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Abstract. Heteropolyacids of Keggin structure, H3 PMo12 O40 , H3 PMo11 WO40 and the salts K3 PMo11 WO40
and K2.5 Fe0.08 H0.26 PMo11 WO40 were characterized by X-ray diffraction (XRD), UV-Vis spectroscopy, Fourier
transform infrared (FTIR), low-temperature nitrogen adsorption and 31 P MAS NMR spectroscopy. The acid-base
properties were evaluated using the isopropanol decomposition. They were tested in oxidative dehydrogenation
(ODH) of ethylbenzene in the temperature range 300–400 ◦ C at atmospheric pressure with the mild oxidants
carbon dioxide and nitrous oxide, the major actors in the greenhouse effect. The results show that the best
compromise between conversion and selectivity is obtained for the mixed K/Fe salt of PMo11 WO40 at a relatively
low temperature, namely 350◦ C.
Keywords. Ethylbenzene; oxidative dehydrogenation; CO2 ; N2 O; heteropolycompounds.

1. Introduction
Heteropolyanions (HPAs) are receiving increasing
attention from both fundamental and industrial point of
view because of their excellent acidic, redox and thermal
stabilities and special catalytic properties. The beneficial effect of the incorporation of a transition metal
cation on the oxidation properties of heteropolyoxometalates has already been reported in the literature. 1,2
Iron was found to be the most efficient element for
propane and isobutene selective oxidation to acrylic
or isobutyric acids, respectively. 1–6 Heteropolyoxometalates have been already tested as catalysts for oxidative
dehydrogenation (ODH) and selective oxidation of alkanes and arylalkanes. 7–10
Ethylbenzene is one of the most important arylalkanes, being a starting species in the chemical industry. 11 It
has long been known that ethylbenzene can be oxidized,
very selectively, to styrene over Fe2 O3 -K2 O catalysts
with addition of one or more promoters, such as Cr2 O3 ,
MgO, MoO3 . 12,13 Dioxygen was first proposed to be the
oxidizing agent. However, it appeared that the use of O2
(strong oxidant) leads to complete oxidation of ethylbenzene to COx.
* For correspondence

As an alternative to the strong oxidant O2 , carbon
dioxide and nitrous oxide, the main contributors to
the greenhouse effect, were proposed as non-traditional
mild oxidants for catalytic oxidation of light alkanes. 14–17 In the present paper, we report on the catalytic
activity of various HPAs on the ODH of ethylbenzene
with CO2 and N2 O as the oxidant.
2. Experimental
2.1 Preparation of catalysts
All the chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and used without further purification. The
heteropolyacid H3 PMo12 O40 .aq (noted as HPMo12 ) was prepared in two steps according to the literature. 18 The first is
the preparation of the disodium salt Na2 HPMo12 O40 .16H2 O
and the second stage consists of isolating the heteropolyacid
H3 PMo12 O40 by extraction with diethyl-ether (Et2 O).
Step 1: 290 g (1.2 mol) of Na2 MoO4 , 2H2 O (99%
purity) was dissolved in 420 mL distilled water. Then
6.8 mL of 85% H3 PO4 (0.1 mol) and 284 mL of 70%
HClO4 (3.3 mol) were added successively. After the mixture was cooled to room temperature, the disodium salt
Na2 HPMo12 O40 was precipitated and filtered.

Electronic supplementary material: The online version of this article (https:// doi.org/ 10.1007/ s12039-018-1447-y) contains
supplementary material, which is available to authorized users.
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Step 2: H3 PMo12 O40 ·14H2 O was obtained from an aqueous solution of Na2 HPMo12 O40 · 16H2 O (250 g/200 mL),
acidified by 50 mL of 12 M HCl (37%) and extracted by
400 mL of Et2 O (99.5% purity). The heavy layer (300
mL), added with half its volume of water gave yellow
crystals after desiccation (200 g).
H3 PMo11 WO40 (noted as HPMo11 W) was prepared by
acidifying the sodium salt, Na2 HPMo11 WO40 19 was prepared from an appropriate mixture solution of 85% H3 PO4
(5.8 mL), Na2 MoO4 ·2H2 O (99% purity) (152.8 g), Na2 WO4 .
2H2 O (99% purity) (18.9 g) and HClO4 (70%) in 400 mL of
distilled water. The mixture was then acidified by 40 mL of
37% HCl, and the acidic H3 PMo11 WO40 was extracted by
400 mL Et2 O.
The heteropolysalt K3 PMo11 WO40 (noted as KPMo11 W)
was prepared by a precipitation method. 20 10 g of HPMo11 W
was dissolved in 50 mL distilled water and then, this solution
was added to a saturated KCl (99.5% purity) (5M) solution
(20 mL distilled water containing 30 g KCl) with vigorous
stirring for 20 min. The precipitate K3 PMo11 WO40 appeared
quickly which was washed and dried under vacuum.
The heteropolycompound K2.5 Fe0.08 H0.26 PMo11 WO40
(noted as KFePMo11 W) was prepared according to the literature. 3,21 An aqueous solution (0.08 mol.L−1 ) of Fe(NO3 )3
(99.99% purity) was added dropwise to an aqueous solution of
HPMo11 W (0.06 mol.L−1 )) at 50 ◦ C, followed by the addition
of an aqueous solution (0.08 mol.L−1 ) of KCl (99.5% purity)
under vigorous stirring, resulting in immediate precipitation
of KFePMo11 W salt. Stirring continued until complete evaporation of the solvent at room temperature. The powder was
collected without washing, and ground in the mortar.

2.2 Characterization
The specific surface area SBET , average pore diameter dp
and pore volume VpN2 of all the heteropolycompounds were
determined by N2 adsorption-desorption method at liquid N2
temperature using a Quantachrome apparatus. Prior to the
measurements, the samples were degassed at 150 ◦ C and 10−5
Pa. The BET specific surface area was calculated by using the
standard Brunauer, Emmett and Teller method on the basis of
the adsorption data. The pore size distributions were calculated applying the Barrett-Joyner-Halenda (BJH) method to
the desorption branches of the isotherms. FTIR spectra of the
heteropolycompounds were obtained on KBr pellets in the
400–4000 cm−1 wavenumber range using a Bio-Rad FTS 165
spectrometer. The XRD powder diagrams were obtained on a
Siemens “D5000” diffractometer with Cu Kα radiation. The
diffractograms were recorded in (5–60◦ ) 2θ range. Solid-state
31 P MAS NMR spectra were obtained on a Bruker Avance
II 500 spectrometer operating at 202.5 MHz. The chemical
shifts were referenced to Al(PO3 )3 . The UV measurements
of the catalysts (dissolved in acetonitrile/water 1:1 ratio, the
aqueous solutions had a concentration of 10−5 M) were made
using a UV-VIS spectrophotometer Shimadzu UV-2100 PC
at λ = 190–400 nm in 1 cm quartz cuvettes.
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Acid-base properties of heteropolycompounds (HPC) were
determined by an indirect method consisting of the test of
isopropanol (IPA) decomposition. This reaction was tested
in a continuous-flow fixed-bed reactor between 100 and 200
◦ C, atmospheric pressure, feed 5 wt% IPA in nitrogen, with
a flow 40 cm3 · min−1 . The reaction products (propylene,
di-isopropyether and acetone) were quantified by gas chromatography (Shimadzu 14B) with a flame ionisation detector
(FID). A Carbowax 20M on a Chromosorb W column was
used for separation of the products.

2.3 Catalytic tests
Catalytic activity tests were made in a stainless steel tubular fixed bed reactor (6 mm diameter and 400 mm length)
at atmospheric pressure in the temperature range 300–400
◦ C. A sample of 200 mg of catalyst was pre-treated in an
oxygen stream at a flow rate of 2 L/h for 1 h at the reaction temperature. The reactant gaseous mixture was obtained
by bubbling CO2 or N2 O at a flow rate of 2 L/h into liquid in saturator with ethylbenzene (vapor pressure of 4.13
kPa) at 53 ◦ C. CO2 or N2 O was added to the flow in a molar
ration of 10:1 to ethylbenzene. After the reaction, the flowing
gas containing eventually ethylbenzene, styrene, acetophenone, α-methyl benzyl alcohol, benzene, ethene and COx
was analyzed online by a Shimadzu GC-14 B gas chromatograph equipped with two detectors (TCD/FID,) and with two
columns filled with 5 Å molecular sieve and SE-30 10% CW
respectively. The experimental data were recorded after 8 h of
reaction. Schematic diagram of the experimental setup used
for oxidative dehydrogenation ethylbenzene (Figure S1 in
Supplementary Information).
Ethylbenzene (EB) conversion and Styrene (STY) selectivity have been calculated as following equations:
moles of EBin −moles of EBout
× 100
moles of EBin
moles of STYout
STY Selectivity(%) =
× 100
moles of all productsout

EB Conversion(%) =

3. Results and Discussion
3.1 Characterization of the catalysts
3.1a Textural properties of heteropolycompounds::
The BET surface area of the solids determined from N2
adsorption–desorption isotherms are shown in Table 1.
The total or partially substituted salts presented high surface area compared to the pure acid as already reported
by several authors. 22,23 The KFePMo11 W salts displayed lower surface area (190 m2 /g) than the potassium
salts KPMo11 W (220 m2 /g) and the proton containing heteropolyacid HPMo11 W showed lower surface
area (5 m2 /g) than the heteropolysalts. It was found
that introducing the iron in KFePMo11 W structure, the
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Page 3 of 8 40

Textural parameters of various heteropolycompounds.

Heteropolycompounds Surface area (m2 /g) Pore volume, VIP (cm3 /g) Pore diameter, dm (nm)
HPMo12
HPMo11 W
KPMo11 W
KFePMo11 W

3
5
220
191

0.010
0.012
0.202
0.178

12
14
25
19

(d)

Transmitance (a.u.)

(c)

(b)

(a)
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Figure 1. IR spectra: (a) HPMo12 , (b) HPMo11 W, (c)
KPMo11 W, and (d) KFePMo11 W.

surface area significantly decreased (190 m /g). Diminishing of specific surface area could be explained owing
to heteropolycompound pores blocked by iron, as well
as by the formation of some HPAs crystallite agglomeration. The pore diameter and pore volume of the sample
is increased more than the pure acids (14 to 25 nm and
0.012 to 0.202 cm3 /g).
2

3.1b Fourier-transform infrared spectroscopy: Infrared spectra of HPMo12 , HPMo11 W, KPMo11 W and
KFePMo11 W are given in Figure 1. All the spectra are
very similar with tiny variations in the positions of
absorption bands. They present the characteristic features of the Keggin anion with bands at 1065, 960,
870 and 785 cm−1 , which were assigned to P-Oa (Oa
= oxygen belonging to the central PO4 tetrahedron),
Mo=Ot (Ot = terminal oxygen), interoctahedral Mo-Ob Mo (Ob = bridged oxygen of two octahedral sharing a
corner), and intraoctahedral Mo-Oc -Mo (Oc = bridged
oxygen sharing an edge) vibrations, respectively. 18 The
schematic structure of Keggin anion (PMo12 O40 )3− is
shown in Figure 2.
3.1c UV-Visible spectra: The electronic absorption
spectra of heteropolyanions wwere observed in the

Figure 2. The schematic structure of Keggin anion
(PMo12 O40 )3− .

range of 200–500 nm. The intense electronic spectra in the UV–Vis region exhibited by the Kegginstructure polyoxometallates have been experimentally
assigned as O → M ligand-to-metal charge transfer.
Bulk HPMo12 shows the absorption bands at 216 and
310 nm, while HPMo11 W at 216 and 270 nm (Figure 3),
they are assigned to the Ot → M (Ot : terminal oxygen)
and Ob /Oc → M (Ob or Oc : bridge-oxygen) chargetransfer transition. 24,25 The UV spectra of KPMo11 W
and KFePMo11 W are very similar to the spectrum of
heteropolyacid HPMo11 W.

3.1d X-ray diffraction studies: The XRD pattern of
the acidic HPMo12 and HPMo11 W are presented in Figure 4. There were peaks in four groups in the ranges of
2θ : 5–10◦ , 17–22◦ , 25–30◦ , and 31–37◦ , in agreement
with the characteristic peaks of the Keggin structure.
The diffractograms of HPMo12 and HPMo11 W agree
with the existence of a single crystallographic phase
with a pattern typical of a triclinic system. 24 KPMo11 W
and KFePMo11 W (Figure 4), exhibit three strong diffraction peaks at 2θ = 10.6◦ , 26.4◦ and 36.0◦ , which are
characteristic of the cubic phases and all major reflections can be indexed, using a Rietveld profile analysis,
on the basis of a cubic unit cell (space group Pn3m) with
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Figure 3. UV–VIS spectra: (a) HPMo12, (b) HPMo11 W,
(c) KPMo11 W, and (d) KFePMo11 W.
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Figure 4. XRD patterns: (a) HPMo12, (b) HPMo11 W, (c)
KPMo11 W, and (d) KFePMo11 W.

a = 11.6920 Å. 26 It is important to note that two diffraction peaks at 2θ = 15.1◦ and 21.4◦ only appear for the
catalysts containing K.
3.1e Solid-state 31 P NMR: Solid-state 31 P MAS
NMR of HPMo12 (Figure 5) showed a single peak at
-3.70 ppm. For the PMo11 W compounds, the isotropic
component consists of different narrow peaks distributed over ca 5 ppm, which corresponds to a distribution of mixed PMo12−x Wx anions. 27
3.1f Isopropanol
decomposition:
Isopropanol
decomposition has long been considered as a chemical probe reaction for surface acid-base properties. 28,29
Isopropanol undergoes dehydration to give propylene

Figure 5. 31 P MAS NMR spectra of: (a) HPMo12 , (b)
HPMo11 W, (c) KPMo11 W, and (d) KFePMo11 W.

on acidic surface sites and dehydrogenation via a concerted mechanism on adjacent acidic and basic surface
sites to give acetone.
The results obtained from the isopropanol decomposition using heteropolycompounds as catalysts as
a function of reaction temperature are presented in
Table 2. It is clear that HPMo11 W and KFePMo11 W
are the most active catalysts. The high activity can be
correlated with increasing the surface acidity associated with the presence of protons in Keggin structure.
Propene is the major reaction product. However, it is
also observed that when the protons in the parent acids
are partially exchanged by iron and potassium cations
(KFePMo11 W) they enhance the stationary state activity
of the parent acids Table 2. This can be attributed to the
partial hydrolysis of the polyanion during preparation,
which formed weakly acidic H+ . On the contrary, when
the substitution of the proton of HPMo11 W by K ion
(KPMo11 W) occurs, the initial activity decreased, resulting in relatively lower conversion than the HPMo11 W
and KFePMo11 W. This decrease is attributed to the
decrease in the number and the strength of the acid
sites of the catalyst. The presence of redox species
Mo6+ /Mo5+ , W6+ /W5+ and Fe3+ /Fe2+ in the catalysts
can contribute to dehydration and dehydrogenation in
the decomposition of isopropanol.
3.2 Catalytic behavior
Ethylbenzene oxidation was studied at different temperatures from 300 to 400 ◦ C on the various polyoxometalates as catalysts using CO2 and N2 O as the oxidant.
In the dehydrogenation of ethylbenzene in the presence
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Table 2. Results on the catalytic activity of POMs at different temperatures in isopropanol decomposition.
T (◦ C)

Catalyst

HPMo12
HPMo11 W
KPMo11 W
KFePMo11 W

Table 3.

Conversion (%)

100
150
200
100
150
200
100
150
200
100
150
200

Products Selectivity (%)
Propylene Di-isopropylether

17
60
90
20
70
99
05
32
45
20
80
98

60
80
92
58
82
88
82
90
98
80
62
70

Acetone

30
13
04
36
06
04
12
09
02
05
03
-

10
07
04
06
12
08
06
01
15
35
30

The effect of N2 O and CO2 on catalytic proprieties.

Catalyst

HPMo12
HPMo11 W
KPMo11 W
KFePMo11 W

T (◦ C) (%) Ethylbenzene (%) Styrene (%) Benzene (%) Ethene (%) Oxygenates
Conversion
Selectivity Selectivity Selectivity Selectivity
N2 O
CO2
N2 O CO2 N2 O CO2 N2 O CO2 N2 O
CO2
300
350
400
300
350
400
300
350
400
300
350
400

07
10
13
15
23
25
03
07
04
18
40
46

05
07
09
17
18
20
04
06
04
06
32
34

45
61
70
72
83
92
100
100
100
93
35
30

66
75
80
31
66
90
100
100
100
100
60
48

36
28
25
15
11
04
05
10
22

25
19
17
40
15
06
31
29

19
11
05
13
06
04
02
07
11

09
06
03
29
19
04
09
13

48
37

-

Oxygenates: α-methyl benzyl alcohol, acetophenone and benzoic acid

of N2 O, the reaction products are mainly styrene, benzene, α-methyl benzyl alcohol, acetophenone, ethene
and carbon oxide. Using CO2 as an oxidizing agent in
this reaction, only styrene, benzene and carbon monoxide were obtained. Table 3 summarizes the experimental
results for the conversion of ethylbenzene as well as the
styrene selectivity in the oxidative dehydrogenation of
ethylbenzene in the presence of CO2 and N2 O.
Over HPMo12 , at two reactions temperatures, ethylbenzene conversion does not exceed 10% using CO2
or N2 O as the oxidant and the highest selectivity to
styrene obtained with CO2 as oxidant was about 75% at
350 ◦ C. When one atom of molybdenum is replaced by
tungsten in Keggin structure, HPMo11 W improves the
ethylbenzene conversion significantly. At any temperature, ethylbenzene conversion is higher over HPMo11 W
than that over HPMo12 , while the styrene selectivities are

similar to those observed over HPMo12 . Substitution of
tungsten as an addendum atom produces a more favorable strong acidic sites for catalyzing dealkylation and
oxidation reactions. At 300 ◦ C, over HPMo12 , using CO2
or N2 O, ethylbenzene conversion does not exceed 7%
and the best selectivity to styrene (66%) was observed
in the CO2 atmosphere. At the same temperature, over
HPMo11 W, ethylbenzene conversion reached 17% with
CO2 and 15% using N2 O but the highest selectivity to
styrene was obtained with N2 O (72%). This behaviour
may be assigned to the increase of the Brønsted acid
when replacing Mo6+ by W6+ in the Keggin anion. 24 The
low selectivity in styrene observed at 300 ◦ C on both catalysts is attributed to the high surface acidity of catalyst
that promotes dealkylation reaction at the expense of
dehydrogenation reaction. Upon increasing the reaction
temperature, the styrene selectivity increased, which
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Figure 6.

Reaction pathways for the oxidative dehydrogenation of ethylbenzene by N2 O.

could be explained by a decrease in Brönsted acidity on
the catalyst surface. At a reaction temperature of 400 ◦ C,
over HPMo11 W, styrene selectivity using CO2 or N2 O
reached 90% and 92%, respectively, while the ethylbenzene conversion was slightly higher than those observed
at 350 ◦ C. At this temperature, the sample is decomposed in mixed oxides such as P2 O5 , MoO3 and WO3 .
This increase in styrene selectivity may be favoured by
the decrease of the acidic sites of the catalysts, thus
suppressing the dealkylation reactions compared to the
dehydrogenation reaction. Both oxidation and dealkylation reactions take place simultaneously on the surface
of the catalyst leading to styrene and benzene. The formation of benzene and ethene is a result of dealkylation
reaction predominating on acid sites, whereas on redox
sites Mo6+ /Mo5+ , oxidative dehydrogenation of ethylbenzene takes place leading to styrene or to α-methyl
benzyl alcohol, acetophenone, benzoic acid and carbon
dioxide. This suggests that both oxidative dehydrogenation and simple dehydrogenation reaction are probably
present in the catalyst when N2 O is used as the oxidant,
as shown in Figure 6.
Over KPMo11 W salt, in the presence of CO2 , the
catalytic activity is similar to that under N2 O, independent of reaction temperature. Over this catalyst,
ethylbenzene conversion was decreased dramatically
compared to those results obtained with corresponding acid (HPMo11 W). At all temperatures, ethylbenzene
conversion did not exceed 7% with N2 O and 6% using
CO2 . With KPMo11 W catalyst, at all reactions temperatures, it was found that incorporating alkaline metals

H2C CH3

CO2

HC CH2

+ CO + H2O

+ H2C=CH2
Figure 7. Reaction pathways for the oxidative dehydrogenation of ethylbenzene by CO2 .

decreased the conversion of ethylbenzene but increases
the selectivity to styrene (100%). These results suggest
that the absence of acid sites favours the oxidative dehydrogenation reactions. 24 Over KFePMo11 W catalyst,
ethylbenzene conversion increases with increasing reaction temperature, while the selectivity to styrene showed
an opposite response to temperature. The decrease in the
styrene selectivity could be attributed to two factors: an
increase in the oxidation of styrene to the oxygenate
products and dealkylation of ethylbenzene to benzene.
Under similar reaction conditions, ethylbenzene conversion was higher with N2 O as oxidant than with CO2 .
A higher selectivity to styrene was obtained with CO2
than with N2 O as oxidant at all reaction temperature and
all conversion. Carbon dioxide can react with ethylbenzene to give styrene, benzene, CO and H2 O. The reaction
seems to proceed as shown in Figure 7.
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Time-on-stream at 350 ◦ C on ethylbenzene conversion with (a) N2 O and (b) CO2 .

At 350 ◦ C, over KFePMo11 W, 40% conversion can
be obtained using N2 O but the selectivity to styrene was
dropped (35%), while the selectivity to the oxygenates
was increased (48%). This result indicated that the initial product, styrene was further oxidized to α-methyl
benzyl alcohol, acetophenone and benzoic acid when
N2 O is used as the oxidant. Under similar reaction conditions, ethylbenzene conversion did not exceed 10%,
23% and 7% with N2 O and 7%, 18% and 6% with CO2
over HPMo12 , HPMo11 W and KPMo11 W, respectively.
The KFePMo11 W was found to be active catalyst for
the ethylbenzene conversion in the presence of nitrous
oxide or carbon dioxide. However, the reaction selectivity depended strongly on the chemical environment
and redox proprieties of iron (Fe). Reaction temperature of 300 ◦ C appeared to be more selective in the
styrene formation (100% with CO2 and 93% with N2 O);
the presence of iron outside Keggin structure alters
the acid-base properties of the catalyst, which in turn
influences the catalytic behaviour. Whereas, at 350 ◦ C,
KFePMo11 W showed a higher selectivity of oxygenates
products (48%) such as α-methyl benzyl alcohol, acetophenone and benzoic acid. This suggests that iron in
this cationic site increases the acidity and accelerates
more the redox process. This has been explained by
the presence of Fe2 O3 or Fe3 O4 species which could
increase the Lewis acidity and redox proprieties. Among
the factors determining the catalytic properties of iron
HPA-based catalysts, the redox behavior of iron is
known to play a key role in oxidative dehydrogenation and oxidation of hydrocarbons in accordance with
Mars-van-Krevelen mechanism. 30 Consequently, it can
be proposed that facile redox cycle between fully oxidized and reduced iron species yields a catalyst which
is more effective.

The variation of ethylbenzene conversion was studied
as a function of the reaction time. Figure 8a shows that
the catalytic activity is initially low, then it increases
in about 1 h to a steady-state for all heteropolycompounds using nitrous oxide as the oxidizing agent. The
steady-state conversion of 40% was readily obtained
for KFePMo11 W. Whereas, with carbon dioxide (Figure 8b), the steady-state was reached only after several
hours (more than 3 h). The conversion increases from an
initial low value to the steady-state value of 30% for the
same catalyst. These results revealed that the presence
of K-Fe as counter-ions display an improved effect on
the activity and stability of the catalyst in the oxidative
dehydrogenation of ethylbenzene reaction.

4. Conclusions
Heteropolycompound catalysts were observed to react
at a relatively low temperature (300–400 ◦ C) compared
to oxide catalysts, which work at 550–650 ◦ C. Coupling the N2 O decomposition with the ethylbenzene
dehydrogenation seems to be a very effective and selective process for styrene production. The novel catalyst
KFePMo11 W exhibited high catalytic performance as
solid acids particularly for reactions in the gas phase.
The use of CO2 gas as oxidant for the oxidative dehydrogenation (ODH) ethylbenzene results in the formation
of styrene as the highly selective product.
Supplementary Information (SI)
Experimental set up and Spectra (Figures S1–S9) and Tables
S1–S3 are available as Supplementary Information at www.
ias.ac.in/chemsci.
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