ow concentration of metal in these catalysts. The metal disper-
ion predictably reduced after reaction. Pd dispersion reduced to a
reater extent than Pt one (Table 1). Pd and Pt particles on amor-
hous silica were more stable towards sintering than those on
rystalline CsPW, which indicates stronger metal–support inter-
ction with silica. 5% Cu/SiO2 exhibited sharp XRD pattern of Cu
etal (Fig. 5), with (1 1 1) and (2 0 0) reflections at 43.4 and 50.5◦,

espectively, which is in agreement with the standard values 43.3
nd 50.4◦ (JCPDS, copper 04-0836). From these, a mean diam-
ter of 45 nm for Cu particles was obtained using the Scherrer

quation. A close value of 35 nm was obtained from TEM (Fig. 5).
rom N2O uptake for this catalyst, a Cu dispersion D = 0.055 was
btained (Table 1). This corresponds to a Cu metal particle size
f 20 nm,  which is in reasonable agreement with the TEM and

Fig. 1. H2-TPR for HPW (a), 0.5% Pt/CsPW (b), CsPW (c) and 0.5% Pd/CsPW (d). The ca
XRD values. 5% Cu/CsPW possessed smaller Cu particles. It clearly
displayed the XRD pattern of crystalline CsPW, but only traces of
Cu metal phase can be seen (1 1 1 reflection at 43.4◦) (Fig. 4a and b).
From N2O chemisorption, this catalyst had a Cu metal dispersion
of 0.11 corresponding to a metal particle size of 10 nm (Table 1).
Fresh and spent Cu catalysts had about the same metal disper-
sion within the accuracy of measurement. The higher Cu dispersion
in Cu/CsPW compared to Cu/SiO2 may  be due to ion exchange of
Cu2+ with strong proton sites in CsPW upon impregnation of CsPW
with Cu(NO3)2 aqueous solution. For Pd and Pt catalysts, no signifi-
cant difference in metal dispersion on CsPW and SiO2 was observed
(Table 1). This may  be explained by different preparation of these
catalysts, namely, using non-ionic metal precursors and non-polar
solvent (benzene) for the impregnation.

3.2. Deoxygenation of propionic acid over 30% HPW/SiO2 and
CsPW catalysts

The performance of 30% HPW/SiO2 and CsPW catalysts is shown
in Fig. 6 as a function of reaction temperature. Both catalysts exhib-
ited good performance stability, reaching steady state within 1 h,

as shown for CsPW in Fig. 7. A moderate decrease in propio-
nic acid conversion that can be seen during 6 h on stream was
probably due to catalyst coking; 3–5% of carbon was found in
spent 30% HPW/SiO2 and CsPW catalysts. Both catalysts displayed

talysts were pretreated at 300 ◦C/1 h in N2, 10 ◦C min−1 temperature ramp rate.
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Fig. 4. XRD patterns for fresh and spent catalysts after reaction at 400 ◦C in H2: (a)
spent 5% Cu/CsPW, (b) fresh 5% Cu/CsPW, (c) spent 0.5% Pd/CsPW, (d) fresh 0.5%
Pd/CsPW, (e) spent 0.5% Pt/CsPW, (f) fresh 0.5% Pt/CsPW, (g) fresh CsPW and (h)
ig. 2. DRIFT spectra for spent catalysts after reaction at 400 ◦C in H2: 0.5% Pt/CsPW
a),  Cs3PW12O40 (b), CsPW (c), 0.5% Pd/CsPW (d) and 5% Cu/CsPW (e). The four peaks
t  800, 890, 987 and 1080 cm−1 match the corresponding peaks of fresh CsPW.

n exponential growth of substrate conversion with temperature.
pproximate values of apparent activation energy were calculated

o be 55 and 40 kJ mol−1 for 30% HPW/SiO2 and CsPW, respectively,
n the temperature range of 250–300 ◦C, which implies the absence

f mass transport limitations in this temperature range. Between
50 and 300 ◦C, these catalysts, both in H2 and in N2, exhibited
etonisation activity to yield 3-pentanone (Eq. (4)),  with CsPW
eing more selective than HPW. This compares favourably with

ig. 3. DRIFT spectra for fresh (a) and spent 30% HPW/SiO2 catalyst after reaction in
2 at 250 ◦C (b), 300 ◦C (c), 350 ◦C (d) and 400 ◦C (e).
fresh 5% Cu/SiO2.

ketonisation performance of CeO2-ZrO2 and CeO2-MnOx catalysts,
which have been found active at higher temperatures 300–450 ◦C
[17–19]. Ketonisation over 30% HPW/SiO2 and CsPW diminished at
higher temperatures 350–400 ◦C, giving rise to formation of ethene
and ethane (Fig. 6). CO and CO2 were detected by IR spectroscopy
in the downstream gas flow after reactor; CO was identified by its
well-known rotational–vibrational spectrum [35] and CO2 by its
asymmetric stretch at 2350 cm−1 (Fig. 8).

Several mechanisms have been proposed for the ketonisation
of carboxylic acids. These include: (i) decomposition of metal car-
boxylate, (ii) via acid anhydride intermediate, (iii) via �-keto acid
intermediate and (iv) via ketene intermediate route [13,15,16].
Previous studies in this group on ketonisation of carboxylic acids
over Keggin-type P Mo  V heteropoly acids and their Cs salts
have revealed direct correlation between ketonisation selectivity
and Cs substitution in P Mo  V heteropoly acids [24,25]. On this
basis, ketonisation has been suggested to occur via Cs carboxylate
intermediates. It should be noted, however, that the P Mo  V het-
eropoly compounds were catalyst precursors rather than the true
catalysts, decomposing in situ to form catalytically active Mo  and
V oxides [24,25]. For the more stable HPW and CsPW catalysts,
there is no correlation observed between ketonisation selectivity
and Cs content. Moreover, the formation of CO, CO2 and ethene
from propionic acid over HPW/SiO2 and CsPW may indicate inter-
mediate formation of methylketene, which is known to form these
products upon its thermal decomposition [12]. Indeed, traces of
methylketene were detected by IR spectroscopy along with CO and
CO2 (Fig. 8). This spectrum clearly shows the characteristic asym-
metric stretch of methylketene at 2130 cm−1 [36], which stands out
from C O bands of other carbonyl compounds (aldehydes, ketones
and acids) hence can be used for methylketene detection [12]. It
should be noted that mass spectrometry is not suitable for this
since it cannot distinguish methylketene from acrolein, the isomer
of methylketene [13]. The observation of traces of methylketene
may  favour the mechanism via ketene intermediate for propionic
acid ketonisation over HPW and CsPW, however more evidence is
required to prove it.

The neutral salt Cs3PW12O40 was  inactive for ketonisation of
propionic acid. It exhibited zero acid conversion at 250–300 ◦C and
at 350–400 ◦C produced ethene as the main product (63% selectiv-

ity at 80% conversion at 400 ◦C) together with ethane and a little
of propene. This is inconsistent with ketonisation occurring via
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age for fresh 5% Cu/SiO2 (right) showing metal particles as dark spots.
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Fig. 5. STEM-EDX image for fresh 0.5% Pd/CsPW (left) and TEM im

s carboxylate intermediate, thus may  support the methylketene
ntermediacy for this reaction.

The general picture emerging from these results is as follows.
irst, propionic acid is probably dehydrated on HPW or CsPW to
orm short-lived methylketene intermediate (Eq. (1)) with an aid of
rønsted acid catalysis. This is followed by its interaction with pro-
ionic acid molecule to yield 3-pentanone (Eq. (6)). The mechanism

f ketonisation via ketene intermediate has been discussed in more
etail elsewhere [15]. 3-Pentanone, the main product in the tem-
erature range 250–350 ◦C, was found to be stable in the presence
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sation to acetone and enhances acid decomposition to CH4, CO and
CO2 [20]. For acetic acid deoxygenation, however, it is not possi-
ble to discriminate between decarbonylation and decarboxylation
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ucts with reaction temperature during the deoxygenation of propionic acid over
0.5% Pd/CsPW (top) and 0.5% Pt/CsPW (bottom). Reaction conditions: 0.2 g catalyst,
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f HPW and CsPW in this temperature range. As the temperature is
ncreased, methylketene increasingly decomposes to yield ethene
nd CO at the expense of 3-pentanone. Direct decarbonylation (3)
s probably inefficient in this system; it appears to play significant
ole in the presence of metal catalysts (see below). Decarboxylation
2) occurs in parallel with ethene formation to yield ethane and CO2
Fig. 6).

H3CH C O + CH3CH2COOH → (CH3CH2)2CO + CO2 (6)

In flowing H2, CsPW gave a small amount of propanal and 1-
ropanol, which peaked at ∼350 ◦C (Fig. 6). This reaction appears
o be similar to that occurring on P Mo  V [24] and is discussed
ater in Section 3.3.  In the presence of H2, both CsPW and HPW/SiO2
lso produced some propene, which probably formed through 1-
ropanol dehydration.

.3. Deoxygenation of propionic acid over metal catalysts

Now we will focus on metal-loaded CsPW catalysts, with Pd,
t and Cu as the metal additives. As demonstrated above, these
atalysts are stable towards reduction in H2, and CsPW retains its
rimary and secondary structures within the required temperature
ange. Since CsPW has strong Brønsted acidity, these materials can
ct as metal-acid bifunctional catalysts. For comparison, we  will
lso look at the performance of these metals supported on silica as
onofunctional metal catalysts.
The activity of catalysts was examined under H2 and under N2

n the temperature range of 250–400 ◦C for 3 h on stream. During
his time, the activity was fairly stable, and the catalysts reached
teady state within 1 h. Figs. 9–11 illustrate catalyst performance as

 function of temperature. All these catalysts, except 0.5% Pd/CsPW,
xhibited a usual exponential growth of substrate conversion (S-
haped curve) with an apparent activation energy E ≥ 30 kJ mol−1

n the 250–300 ◦C range (Table 2). This implies the absence of
ass transport limitations for these catalysts under such condi-

ions. It should be noted that bifunctional metal/CsPW catalysts
ad lower E values that the corresponding metal/SiO2 catalysts,
hich points to more efficient catalysis with the former compared

o the latter catalysts. 0.5% Pd/CsPW had a smaller E value of ca.
0 kJ mol−1, and displayed almost linear growth in conversion with
he temperature (Fig. 9). This might indicate mass transport limi-
ations. However, the activity of 0.5% Pd/CsPW is close to that of
.5% Pt/CsPW (Fig. 9), which suggests similar process regime in
oth cases. Another possible explanation is that 0.5% Pd/CsPW cat-
lyst suffers from deactivation due to Pd sintering because after
he reaction under H2 at 300 ◦C Pd dispersion dropped from 0.37 in
resh catalyst down to 0.07 in spent catalyst (Table 1). For other Pd
nd Pt catalysts, the metal dispersion did not change significantly
fter reaction (Table 1). However, more rigorous kinetic studies are
equired for the process regime to be assessed.

Overall picture emerging from these results is twofold. Firstly,
he metal loading onto CsPW and SiO2 has a profound effect on
atalyst performance in flowing H2 but hardly any effect in N2; sec-
ndly, the performance of Pd and Pt catalysts is very different from

hat of Cu catalysts. In flowing H2, bifunctional metal-acid cata-
ysts comprising Pd and Pt supported on CsPW exhibited greatly
nhanced activity towards decarbonylation (3) to form ethene
Fig. 9) at the expense of ketonisation and decarboxylation, as

able 2
pparent activation energies for propanoic acid conversion over metal catalysts.a

Catalyst Pd/CsPW Pd/SiO2 Pt/CsPW Pt/SiO2 Cu/CsPW Cu/SiO2

E (kJ mol−1) 20 35 30 150 75 140

a Estimated in the temperature range of 250–300 ◦C.
: General 447– 448 (2012) 32– 40

compared to the metal free CsPW (Fig. 6). With both Pd and Pt
catalysts, the selectivity to ethene increased to 92% at almost 100%
conversion at 400 ◦C. Previously, for acetic acid deoxygenation on
TiO2 it has been found that loading TiO2 with Pt suppresses ketoni-
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Fig. 10. Variation of propionic acid conversion and selectivity to ethene with reac-
tion temperature during the deoxygenation of propionic acid over 0.5% Pd/SiO2

and 0.5% Pt/SiO2. Reaction conditions: 0.2 g catalyst, 2.0% propionic acid in H2 flow,
10  ml  min−1 flow rate, 3 h time on stream.
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Table  3
Hydrogenation of propionic acid over 5%Cu/SiO2.a

Temperature (◦C) Conversion (%) Selectivity (mol%)

Propanal Ethane Ethene Propene 1-Propanol

250 2.5 100
300 34 36 0.2 0.5 0.3 63
350  80 60 0.5 0.4 0.4 39
350b 80 59 0.4 0.5 0.5 40
350c 65 60 0.3 0.5 0.4 39
400  87 79 1.7 0.5 0.5 19

a 0.2 g catalyst, 2.0% propionic acid in H2 flow, 10 ml  min−1 flow rate (W/F = 4.0 h g mol−1), 3 h time on stream.
b 20 ml  min−1 flow rate (W/F = 4.0 h g mol−1).
c 40 ml  min−1 flow rate (W/F = 2.0 h g mol−1).

0

20

40

60

80

100

250 300 350 400

C
o

n
v
e
rs

io
n

 &
 S

e
le

c
ti

v
it

y
, 
%

Tempera ture , oC

Conversion

Propanal

Ethane

Ethene

3-Pentanone

Propene

1-Propanol

Fig. 11. Variation of propionic acid conversion and selectivity to main reaction
p
o
1

p
n
b
t
c
o
t
b

a
i
f
n
b
n
a
o
t
s
o
t
g
h
[

1
fl
g
P
C

Table 4
TOF values per surface metal atom for the conversion of propionic acid at 250 ◦C.a

Catalyst Pd/CsPWb Pt/CsPWb Cu/CsPW

TOF (h−1) 67 28 1.0

Catalyst Pd/SiO2
b Pt/SiO2 Cu/SiO2

TOF (h−1) 34 3.3 1.3

a 0.2 g catalyst, 2.0% propionic acid in H2 flow, 10 ml  min−1 flow rate, 3 h time on
roducts with reaction temperature during the deoxygenation of propionic acid
ver 5% Cu/CsPW. Reaction conditions: 0.2 g catalyst, 2.0% propionic acid in H2 flow,
0  ml  min−1 flow rate, 3 h time on stream.

athways since methane will form in either case. In our case,
either Pd/CsPW nor Pt/CsPW showed any activity towards decar-
oxylation of propionic acid to form ethane (Eq. (2)). The fact
hat propionic acid decarbonylation to ethene over the Pd and Pt
atalysts occurred under H2 but not under N2, although by stoichi-
metry H2 is not required for decarbonylation (Eq. (3)), suggests
hat the reaction proceeds via hydrogenolysis of C O and/or C C
ond and hence can be referred to as hydrodeoxygenation.

With Pd/CsPW and Pt/CsPW, the total selectivity to propanal
nd its consecutive hydrogenation product 1-propanol increased
n the temperature range of 250–300 ◦C, as compared to the metal
ree CsPW (cf. Figs. 6 and 9). In contrast, Pd/SiO2 and Pt/SiO2 did
ot give any significant amount of 1-propanol and propanal (see
elow). These results suggest that propanal is formed by propio-
ic acid hydrogenation on the CsPW polyoxometalate, possibly by

 Mars–Van Krevelen mechanism proposed earlier for the reaction
n P Mo  V POMs [24,25]. The enhancement of propanal forma-
ion on CsPW loaded with Pd and Pt may  be explained by hydrogen
pillover from Pt and Pd to CsPW. It involves dissociative adsorption
f H2 on the platinum group metal, followed by hydrogen migration
o CsPW to create active sites (oxygen vacancies), where hydro-
enation of propionic acid could take place. Similar mechanism
as been proposed for the hydrogenation of acetic acid on Pt/TiO2
20].

0.5% Pd/SiO2 and 0.5% Pt/SiO2 were found to exhibit almost
00% selectivity to ethene at 100% propionic acid conversion in

◦
owing H2 at 250–400 C (Fig. 10). It has been reported that the
as-phase deoxygenation of longer-chain carboxylic acids over 7%
d/SiO2 in H2 at 330 ◦C occurs via decarboxylation pathway to yield
n−1 alkanes [9].  For example, heptanoic and octanoic acids give
stream, < 10% conversion.
b Catalyst bed: 0.05 g catalyst + 0.15 g SiO2.

hexane and heptane with 98 and 97% yield, respectively. On the
other hand, cyclopentanecarboxylic acid gives a mixture of 40%
cyclopentane and 45% cyclopentene [9].  The formation of ethene
rather than ethane from propionic acid, in contrast to the deoxygen-
ation of higher acids, may  be explained by fast ethene desorption
from the catalyst before being hydrogenated to ethane as a result
of competing adsorption of CO, propionic acid and water present
in the reaction system. In principle, ethene could have formed
by dehydrogenation of ethane precursor, however, this would
have unfavourable thermodynamics at our reaction temperatures.
Ethane dehydrogenation is an equilibrium-controlled process; it
requires a temperature of 710 ◦C to reach 50% conversion at 1 bar
ethane pressure [37].

Reaction selectivities observed for supported Cu catalysts were
very different from those for the Pd and Pt catalysts. Thus 5%
Cu/CsPW, in contrast to 0.5% Pd/CsPW and 0.5% Pt/CsPW, clearly
exhibited a preference towards hydrogenation of the C O bond,
giving propanal together with 3-pentanone as the main products
at 250–300 ◦C, whereas ethene, ethane and propene dominated at
400 ◦C (Fig. 11). 5% Cu/SiO2 showed even higher selectivity for C O
bond hydrogenation, yielding almost exclusively propanal and 1-
propanol (Table 3). The propanal/1-propanol ratio increased with
the temperature between 300 and 400 ◦C and was independent on
the contact time, which indicates that reaction equilibrium was
approached.

The turnover rate of propionic acid conversion over different
metal catalysts was measured at 250 ◦C under differential con-
ditions (conversion < 10%). Under such conditions, the activity of
CsPW support was  negligible and the entire conversion could be
attributed to metal nanoparticles. Turnover frequencies (TOFs)
were calculated per surface metal atom using metal dispersions for
fresh catalysts (Table 1), which were obtained from H2 chemisorp-
tion for Pd and Pt and from N2O chemisorption for Cu. The TOF
values for the overall conversion of propionic acid thus obtained
follow the order Pd > Pt > Cu for both CsPW and SiO2 supports
(Table 4). The TOFs calculated using the metal dispersion for spent
catalysts were higher in value, as expected, but the order of relative

metal activity remained the same. Pd and Cu nanoparticles sup-
ported on CsPW and SiO2 exhibited close turnover rates, whereas Pt
was  significantly more active on CsPW than on SiO2. The latter may
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e attributed to a stronger ability of Pt to covalent bonding due to
ts larger number of electrons, resulting in stronger metal–support
nteraction in the case of Pt compared to Pd and Cu. The better
intering resistance of Pt nanoparticles on amorphous silica
ompared to crystalline CsPW (Section 3.1) indicates stronger inter-
ction of Pt with silica than with CsPW, reducing the relative
ctivity of Pt/SiO2 catalyst.

The preference of Cu for C O bond hydrogenation and Pd and
t for decarbonylation via C C bond hydrogenolysis has been
ecognised previously in hydrogenation and hydrodeoxygenation
f aldehydes and ketones ([34,38,39] and references therein). Our
tudy demonstrated that this is also the case in carboxylic acid
ydrodeoxygenation.

. Conclusions

The catalysed gas-phase deoxygenation of propionic acid was
nvestigated in a fixed-bed reactor at 250–400 ◦C in flowing H2 or

2 in the presence of Keggin-type heteropoly acid HPW supported
n silica and its bulk acidic salt CsPW, as well as with Pd-, Pt- and
u-loaded CsPW bifunctional metal-acid catalysts. These catalysts
ere compared with the corresponding SiO2-supported metal cat-

lysts. CsPW itself and CsPW-supported Pd, Pt and Cu catalysts
etained the Keggin structure of their polyanion (primary struc-
ure), as well as the CsPW crystal structure (secondary structure),
fter the reaction at 400 ◦C in H2, whereas HPW decomposed above
50 ◦C in N2. The reaction was found to involve several pathways
uch as ketonisation, decarbonylation, decarboxylation and hydro-
enation, leading to partial or total deoxygenation of propionic
cid. HPW and CsPW, both in H2 and in N2, exhibited ketonisation
ctivity between 250 and 300 ◦C to yield 3-pentanone, CsPW being
ore selective than HPW. At 400 ◦C, HPW and CsPW were active

or decarbonylation and decarboxylation of propionic acid to yield
thene and ethane respectively. Loading Pd or Pt onto CsPW greatly
ffected catalyst performance in H2, enhancing decarbonylation of
ropionic acid to form ethene at the expense of ketonisation and
ecarboxylation. The metal loading, however, had little effect in
2. Similar performance exhibited Pd/SiO2 and Pt/SiO2, showing
lmost 100% selectivity to ethene in H2. These results are consis-
ent with hydrodeoxygenation of propionic acid, suggesting that
ydrogenolysis of C C bond on Pd and Pt sites plays essential role.

n contrast to the Pd and Pt catalysts, the Cu catalysts, Cu/CsPW
nd Cu/SiO2, were both active in hydrogenation of C O bond to
ield propanal and 1-propanol. The turnover rates of propionic
cid conversion on metal catalysts were found to follow the order
d > Pt > Cu for both CsPW-supported and silica-supported metal
atalysts.

The main routes of propionic acid deoxygenation with the
atalysts studied are summarised below:
From the practical point of view, it may  be desirable to pro-
uce the ketonisation products with carbon backbone upgrade
Cn → C2n−1) over CsPW at 250–300 ◦C in hydrogen-free system,

[
[
[

[

: General 447– 448 (2012) 32– 40

as well as the Cn hydrogenation products (aldehydes and alco-
hols) without carbon loss using Cu catalysts. On the other hand,
Pd and Pt catalysts possessing high hydrodeoxygenation activity
via decarbonylation pathway allow producing the Cn−1 alkenes.

Acknowledgements

Support from the EPSRC (research grants EP/E039847 and
EP/F014686) and Salman Bin Abdulaziz University, Saudi Arabia
(PhD scholarship for M.  Alotaibi) are gratefully acknowledged.
Thanks are due to Dr. J. Nicholls for XRD analysis of catalysts and
Prof. G. Tatlock and Dr. R. Hetterley for TEM and STEM-EDX mea-
surements.

References

[1] A. Corma, S. Iborra, A. Velty, Chem. Rev. 107 (2007) 2411–2502.
[2] E.L. Kunkes, D.A. Simonetti, R.M. West, J.C. Serrano-Ruiz, C.A. Gaertner, J.A.

Dumesic, Science 322 (2008) 417–421.
[3] T.V. Choudhary, C.B. Phillips, Appl. Catal. A 397 (2011) 1–12.
[4] M.  Snare, I. Kubickova, P. Maki-Arvela, K. Eranen, D.Yu. Murzin, Ind. Eng. Chem.

Res. 45 (2006) 5708–5715.
[5] H. Bernas, K. Eranen, I. Simakova, A.-R. Leino, K. Kordas, J. Myllyoja, P. Maki-

Arvela, T. Salmi, Yu.D. Murzin, Fuel 89 (2010) 2033–2039.
[6] J.G. Immer, M.J. Kelly, H.H. Lamb, Appl. Catal. A 375 (2010) 134–139.
[7] P.T. Do, M.  Chiappero, L.L. Lobban, D. Resasco, Catal. Lett. 130 (2009) 9–18.
[8]  Y. Takemura, A. Nakamura, H. Taguchi, K. Ouchi, Ind. Eng. Chem. Prod. Res. Dev.

24  (1985) 213–215.
[9] W.F. Maier, W.  Roth, I. Thies, P.V. Rague Schleyer, Chem. Ber. 115 (1982)

808–812.
10] M.  Arend, T. Nonnen, W.F. Hoelderich, J. Fischer, J. Groos, Appl. Catal. A 399

(2011) 198–204.
11] P.G. Blake, K.J. Hole, J. Chem. Soc. B (1966) 577–579.
12] P.G. Blake, K.J. Hole, J. Phys. Chem. 70 (1966) 1464–1469.
13] K.S. Kim, M.A. Barteau, Langmuir 4 (1988) 945–953.
14] J.L. Davis, M.A. Barteau, Langmuir 5 (1989) 1299–1309.
15] R. Pestman, A. Van Duijne, J.A.Z. Pieterse, V. Ponec, J. Mol. Catal. A 103 (1995)

175–180.
16] T. Yokoyama, N. Yamagata, Appl. Catal. A 221 (2001) 227–239.
17] O. Nagashima, S. Sato, R. Takahashi, T. Sodesawa, J. Mol. Catal. A 227 (2005)

231–239.
18] A.D. Murkute, J.E. Jackson, D.E. Miller, J. Catal. 278 (2011) 189–199.
19] C.A. Gaertner, J.C. Serrano-Ruiz, D.J. Braden, J.A. Dumesic, J. Catal. 266 (2009)

71–78.
20] R. Pestman, R.M. Koster, J.A.Z. Pieterse, V. Ponec, J. Catal. 168 (1997) 255–264.
21] T. Okuhara, N. Mizuno, M.  Misono, Adv. Catal. 41 (1996) 113–252.
22] J.B. Moffat, Metal-Oxygen Clusters. The Surface and Catalytic Properties of Het-

eropoly Oxometalates, Kluwer, N.Y., 2001.
23] I.V. Kozhevnikov, Catalysis by Polyoxometalates, John Wiley & Sons, Chichester,

2002.
24] H. Benaissa, P.N. Davey, Y.Z. Khimyak, I.V. Kozhevnikov, J. Catal. 253 (2008)

244–252.
25] H. Benaissa, P.N. Davey, Y.Z. Khimyak, E.F. Kozhevnikova, I.V. Kozhevnikov,

Appl. Catal. A 351 (2008) 88–92.
26] Y. Izumi, M.  Ono, M.  Kitagawa, M.  Yoshida, K. Urabe, Microporous Mater. 5

(1995) 255–262.
27] E.F. Kozhevnikova, I.V. Kozhevnikov, J. Catal. 224 (2004) 164–169.
28] F. Al-Wadaani, E.F. Kozhevnikova, I.V. Kozhevnikov, J. Catal. 257 (2008)

199–205.
29] J.E. Benson, M.  Boudart, J. Catal. 4 (1965) 704–710.
30] J.E. Benson, H.S. Hwang, M.  Boudart, J. Catal. 30 (1973) 146–153.
31] A. Gervasini, S. Bennici, Appl. Catal. A 281 (2005) 199–205.
32] A. Dandekar, M.A. Vannice, J. Catal. 178 (1998) 621–639.
33] S. Yoshida, H. Niiyama, E. Echigoya, J. Phys. Chem. 86 (1982) 3150–3154.
34] K.M. Parida, S. Rana, S. Mallick, D. Rath, J. Colloid Interface Sci. 350 (2010)

132–139.
35] P.W. Atkins, Physical Chemistry, 5th edn., Oxford University Press, 1995.

36] F. Winther, S. Meyer, F.M. Nicolaisen, J. Mol. Struct. 611 (2002) 9–22.
37] G.C. Bond, Metal-Catalysed Reactions of Hydrocarbons, Springer, 2005, p. 47.
38] B. Cornils, W.A. Herrmann, M.  Muhler, C.-H. Wong (Eds.), Catalysis From A to

Z,  Volume 1: A to D, Wiley-VCH, Weinheim, 2007.
39] T.T. Pham, L.L. Lobban, D.E. Resasco, R.G. Mallinson, J. Catal. 266 (2009) 9–14.


	Deoxygenation of propionic acid on heteropoly acid and bifunctional metal-loaded heteropoly acid catalysts: Reaction pathw...
	1 Introduction
	2 Experimental
	2.1 Chemicals and catalysts
	2.2 Techniques
	2.3 Catalyst testing

	3 Results and discussion
	3.1 Catalyst characterisation
	3.2 Deoxygenation of propionic acid over 30% HPW/SiO2 and CsPW catalysts
	3.3 Deoxygenation of propionic acid over metal catalysts

	4 Conclusions
	Acknowledgements
	References


