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Abstract V-substituted polymolybdenum phosphoric acid (PVxMo) supported on mesoporous sil-

ica was prepared and investigated as a catalyst for the oxidation of glycerol to formic acid in a batch

operation. Different synthetic methods for PVxMo supported on mesoporous silica were compared.

Detailed characterizations of the final products were carried out by N2 adsorption and desorption,

XRD, HR-TEM, SEM, ICP-OES, XANES, NH3-TPD, and FTIR to identify the chemical proper-

ties and the porous structure of silica-supported PVxMo, as well as the strong interactions between

PVxMo with the silica skeleton. These critical properties explain the bifunctionality of silica-

supported PVxMo as a catalyst for the selective oxidation of glycerol to formic acid with standing

stability.
� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fossil fuel- derived chemicals represent the main source of
energy worldwide. However, the accelerating depletion of

fossil hydrocarbon resources has created the need to find other

sources of energy [1–3]. Additionally, the use of fossil fuel
derivatives presents a detrimental effect on the atmosphere
and the composition in CO2 (e.g., greenhouse effect and pho-
tochemical smog [4–6]). Hence, the use of bio-derived oxy-

functionalized substrates for the production of fuels and plat-
form chemicals can help overcome or relieve some of these
issues. Glycerol is readily available as a by-product (ca.

10%), derived from the biodiesel production, and can be con-
sidered as an abundant renewable source for the production of
crucial platform chemicals, materials (e.g., monomers and

polymers) and fuel additives. It has been concluded that,
as the cost of biodiesel production is still too high, its
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downstream conversion of glycerol would provide a mean to
lower the overall cost and potentially be used as an alternative
to fossil fuels [7,8].

Significant research efforts have been made on the catalytic
transformation of glycerol to downstream, value-added prod-
ucts such as propanediol, hydroxyacetone, primary alcohols

and H2. Several reaction paths have been established, some
of them involving a selective oxidation process, reforming,
hydrogenolysis, dehydration, esterification, etherification or

deoxygenation reaction. The best option for the catalytic
transformation of glycerol is via oxidation or oxidative
reforming. This can lead to the formation of acrolein, glyceric
acid, hydroxypyruvic acid, tartronic acid, glycolic acid, lactic

acid, oxalic acid, and formic acid [10–13].
The oxidative glycerol transformation for the entire process

of the formic acid production has attracted considerable inter-

est for future energy applications [14,15]. Catalytic decomposi-
tion of formic acid to produce hydrogen has been rapidly
developed during the past decade, several homogeneous cat-

alytic systems have achieved high catalytic performance [16–
22], indicative of their potential for practical applications. Cat-
alytic dehydrogenation of formic acid [23–25] allows it to be

employed as a liquid hydrogen carrier [26].
Recent studies [14,27] have been conducted to produce for-

mic acid via the selective oxidation of glycerol using a combina-
tion of heteropoly acid, as a solid acid catalyst, along with

H2O2 as an oxidant. However, heteropoly acids are neither
stable nor reusable and require a high amount of H2O2, adding
cost and creating potential barriers for practical applications

[1,15,28–33]. To overcome these drawbacks, new methods have
been developed to involve a bifunctional heterogeneous cat-
alytic reaction that can significantly improve the stability of

the catalyst and make it possible for recycling after the reaction.
For instance, Ru-based [1] and gold-based [3] catalysts provide
a relatively high formic acid selectivity (44.0 and 39.6%), but a

low degree of conversion from glycerol to formic acid (18.4 and
17.6%). In this work, we develop a direct synthetic method
[34,35] for vanadium-substituted polymolybdenum (PVxMo)
[32,36] using a mesoporous silica-supported heteropoly acid

catalyst that allows the conversion of glycerol to formic acid
in a single-step process, and with a high degree of selectivity.

2. Experimental

2.1. Materials

Molybdenum trioxide (�99.5%), vanadium oxide (�98%),
phosphoric acid (�85 wt%), tetraethyl-ortho-silicate (TEOS,

� 98%), Pluronic P123 (EO20PO70EO20) and zirconyl chloride
octahydrate (�98%) were all purchased from Aldrich and used
directly.

2.2. Catalysts preparation

2.2.1. Synthesis of PVxMo

V-substituted polymolybdenum phosphoric acid (PVxMo) was
prepared following the the literature procedure.[37] A mixture
of MoO3 and V2O5 (22.3 g of MoO3 to 1.3 g of V2O5(x = 1),

20.3 g of MoO3 to 2.6 g of V2O5(x = 2), and 18.2 g of MoO3

to 3.9 g of V2O5(x = 3), respectively) in 350 mL of deionized
(D. I.) water (Mo/V atomic ratio = 11/1, 10/2, and 9/3) was

heated to reflux. 1.7 g of aqueous 85% phosphoric acid
(H3PO4) was then added in three portions to the mixture at
10 min time intervals, followed by the addition of another

150 mL of D. I. water. The resulting mixture was stirred and
heated at reflux for 15 h. A bright orange solution was formed.
All volatiles were then removed in vacuo at 90 �C to give a

bright orange solid, identified as PVxMo.

2.2.2. Synthesis of platelet SBA-15(SBA-15-p)

Zirconium modified mesoporous silica was prepared following

the method proposed by Chen et al. [38] Initially, 2.0 g of a
Pluronic P123 triblock copolymer was dissolved in 80.0 g of
a 2.0 M HCl solution, then 0.32 g of ZrOCl2 was subsequently

slowly added to the solution, at 0 �C, under constant stirring,
for 24 h, followed by the addition of 4.3 g of tetraethyl-ortho-
silicate (TEOS). The resulting mixture was stirred for an addi-

tional 24 h, at 35 �C. The mixture was then hydrothermally
treated in a Teflon bottle, at 90 �C, for 24 h. The obtained solid
was filtered, washed with deionized water until a neutral pH
was reached. Finally, the solid product was calcined in air,

at 560 �C, for 6 h in order to remove the triblock copolymer.

2.2.3. Synthesis of supported heteropoly acid (HPA) catalysts

In this work, we introduced three different methods to prepare
our catalyst

1) One-step synthesis The PVxMo species were added

simultaneously with ZrOCl2 during the synthesis of
SBA-15-p. After adding ZrOCl2, we followed an exper-
imental protocol identical to that used for synthesizing

SBA-15-p. The catalysts were labeled as PVxMo/SBA-
15-p-DS.

2) Impregnation synthesis. The PVxMo species were dis-

solved in 3 mL of D. I. water, followed by the addition
to SBA-15-p drop-by-drop under stirred for 3 h, after
that dried at 90 �C, then the dry solid calcined to
300 �C maintained for 4 h. The catalysts was labeled as

PVxMo/SBA-15-p-IM
3) Supercritical fluid impregnation synthesis. We first added

PVxMo(aq) to SBA-15-p in a flask, put the flask into an

autoclave which contain pure ethanol, heating to 270 �C
and pressure maintains at 1200 psi for 3 h, the solid was
washed by ethanol and dried for overnight, finally cal-

cined to 300 �C maintain for 4 h, the catalysts were
labeled as PVxMo/SBA-15-p-SCF.

2.3. Characterization technique

Surface areas were determined by N2 physisorption measure-
ments at �196 �C, using a Micromeritics@ ASAP2420. Prior

to measurements, samples of the catalyst were degassed in vac-
uum, for 10 h, at 400 �C. BET surface areas of the samples
were determined by using the multipoint BET analysis method,

in the P/P0 = 0 � 1.0 pressure range.
X-ray diffraction (XRD) spectra, for all samples, were

recorded using a Bruker D8 Advanced A25 diffractometer

with a Cu K-a (1.54184 Å) radiation and operated at 40 kV
and 40 mA. Data were acquired in step scan mode, for a
10–70� range, using step intervals of 0.02� and a counting time

of 10�/min.
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FT-IR spectra were obtained using a Thermo Scientific
Nicolet 6700 with a KBr beam splitter and an ATR accessory
equipped with a diamond crystal.

NH3-TPD studies were carried out using an
ALTAMIRA-AMI200Ip instrument equipped with a thermal
conductivity detector (TCD). Before measurements, each

sample (30 mg) was placed in a U-shaped quartz tube and
complete set of samples was purged with Ar (25 mL/min
@STP) for 15 min. The set was subsequently heated to

250 �C, under a flow of H2 (50 mL/min) and kept at this
temperature for 1 h to reduce the catalyst, and then finally
cooled to 50 �C. After this pre-treatment, an ammonia-
adsorption was carried out for 1 h, under a stream of 1%

NH3/He (25 mL/min @ STP). The physically (and reversi-
bly) adsorbed ammonia was subsequently removed by a
purge with He, at a flow of 50 mL/min, for 1 h. Finally,

TPD of NH3 was carried out by heating the sample from
50 to 750 �C at a rate of 10 �C/min under a stream of He.
The temperature programed desorption of ammonia was

monitored by the thermal conductivity detector.
HR-TEM images were obtained using a Titan CT (FEI

Company) operated at 300 kV equipped with a 4 k � 4 k

CCD camera (Gatan Inc., Pleasanton, CA). Samples from
the catalyst were dispersed in ethanol by sonication. A drop
of each solution was then deposited on a 200 mesh carbon-
coated copper grid and kept for 6 h, at room temperature, to

evaporate the excess of ethanol.
The molar ratio of each element of the catalyst was deter-

mined using inductive-coupled plasma optical emission spec-

troscopy (ICP-OES, Varian 720ES). The digestion step was
obtained using 50 mg of solid catalyst dissolved in 5 mL of
69% nitric acid and 1 mL of 48% HF, at 180 �C, and kept

in a microwave digester (ETHOS 1 Milestone) for 2 h.
SEM analyses were conducted using a Zeiss Merlin system,

at ETH = 5. 00 kV.

V K-edge X-ray absorption spectra were collected in trans-
mission mode, at the National Synchrotron Radiation
Research Center (NSRRC), Hsinchu, Taiwan. Under standard
operating conditions. Photon energies were calibrated using

the K-edges of a vanadium foil, at 5.4650 keV.

2.4. Catalytic test

Glycerol oxidation reactions were carried out in a 50 mL auto-
clave reactor (Parr Instruments Co., USA) at a stirring speed
of 1000 rpm. The reaction vessel was charged with 20 mL of

10 wt% glycerol aqueous solution, 0.1 g of the catalyst, and
3 equivalent of 30 wt% H2O2 as oxidant. The complete charge
was then heated to 160 �C, and kept at this temperature for
4 h. After complete reaction and cool down to room tempera-

ture, the catalyst was removed via filtration and an analysis of
the final products was performed using high-performance
chromatography (HPLC) with an Agilent HPX-87H column,

followed by UV (210 nm) detector and refractive index (RI)
detector. H2SO4 (5 mM) was used as solvent, at a flow rate
of 1.0 mL/min, at 50 �C. The batch reactor (autoclave) was

connected with GC system (Varian GC-450) with a set of three
packed columns, ‘‘Hayesep” Q (CP81073),‘‘Hayesep” T
(CP81072), and ‘‘Molsieve” 13X (CP81073) connected with a

TCD detector to monitor the gaseous product after the
reaction.

Reusability tests were also performed on some of the (cat-
alyst) samples. Briefly, after oxidation, catalyst and product
were separated by filtration, the solid catalyst was collected

and washed with methanol three times, and dried at 90 �C
for 24 h. After this simple regeneration process, the catalyst
was again introduced to the catalytic system for another cycle.

3. Results and discussion

3.1. Catalyst characterization

Wide-angle XRD patterns of bulk PVxMo catalysts, bare

SBA-15, and PV1Mo/SBA-15-p-DS are shown in Fig. S1.
Peaks at 2h= 27.8� and 29.1� of PVMo are characteristics
of Keggin-type heteropoly acids [39]. These peaks can still be

observed with increasing V/P molar ratios [40,41]. However,
the XRD pattern observed for PV1Mo/SBA-15-p-DS synthe-
sized following a one-pot method shows a small wide peak
at 2h= 25�, suggesting the highly uniform dispersion of het-

eropoly acid PV1Mo in the mesoporous silica support. The
corresponding small-angle XRD patterns are shown in
Fig. 1, the indexed peak at 2h � 0.7� belongs to (1 0 0) planes

in the 2D hexagonal p6mm symmetry [29]. However, the XRD
peak position of PV1Mo/SBA-15-p-DS is in a slightly lower
angle than that of bare SBA-15, suggesting marginal destruc-

tion of the mesoporous nature upon loading PVxMo.
The SEM and HR-TEM images of PV1Mo/SBA-15-p-DS

are shown in Fig. 2. The PV1Mo/SBA-15-p-DS nanoparticles

with an ordered annular mesoporous structure are consistent
with the results of small angle XRD pattern [42]. Since the
PV1Mo/SBA-15-p-DS was synthesized using a one-pot
method, the porous structure is slightly different from that

of the bare SBA-15-p (Fig. S3).
Nitrogen adsorption–desorption isotherms were used to

characterize the pore structure of samples. As shown in

Fig. 3, the isotherm plots of catalysts show type IV curves with
a hysteresis loop, indicative of the mesoporous structure [43].
After loading the V-substituted heteropoly acid (PV1Mo) on

Fig. 1 Low-angle XRD of the bare SBA-15-p and PV1Mo/SBA-

15-p-DS.
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mesoporous silica (SBA-15-p), a decreased surface area was

observed (878.4–709.7 m2/g) (Table 1), which confirmed the
insertion of PV1Mo species in the mesopores of silica [44].
The elemental composition of samples were determined by

ICP-OES (Table 2), and the results showed that the one-pot
synthesis led to a decrease of the Mo/V atomic ratios, from
10.62 to 9.72 compared to those from the impregnation
method, likely due to the difficulty in inserting excess Mo into

the framework as compared to vanadium. The Keggin struc-
ture of V-substituted heteropoly acid might slightly decompose

during the hydrothermal process, and the silica skeleton

becomes more accessible for the free vanadium ion to insert
into due to its lower oxidation state and smaller size. Although
the hexagonal structure of SBA-15-p might be slightly dam-

aged in the PV1Mo doping process, the porosity of PV1Mo/
SBA-15-p-DS is similar to that of the bare SBA-15-p; the tex-
ture properties could largely be maintained during the one-pot
synthesis.

The V K-edge XANES spectra of the samples are shown in
Fig. 4. The V pre-edge features around 5480 eV can be clearly
observed in the spectra of vanadium compounds. Moreover,

the enlarged XANES main absorption edge area spectra
(Fig. 4b) indicated that its average valence state was between
tetravalent (IV) and pentavalent (V), and that the slight

amount of V4+ might be associated with the free vanadium
ion that did not belong to the heteropoly acid. However, the
valence of vanadium state of PV1Mo/SBA-15-p-DS is closer

Table 1 Texture properties.

Catalyst SBET(cm
2/g) Dp(nm) Vp(cm

3/g)

SBA-15-p 878.4 6.5 1.2

PV1Mo/SBA-15-p-DS 709.7 7.7 1.1

Fig. 2 Electron SEM (a) and TEM (b) images of PV1Mo/SBA-15-p-DS.

Fig. 3 N2 adsorption–desorption isotherm of bare SBA-15-p and PV1Mo/SBA-15-p-DS.
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to a pentavalent (V5+), which corresponds to the Kegging

structural V-substituted heteropolyacid [41].

3.2. Catalytic performance

The selective oxidation of glycerol gives an alternative syn-
thetic route for formic acid, in replacement of fossil feedstocks,
as an attractive alternative of liquid hydrogen carrier. In this

section, we aimed to produce formic acid from the glycerol
via a reusable and efficiency mesoporous heteropoly acid
catalyst.

A screening of the catalysts is shown in Table 3. Only trace
product was observed in the bare SBA-15-p system (conv.
<0.5%). The unsupported polymolybdenum phosphoric acid

(PMo) and V-substituted polymolybdenum phosphoric acid
(PV1Mo) also showed an efficient conversion of glycerol
(44.1and 62.3%, respectively), with the selectivity of formic
acid ranging from 6.1 to 22.9% (entries 2 and 4), which con-

firmed that vanadium plays a vital role in the selective catalytic
oxidation of glycerol. Meanwhile, the V-substituted heteropoly
acid catalyst exhibited catalytic activity on the mesoporous sil-

ica support (PV1Mo/SBA-15-p-DS, entry 5), with a conversion
of 57.9% and 30.6% of formic acid selectivity. On the other
hand, the unsupported bulk PV1Mo offered a smaller TOF

compared to that of the PV1Mo/SBA-15-p-DS catalyst (entries
4 and 5). This is attributed to the fact that the PV1Mo/SBA-15-
p-DS catalyst possessed a better dispersion of PVxMo species,

which provide more active sites and enhance the TOF of for-
mic acid production. In addition, the high solubility of unsup-
ported heteroploly acid in the polar reaction medium led to a
lack of reusability of the catalyst. In order to overcome these

challenges, the heterogenization of bulk HPA over high sur-
face area mesoporous silica support is an efficiency stratagem.
Especially, the PV1Mo/SBA-15-p-DS catalyst offered good

catalytic performance for the formic acid production and led
to a much higher yield of formic acid than most of the reported
methods for the selective oxidation of glycerol (Table 4). Fur-

thermore, it also showed high stability in recycling tests.

3.3. The effects of different preparation methods

For optimizing the catalytic performance of the glycerol oxida-
tion, several catalysts prepared using different methods were
compared (Fig. S6). The PV1Mo/SBA-15-p-DS showed a mar-
ginal increase in glycerol conversion, from 52 to 58%, com-

pared to that of the PV1Mo/SBA-15-p-IM catalyst, along
with an increase of selectivity to formic acid from 24 to
28%. Significantly, the PV1Mo/SBA-15-p-DS synthesized by

one-step process exhibited a more efficient catalytic perfor-
mance as compared to those of other catalysts. The direct syn-
thesis can lead to the more homogeneous dispersion of PV1Mo

species and increase of active site to improve the catalytic per-
formance. On the other hand, the direct synthesis can also pro-
vide a convenience removal of the templates, and that
physicochemical properties can remain intact. The abovemen-

Table 2 ICP-OES analysis.

Catalyst Si atomic ratio (%) P atomic ratio (%) V atomic ratio (%) Mo atomic ratio (%)

PVMo/SBA-15-p-IM 30.9822 0.1201 0.1189 1.26272

PVMo/SBA-15-p-SCF 31.4414 0.1100 0.1257 1.32991

PVMo/SBA-15-p-DS 31.5015 0.1102 0.1202 1.16834

PVMo/SBA-15-p-IM-spent* 32.4689 0.0012 0.0012 0.013

PVMo/SBA-15-p-SCF-spent* 32.8191 0.0132 0.0151 0.15959

PVMo/SBA-15-p-DS-spent* 31.7812 0.0882 0.0962 0.9347

* The spent catalysts were measured by ICP-OES after three cycles of usage.

Fig. 4 XANES of vanadium oxide references and PV1Mo/SBA-

15-p-DS (a) spectra corresponding to V K-edge, (b) Enlarged

XANES spectra of main absorption edge area of square in (a).
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tioned parameters are valuable for the development of catalyt-
ically active sites that strongly interact with the silica support

for the successful recyclability and long-term stability that can-
not be easily achieved by bulk and traditional impregnated
catalysts.

3.4. Reuse ability test

Reuse ability tests were performed for catalysts prepared using

four different methods (Fig. 5). After the first round of oxida-
tion reaction was completed, the reaction mixture was filtered,
and washed with methanol three times after each cycle at room
temperature before the next reaction. After three cycles of

usage, the PV1Mo/SBA-15-p-DS catalyst still allowed 85%
of the glycerol to be converted, together with approx. 70% for-
mic acid selectivity, compared to those of fresh catalysts. In

contrast, PV1Mo/SBA-15-p-IM and PV1Mo/SBA-15-p-SCF
lost their stability and activity (Fig. S7) for the subsequent oxi-

dation of glycerol to formic acid. These observations may be
explained by the weak interaction between HPA and the sup-
port material (SBA-15-p), resulting in the leaching of PV1Mo

in the reaction medium as evidenced by the dark blue color
of the filtrate recovered from the reaction.

3.5. The effects of varying the content in vanadium

The acidic properties were evaluated using an NH3-TPD tech-
nique to investigate the acidic strength of samples. Results are
presented in Fig. 6. The acidic strength of catalysts follows the

trend of PV3Mo > PV2Mo> PV1Mo. The acidity increased
with the increasing amounts of vanadium. Fig. 7 shows

Table 3 Catalyst screen.

Selectivity (%)

Entry Catalyst Conversion (%) FA GLYA HAA CO2 Carbon Balance (%) TOF (h�1)

1 SBA-15-p <0.5 – – – – – –

2 PMo 44.1 6.1 54.6 6.6 11.0 78.4 26.7

3 PMo/SBA-15-p 22.0 6.3 55.2 5.2 9.2 75.9 144.6

4 PVMo 62.3 22.9 24.9 19.0 20.6 87.4 141.7

5 PV1Mo/SBA-15-p-DS 57.9 30.6 23.1 25.8 12.1 91.6 616.0

*Reaction conditions: 10 wt% glycerol(aq) 20 mL, catalyst 0.1 g, 30 wt% H2O2(aq) 7.3 g, under stir at 160 �C, for 4 h in autoclave.

*FA= Formic acid, GLYA=Glyceric acid, HAA=Hydroxyactic acid.

*TOF calculated on the basis of total loading of heteropoly acid towards formic acid.

Table 4 Catalytic performance in comparison with other performances from other reported studies.

Catalyst Gly. Con. (%) FA. Sel. (%) TOF (h-1) Refs.

Ru(OH)4/r-GO 18.4 44.0 81 Xu et al. [1]

Au/Al2O3 14.6 39.6 487.1 Skrzy´nskaa et al. [3]

Cu/Al2O3 36 23 395.4 Schünemann et al. [9]

PVMo/SBA-15-p-DS 57.9 30.6 616.1 Present work

Fig. 5 Re-use ability test for PV1Mo/SBA-15-DS. Fig. 6 NH3-TPD of Catalysts with different vanadium ratio.
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PVxMo/SBA-15-p-DS’s catalytic performance for the conver-
sion of glycerol to formic acid with various vanadium content
An increase in the conversion of glycerol from 58 to 74% was

found when the amount of vanadium was increased (from
x = 1 to x = 3). However, the selectivity to the formic acid lin-
early decreased from 28 to 9% at the cost of CO2 formation

due to over-oxidation. Increasing the loading of vanadium
may destroy the Kegging structure, which caused the free
vanadium ions leaching from the silica-supported framework.

The free vanadium ions possess high oxidative capability and
also introduce a stronger acidity of the catalyst, which are
responsible for the over-oxidation of glycerol, and/or the
oxidative dehydration of glycerol to CO2.

3.6. Proposed mechanism

Based on the results obtained for time-on-stream studies

(Fig. 8), the conversion of glycerol increases as the reaction
time increases, and that the selectivity of each product changes
with the time of reaction were identified. In the first stage of

the process, the glyceric acid (GLYA) is the major intermedi-
ate product of the oxidation reaction, and subsequently,
GLYA is consumed with more formic acid (FA), hydorxyactic

acid (HAA) and CO2 produced as time prolongs. Taking this
into account, we propose the mechanism under our reaction
conditions presented in Scheme 1. Glycerol is first oxidized

to GLYA, followed by the oxidative cleavage to form FA
and HAA [45,46]. Formic acid can be oxidized to the gaseous
product, CO2, over time. Consistent with the work of Pul-

laniket et al. [28], it is difficult further selectively convert
HAA to formic acid. The results of the time on streams studies
show that the selectivity of formic acid starts to decrease after

4 h of reaction time while the selectivity towards HAA and
CO2 keep increasing.

4. Conclusions

Anewmesoporous silica supported heteropoly acid catalyst was
synthesized successfully through one-pot synthesis. The PV1-
Mo/SBA-15-p-DS catalyst shows a good performance in the

selective oxidation of glycerol to formic acid (60% conversion
and 30% selectivity). Our studies reveal that vanadium is the
key factor in the oxidation process. However, an excess amount

of vanadium leads to the over-oxidation that reduces the selec-
tivity for formic acid. In comparison, catalysts prepared using
the traditional impregnation method (PV1Mo/SBA-15-im)

exhibited weak interactions between the active PVxMo species
on the support material, causing a loss of activity during recy-
cling. In summary, themesoporous silica supported PVxMo cat-

alyst prepared using the one-pot method offers good reusability
and stability for the selective oxidation of glycerol.
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