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A series of alumina-supported polyoxometalate (Al,O3-supported POM) catalysts was prepared by the
impregnation method for the liquid phase catalytic oxydehydration of glycerol to acrylic acid in a batch
reactor at low temperature (90°C). The effect of types of polyoxometalate (POM) catalyst (PW, PMo, and
SiW) and loading (2-8 wt.%) on the conversion and product yield was investigated. In the presence of
Al,03-supported POM catalyst, besides acrylic acid, various other higher market value products were

generated, such as glycolic acid, propanediol, formic acid, acetic acid, and acrolein. The acid strength
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of Al,03-supported POM catalysts played an importance role on the conversion and product yield of
the oxydehydration of glycerol. Among the utilized Al,0s3-supported POM catalysts, SiW/Al,03 at 4 wt.%
loading exhibited the highest glycerol conversion of about 84% with a yield of acrylic acid of around 25%.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Glycerol is identified as one of the top biorefinery feed stocks
in this decade [1]. Typically, it can be produced by either micro-
bial fermentation [2], or by chemical synthesis from petrochemical
feedstocks such as the oxidation or chlorination of propylene [3].
Also, it can be recovered as a by-product of either soap production
by saponification or biodiesel production by transesterification of
triglycerides from vegetable oils or animal fats [4]. Approximately
100 kg of glycerol is generated when a ton of biodiesel is produced.
Any further increase in biodiesel production rates will significantly
raise the quantity of glycerol above the demands and so decrease
its economic value. Therefore, using the growing supply of glycerol
is a logical step in moving toward a more sustainable economy. In
order to find new uses of glycerol, for making biodiesel production
more cost effective, various previous research efforts have focused
on transforming glycerol into more valuable chemicals such as
propanediol [5-10], synthesis gas [11-15], acrylonitrile [16,17], or
liquid fuels [18-21].
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Acrylic acid is one of the most interesting and important chem-
icals that is widely used in adhesive, paint, plastic, and rubber
synthesis. Typically, acrylic acid can be produced by the oxidation
of acrolein over various types of mixed oxide catalysts [22-25]. It
can also be produced from glycerol via a two-step reaction pro-
cess including dehydration of glycerol into acrolein and oxidation
of acrolein into acrylic acid by either using a single bifunctional cat-
alyst via the one-pot approach or by using a process that involves
two separate steps [16]. For the one-pot approach, the iron oxide
(FeOy) domains on the surface of an iron orthovanadate (FeVOy4)
phase exhibited a better catalytic activity for the oxidative dehy-
dration than FeOy catalyst prepared by impregnation and a mixture
of FeVO,4 and Fe,03 [26]. High acrylic acid yields up to 14% were
obtained in a fixed-bed reactor at 300°C with a feed composition
N,:0,:H,0:glycerol =66.6:1.7:30.3:1.5. The hemihydrate VOHPO,4
0.5H,0 oxide emerged as the best catalyst for complete dehydra-
tion of glycerol at 300°C in a gas-phase fixed-bed reactor [27].
The addition of oxygen helped maintain an oxidized state of the
catalyst and eliminated coke formation [28]. However, this cata-
lyst was less active toward the one-step conversion of glycerol to
acrylic acid due to its low oxidation ability. In gas phase reaction
at 300°C over MoVTeNDbO catalysts, almost complete conversion
of glycerol (99.6%) was achieved with a high yield of acrylic acid
(28.4%) [29]. However, this was accompanied by a high yield (up to
23%) of undesired acetic acid byproduct. W—V—O0 bronze catalysts


dx.doi.org/10.1016/j.molcata.2013.09.023
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2013.09.023&domain=pdf
mailto:mali.h@chula.ac.th
dx.doi.org/10.1016/j.molcata.2013.09.023

50 S. Thanasilp et al. / Journal of Molecular Catalysis A: Chemical 380 (2013) 49-56

with hexagonal tungsten bronze (HBT) structure and a V/(W +V)
ratioin the range of 0.12-0.21 allowed the consecutive one-pot oxi-
dation of acrolein into acrylic acid with up to 25% yield [30]. High
acrylic acid yield up to 34% was obtained at 290 °C by incorporation
of Nb>* into the tri-component bronze structure (W—V—Nb) with
atomic ratios V/(W+V+Nb)=0.13 and Nb/(W+V+Nb)=0.13 [16].
To increase acrylic acid yield, a two-bed system was used to convert
glycerol to acrolein over azeolite catalyst followed by selective oxi-
dation of acrolein to acrylic acid over a V—Mo oxide catalyst [31].
Complete conversion of 10-30 wt.% glycerol with high selectivity
to acrolein up to 81 mol% was achieved with medium pore zeolites
(HZSM-5) at 300°C. A separated-sequential bed system provided
high selectivity for acrylic acid up to 98% but low acrolein conver-
sion of 48%. Although this system can maximize the acrylic acid
yield and avoid the oxidation of glycerol in the second bed, the oxi-
dation of acrolein to acrylic acid required high catalyst loading up
to 48 wt.%, resulting in the agglomeration of the mixed oxide phase.
In addition, the presence of high vanadium content in the second
reactor can promote the decomposition/evolution of the “surface
pools” into small oxygenates such as acetaldehyde, acetol, acetic
acid, and coke deposits that readily leads to catalyst deactivation
[31].

In the present work, Al,03-supported POM catalysts are used
in a one-pot process for the liquid phase conversion of glycerol
to acrylic acid, with the goal to simplify the process and reduce
the capital cost of the process. The influence of catalyst types, cata-
lyst loadings, and reaction time on glycerol conversion and product
yields is investigated. Finally, a reaction pathway of glycerol oxy-
dehydration in the presence of Al,03;-supported POM catalysts is
proposed.

2. Experimental
2.1. Catalyst preparation and characterization

Three types of commercial polyoxometalate (POM) includ-
ing phosphomolybdic acid (H3PMo1,049-xH,0, PMo), phospho-
tungstic acid (H3PW;3049-xH,0, PW), and silicotungstic acid
(H4SiW12040-xH50, SiW) were impregnated on commercial Al;03
(pore diameter of 5.8 nm; Sigma-Aldrich® INC.) by the incipient
wetness impregnation method at constant POM loading of 30 wt.%.
Initially, 2.14 g of POM was dissolved thoroughly in 5ml distilled
water at room temperature. Then, approximately 5 g of Al,03 was
added slowly into this solution. The obtained slurry was stirred at
constant rate of 200 rpm at room temperature for 1 h. The ready-to-
use supported POM catalysts were obtained after drying at 110°C
for 20 h followed by calcination at 400 °C for 4 h. The BET surface
area, pore volume, and average pore diameter for fresh solids were
derived from nitrogen adsorption isotherms measured at —196°C
(Micromeritics ASAP 2020). Prior the measurement, each sample
was degassed at 200°C for 4 h. The average pore diameters were
calculated according to BJH method. The phase structures of the
catalysts were determined based on powder X-ray diffraction pat-
terns (XRD) on a Siemens PE-2004 X-ray diffractometer using Cu
Ko (A =0.15406 nm) radiation operated at 40kV and 20 mA. The
local interactions in PW/Al,03 and PMo/Al,03 were determined
by 3P MAS NMR spectra on a Varian INOVA-500 MHz spectrometer
with CP/MAS solid-probe and nano-probe with the Larmor frequen-
cies of TH and 3'P at 500.16 MHz and 202.46 MHz, respectively.
The local interaction in SiW/Al,03 was probed by 22Si MAS NMR
spectra on a Varian INOVA-500 MHz spectrometer with CP/MAS
solid-probe and nano-probe with the Larmor frequencies of 'H
and 29Sj at 500.15 MHz and 99.36 MHz, respectively. The acidities
of all supported POM catalysts were determined by temperature-
programmed desorption of ammonia (NH3-TPD) in a fixed-bed

continuous flow microreactor at atmospheric pressure equipped
with TCD detector. 50 mg of catalysts were pretreated at 200°C
for 60 min under He flow. After cooling down to room temperature
under He flow, NH3; chemisorption was carried out by passing He at
a flow rate of 30 ml/min first through a saturator containing NH4,OH
solution at room temperature, then through a moisture trap. The
NHs3-saturated He stream was then passed through the catalyst bed
for 30 min at room temperature. Finally, the reactor was purged
with pure He flow at room temperature for 30 min. The catalysts
were then heated under He flow (30 ml/min) up to 700°C with a
linear heating rate of 10 °C/min, and the temperature-programmed
desorption of NH3 was measured using a TCD detector.

To determine the amount of oxygen adsorbed/desorbed on
the surface of the supported POM catalysts, the temperature-
programmed desorption of oxygen (O,-TPD) was carried out in
fixed-bed continuous flow microreactor at atmospheric pressure
equipped with TCD detector, using 5% O, in He at various adsorp-
tion temperatures. Prior to desorption, the O,/He flow was passed
with a flow rate of 30 ml/min through the catalyst bed at 200 °C for
60 min. The catalysts were then heated under He flow (30 ml/min)
up to 1000°C with a linear heating rate of 10°C/min. The struc-
tural integrity of the Keggin units in supported POM catalysts was
characterized by Fourier transform infrared (FT-IR) spectroscopy,
recorded on a Perkin Elmer Spectrum One instrument.

2.2. Catalytic activity test

Catalytic oxydehydration of glycerol to acrylic acid was carried
outinaliquid phase batchreactor system at 90 °Cand ambient pres-
sure. The mole ratio of glycerol and H,0, was fixed at 1:2. Initially,
30 ml of 20 wt.% aqueous glycerol solution (99.5% (v/v), Fisher) was
mixed with the desired quantity of supported POM catalyst (0.15 g,
0.30g, and 0.60g or 2wt.%, 4wt.%, and 8 wt.%, respectively) in a
500 ml three-neck round bottom flask equipped with a reflux con-
denser and stirrer. The temperature of the system was raised to
90°C by an external electrical heater. When the required temper-
ature was reached, 12.72 ml H,0, (Fisher) was added slowly. The
reaction was monitored by taking liquid samples of about 1.0 ml at
regular time intervals until 4 h of reaction time had elapsed. To ter-
minate the reaction, the liquid product samples were quenched in
an ice-water trap at a temperature of 0-5°C and then centrifuged
on a Hermle Z206A Digital Laboratory Centrifuge to separate the
solid catalyst from the aqueous product. To identify all generated
products, a GC-MS (GC 7890A/MS 5975C, Agilent technologies)
equipped with DBwax capillary column was used. The quantities
of the desired products including glycolic acid, formic acid, acetic
acid, acrolein and acrylic acid were quantitatively analyzed by
high performance liquid chromatography (HPLC, Waters 410 HPLC
controller) equipped with a refractive index detector in series. A
Phenomenex Luna 5 pwm C18 (2) 100 (25 cm x 4.6 mm) was used as
separating HPLC column.

3. Results and discussion
3.1. Properties of fresh supported POM catalyst

Textural properties for supported POM catalyst immobilized
on Al,03 support derived from nitrogen physisorption isotherms
are summarized in Table 1. The BET surface area, pore volume as
well average pore diameter of all Al;O3-supported POM decreased
significantly compared to the original POM-free supports. The
decrease in BET surface area may be attributed to the support pores

blocking by active POM. This is because the pores of Al 05 are 5.46 A

and the Keggin unit diameter is ~12 A [32]. Thus, it is reasonable to
conclude that the pores are blocked by the active phase.
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Table 1
Textural properties of Al,03 and Al,03-supported POM.

Catalysts BET surface Pore volume Average pore
area (m?/g) (cm?/g) diameter (A)

Al;,03 267.8 0.229 5.46

PW/AL, 03 227.4 0.156 4,53

PMo/Al, 05 221.5 0.143 4.26

SiW/Al, 03 214.6 0.128 4.11
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Fig. 1. XRD patterns of Al03, POM catalysts and Al,03-supported POM catalysts at
30 wt.% POM loading.

Prior to testing the activity of supported POM catalysts, their
identities and characteristics of as-prepared catalysts were first
characterized. As shown in Fig. 1, the XRD pattern of Al,03 was
amorphous and showed no crystalline phase. Among the non-
supported POM catalysts, the PW catalyst demonstrated the sharp
peaks of Keggin-type PW phase at 26 of 10.3 and 25.3 (PDF 75-
2125). The PMo revealed the characteristic peaks at 26 of 27.3 and
23.3, indicating the presence of MoO3 phase (PDF 89-7112). For
SiW, the XRD pattern showed the peaks at 26 of 27.3°, assigned
to the SiW hexahydrate [34]. However, for Al; O3-supported POMs,
the patterns resembled that of Al;03 and no characteristic peaks
assignable to the utilized POMs were observed, suggesting that the
POM catalysts were highly dispersed on the alumina surface.

To confirm the presence of the Keggin anions on the Al,03 sur-
face, FT-IR spectra were recorded (Fig. 2). The blank Al, O3 displayed
the broad absorption bands at 3300-3700cm~! and at around
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Fig. 2. FT-IR spectra of Al,03 and Al,03-supported POM catalysts at 30 wt.% POM
loading.
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Fig. 3. 3'P MAS NMR spectra of PW/Al,03 and PMo/Al, O3 catalysts at 30 wt.% POM
loading.

1650cm™!, assigned to hydroxyl group O—H vibration. The broad
overlapping peaks in the lower frequency range (500-1000cm™1)
were due to the presence of Al—O (780 and 690cm~!) infrared
vibrations. For supported POM catalysts, besides the main char-
acteristic peaks of Al;03, additional peaks were observed. The
polyanions (PWi,0403~) consisted of a PO, tetrahedron sur-
rounded by four W3013 groups formed by edge-sharing octahedral
was observed for PW. These groups are connected to each other
by corner-sharing oxygens [33], and this arrangement gives rise
to four types of bands between 1200 and 700cm~!. The bands
observed at 1079cm~1, 983 cm~! and 878 cm~! are related to the
asymmetric stretching of P—0O, asymmetric stretching of termi-
nal oxygen (W=0;) and asymmetric stretching of center oxygen
(W—0—W), respectively. Also, a shoulder peak a wave number
797 cm~! can be assigned to the asymmetric stretching of edge
oxygen (W—0.—W)[35,36]. For PMo/Al, 03, the main characteristic
bands of the Keggin units at 1078 and 963 cm~! were assigned to
the asymmetric stretching of P—O and center oxygen (Mo—0O.—Mo),
respectively. The weak shoulders at 876 and 785 cm~! were related
to the symmetric stretching of terminal oxygen (Mo—O¢) and edge
oxygen (Mo—0.—Mo), respectively [37,38]. For SiW/Al, 03, the par-
ent [SiW1,049]* Keggin structure displayed the characteristic
bands due to W—0—W vibrations of edge- and corner-sharing WOg
octahedra linked to the central SiO4 tetrahedral [39,40]. As demon-
strated in Fig. 2, the stretching modes of edge sharing (W—0.—W)
and center sharing (W—0O.—W) units emerged as shoulders at 793
and 872 cm™!, respectively, whereas the Si—O stretching modes
appeared at 931 and 974cm~'. According to the obtained FT-IR
results, it can be confirmed that the POMs supported on Al,03
retained their Keggin structures under our preparation procedure.

In order to examine the local interactions and structural changes
in PW/Al,03 and PMo/Al,03 catalysts and its support, 3P MAS
NMR spectroscopy was utilized (Fig. 3). For unsupported PW, a sin-
gle symmetry narrow peak was observed at —16.1 ppm, indicating
the presence of PW in hexahydrated form. The PW1,0403~ anions
in the hexahydrate are packed in a cubic structure and all acidic
protons are presented in the form of H50,* cations [41]. In the
case of PW/AI,03, a down field shift of the peak to —14.2 ppm was
observed. This might be attributed to the partial loss of some water
molecules from the PW crystallites during the immobilization of
PW onto the Al,03 support during impregnation [42]. In addition,
the down field chemical shift of the peak in 3'P MAS NMR spectrum
indicated the interaction of PW with the Al,03 support. This shift
behavior was also observed during the immobilization of PW onto
another support such as SiO; [41,43,44]. The fact that single peaks
were observed in the NMR spectra for both PW and PW/AI, O3,
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Fig. 4. NH5-TPD profiles of POM catalyst and Al,0s-supported-POM catalysts at
30wt.% POM loading.

suggests the uniformity and high symmetry of the crystal structure
in which all polyanions are equally hydrogen bonded by H50,*
cations. In the case of PMo, the fresh unsupported PMo exhibited an
almost symmetric resonance peak at a chemical shift of —5.1 ppm,
indicating the presence of phosphorous in the tetrahedral position
of the Keggin structure [45] or a uniform phosphorus environment
in the highly hydrated structure of PMo [46]. A smaller shoulder
peak close to the main peak at a chemical shift of —4.6 ppm was
attributed to a non-uniform hydration of the sample [47]. The 31P
NMR spectrum of PMo/Al,03 shifted considerably toward lower
field at a chemical shift of —4.6 ppm, caused by loss of water as
well as the interaction between the Keggin unit and the Al,03
support [45]. For investigating the local interaction and structural
changes in the SiW/Al, 03 catalyst, 2°Si MAS NMR spectroscopy
was utilized instead. No peaks assigned to the main characteristics
of SiW in the NMR spectrum of either SiW or SiW/Al,03. In the
case of 29Si NMR spectroscopy, low isotopic abundance, a small,
negative magnetogyric ratio, and long relaxation times contribute
to experimental difficulty [48].

The surface acidity of the utilized POMs and the supported POM
catalysts was determined by NH3-TPD analysis as shown in Fig. 4.
Theoretically, acid sites can be classified as weak- (150-300°C),
medium- (300-500°C) and strong- (500-650 °C) strength [49]. For
PW, two broad NH3-TPD peaks appearing at the temperatures of
280 and 610°C indicated the presence of medium- and strong-
strength acid sites. On the supported PW/Al, 03 sample, both peaks
shifted to lower temperatures and lost some intensity, indicating
a weakening of the acid sites due to interactions with the alumina
support. For PMo, peaks assigned to weak- and medium-strength
acid sites appeared at 189 and 352 °C. On the supported PMo/Al,03
sample, the peaks shifted to slightly lower temperatures and lost
considerable intensity, again indicating loss of acid strength due to
interactions with the support. SiW gave peaks at 203 and 388 °C.
Upon supporting SiW on Al,03, the medium strength peak lost
most of its intensity but appeared to shift toward higher tempera-
ture (~475°C).

As summarized in Table 2, the total acidity of the POM catalysts
was in an order of PW > SiW >PMo, consistent with that reported
by Shen et al. [17]. When POMs were impregnated on the surface
of Al,03, the intensity of TPD peaks was reduced and shifted to
low temperature indicating the decrease in acid concentration and
acidity strength of Al,03-supported POM catalysts. However, the
acidities of the POM catalysts were still greater than that of pure
Al,03. Atia et al. suggested that the addition of POM did not intro-
duce any new acid sites on support surface, but led to areplacement

PW

PMo

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 5. 0,-TPD profiles of POM catalysts and Al,0s3-supported-POM catalysts at
30 wt.% POM loading.

by other acidic sites [49]. The weak interaction of Al,03 with the
POM kept its Brensted acid character and led to an increased pro-
portion of medium- and strong-strength acid sites. In this case, a
portion of the POM would loosen its acidity due to the distortion of
the Keggin structure.

The O,-TPD spectra of the unsupported POM catalysts and
Al,03-supported POM catalysts after O, adsorption at different
temperatures are shown in Fig. 5 and Table 3. The results show that
both POM and Al,O3-supported POM catalysts have the ability to
adsorb and desorb O,. The total O, desorption of the POM catalysts
was in an order of SiW > PW > PMo, suggesting that the Siw demon-
strated the highest reducibility or oxidative ability. When POMs
were impregnated on the surface of Al,03, a similar trend of oxida-
tive ability was still observed. That is, the total O, desorption was
in the order of SiW/Al,03 > PW/Al,03 > PMo/Al,03. Nevertheless,
the quantities of the total O, desorption were reduced, indicating
the decrease in adsorption/desorption strength of Al,O3-supported
POM catalysts.

3.2. Catalytic activity test

3.2.1. Preliminary activity test

The initial activity tests of catalytic oxydehydration of glycerol
were carried out in a batch reactor at a temperature of 90°C at
ambient pressure in the presence of 2 wt.% Al,O3-supported POM
catalysts at reaction times of 2 h. As clearly demonstrated in the
GC-MS spectra (Fig. S.1), besides the preferable compound (acrylic
acid), several other products were detected in the GC-MS chro-
matogram. In the presence of all Al,03-supported POM catalysts,
C1—C3 oxygenated products (formic acid, acetic acid, hydroxy-
acetic acid or glycolic acid, acrolein, and acrylic acid) as well as
higher cyclic molecules (5-hydroxy-1,3-dioxolane, 5-hydroxyl-2-
methyl-1,3-dioxane, benzoic acid) were generated. In addition,
some oxygenated products including 1-hydroxyl-2-propanone or
acetol, propanoic acid, 2,3-dihydroxyl-propanal and hydroxyacetic
acid (glycolic acid) were found in the presence of either PW/Al,03
or SiW/Al, 03, while 2-ethoxyethanol was observed in the presence
of SIW/A1203

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.molcata.
2013.09.023.

3.2.2. Effect of parameters on catalytic oxydehydration of glycerol
Fig. 6 shows the conversion and desired product yields as a

function of time in the presence of all the Al,03-supported POM

catalysts at 4wt.% catalyst loading, 90°C, and ambient pressure
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Table 2
NH;3-TPD results for Al,03, POM catalysts and Al,O3-supported POM catalysts.

Catalysts NH;-TPD peak Acid amount Total acidity (mmol NH3/g Total acidity? (mmol NHs/g
position (°C) (mmol NH3/g Cat.) Cat.) (measurable) Cat.) (theoretical)
PW 280 3.73 (204-445°C) 4.92 -
610 1.19 (540-664°C)
PMo 189 2.28(151-257°C) 3.14 -
352 0.88(311-410°C)
Siw 203 2.88(108-303°C) 3.81 -
391 0.93(351-439°C)
PW/AL, 03 214 1.24 (62-370°C) 1.51 1.95
550 0.27 (510-641°C)
PMo/Al, 03 176 0.66 (101-290°C) 0.86 1.42
387 0.20(297-501°C)
SiW/Al, 03 191 1.19(110-356°C) 1.42 1.62
469 0.23 (390-543°C)
Al,05 151 0.50 (46-275°C) 0.68 -

330 0.18 (275-453°C)

2 30 wt.% the different POM catalysts of support.

in the presence of 2.74M H,0, with glycerol concentration of
20 wt.%. Glycerol conversion increased initially with the increas-
ing reaction time and then leveled off at reaction times longer
than 120 min. With regards to the variation of product yield, the
yields of acetic acid, glycolic acid and formic acid increased with
increasing reaction time. The yield of acrylic acid was low during
the first 90-120 min of reaction time, while a high yield of acrolein
was obtained during the same period. However, at longer reaction
times, the yield of acrolein decreased, whilst the yield of acrylic acid
increased. This implies that acrolein was oxidized to acrylic acid in
the presence of Al,O3-supported POM catalysts [24,25].

Table 4 summarizes the glycerol conversion as well as the yield
of desired products at 240 min of reaction time in the presence
of different types and loadings of Al,03-supported POM catalysts.
Approximately 9.3% of glycerol can be converted in the absence of
catalysts (blank test). The carbon balance (C balance) reported as
the percentage of carbon accounted for the system (only the desired
liquid products) at the end of 240 min was approximately 22%. The

Table 3
0,-TPD results for Al;03, POM catalysts and Al,O3-supported POM catalysts.

difference in mass balance is expected for the conversion of car-
bon atom in glycerol molecule to undesired products (both in gas
and liquid phases) such as acetaldehyde, propanal, propanoic acid,
propane-1,2-diol, propane-1,3-diol, 5-hydroxy-1,3-dioxolane, 5-
hydroxyl-2-methyl-1,3-dioxane, benzoic acid as well as CO,. In
the presence of solely Al,03, the conversion of glycerol increased
significantly. The glycerol conversion nearly doubled as the Al,03
loading was increased from 2 to 4 wt.%. This might be attributed
to the presence of acid sites on the Al,03 surface, enhancing
the dehydration of glycerol to other substances. However, fur-
ther raising the Al;03 loading from 4 to 8 wt.% resulted in only
a slight further increase of glycerol conversion, most likely due to
mass transfer effects or limited availability of H,0O, in the system.
Approximately 40-42% of converted carbons were transformed to
the desired products. In the presence of Al,03-supported POM
catalysts, the glycerol conversion was greater than that in the pres-
ence of solely Al,O3 for all catalyst types and loadings. This is
because the Al,03-supported POM catalysts had more opportunity

Types of catalyst 0,-TPD peak

position (°C)

0, desorption (mmol O, /g Cat.) Total O, desorption

(mmol O,/g Cat.)

PW 220
534
PMo 153
482
Siw 226
523
PW/AL, 03 174
539
PMo/Al, 05 181
325
548
SiW/AL 05 159
379
508
AL, 05 139
208
707

0.006 (213-398°C)
0.009 (649-851°C)

0.084 (104-319°C) 0.123
0.039 (386-650°C)
0.031 (145-256°C) 0.090
0.059 (397-549°C)
0.096 (124-313°C) 0.185
0.090 (365-669°C)
0.039 (101-147°C) 0.075
0.037 (404-678°C)
0.024 (119-148°C) 0.047
0.015 (158-401°C)
0.007 (454-667°C)
0.066 (119-275°C) 0.102
0.023 (281-479°C)
0.013 (488-525°C)
0.063 (68-221°C) 0.079
(
(
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Table 4

Effect of catalyst types and loadings on the performance of glycerol oxydehydration over Al,03-supported POM catalyst at temperature 90 °C and 240 min.

Types of catalyst Loading (wt.%) Glycerol conversion (%)

Carbon balance (%)°

Product yield (%)

Glycolic acid Formic acid Acetic acid Acrolein Acrylic acid
Blank® - 9.27 22.21 0.29 0.52 0.55 0.16 0.67
Al,03 2 36.94 40.30 3.50 1.23 4.69 1.15 431
4 63.51 42.49 6.64 3.40 7.29 2.08 7.59
8 65.69 40.01 6.53 3.20 7.18 1.92 7.46
PW/AI,05 2 44.10 80.20 8.95 4.42 13.79 1.09 9.60
4 72.93 86.26 15.07 9.17 23.19 3.48 16.20
8 74.34 82.40 14.77 8.82 2244 2.92 15.90
PMo/Al, 05 2 43,52 89.10 6.76 5.24 14.93 0.66 3.17
4 66.62 87.40 13.07 10.32 31.10 1.28 6.30
8 67.88 85.81 12.43 10.22 30.43 1.49 6.25
SiW/Al, 05 2 47.19 80.75 7.80 431 11.72 2.27 12.01
4 83.78 80.02 15.34 7.90 18.83 5.44 25.11
8 83.19 83.56 14.23 7.38 18.13 4.80 24.96

2 Reaction at 90 °C for 240 min in the presence of only 2.74 M H,0,.
b Percent of carbon accounted after 240 min of reaction.
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Fig. 6. Variation of (®) glycerol conversion and yields of (O) glycolic acid, (A) formic
acid, (x) acetic acid, (+) acrolein and () acrylic acid as a function of time of glycerol
oxydehydration over (a) PW/AI, 03, (b) PMo/Al;05 and (c) SiW/Al,05 at 90°C and
4wt.% catalyst loading.

to dehydrate glycerol due to their higher acid strengths compared
with Al,03 (Table 2). The glycerol conversion increased signifi-
cantly as the catalyst loading doubled from 2 to 4wt.%. Further
increase of the catalyst loading up to 8 wt.% resulted again in only
a slight further increase of glycerol conversion similarly to the
trend of glycerol conversion in the presence of high Al,03 load-
ing. Although SiW/Al,03 had lower acid strength than PW/AI, O3,
it gave higher glycerol conversion under the same operating con-
ditions. This could be due to the fact that SiW has better stability
than PW under high reaction temperatures in aqueous media [33],
resulting in a better chance to supply strong acid protons for the
dehydration reaction of glycerol. PMo/Al,03 had the lowest glyc-
erol conversion compared with other utilized catalysts due to its
low acid strength and thermal stability [50]. The carbon balance is
attained more than 80% in each run, indicating that less than 20%
of carbon was converted to undesired products.

With regard to the product yield of catalytic oxydehydration
of glycerol, in the blank experiment less than 0.7% of each of the
measurable detected products was formed (Table 4). When 2 wt.%
Al,03 was added, the yields of glycolic acid, acetic acid and acrolein
increased significantly. Increasing the Al,03 loading from 2 to
4wt.% resulted in a yield increase of nearly a factor of two. Fur-
ther increasing the Al;03 loading to 8 wt.% led to a slight decrease
of all desired products and an increase of other products. In the
presence of Al,O3-supported POM catalysts, the yield of all desir-
able products increased considerably when the catalyst loading
was increased from 2 to 4wt.% but the yield decreased some-
what when the catalyst loading was further increased to 8 wt.%,
similar to the change of product yield observed in the presence
of solely Al;03. One possible explanation is that at high cata-
lyst loading the larger number of acidic sites or higher oxidative
ability accelerates the oxydehydration of glycerol to other unde-
sired products. However, it is also possible that this decrease in
yield of desired products at high catalyst loading is due to the low
mass transfer rate of reactants to the catalysts surface or the lack
of sufficient oxidizing agent (H,0,). This hypothesis was already
tested by increasing the amount of H,0, from 2.74 M to 6.85 M. In
the presence of 4 wt.% SiW/Al,03 catalyst, the conversion of glyc-
erol increased from 83.78% to 93.78% while the yield of acrolein
decreased from 5.44 to 2.79% and the yield of acrylic acid from
25.11 to 17.86%. However, the presence of such high concentrations
of H,0, could lead to dangerous reaction conditions. Therefore,
for safety reasons, the reaction was carried out with 2.74M H,0,.
Table 3 also shows that high quantities of acetic acid are gen-
erated in the presence of all Al,05;-supported POM catalysts, in
the order of PMo/Al,03 > PW/Al, 05 >SiW/Al, 03, in reverse order
to their oxidative ability. Among the catalysts investigated, the
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Scheme 1. Proposed reaction pathways of oxydehydration of glycerol. The products detected by GC-MS are indicated by dashed lines.

SiW/Al, O3 catalyst gave the highest production yield of acrylic acid
of around 25.1% at a catalyst loading of 4 wt.%, thanks to its mild
acidity and high oxidative ability.

3.2.3. Reaction mechanism of oxydehydration of glycerol

As detected by GC-MS chromatogram, a large number of com-
pounds were generated in the catalytic oxydehydration of glycerol
via Al;03-supported POM catalysts at low temperature in liquid
phase. Compared to glycerol, all of these formed compounds have
many hydrogen and oxygen substitutions with C,-Cg carbon com-
pounds being principally formed. While some of these compounds
have known reaction pathways from glycerol, others do not. To
optimize or standardize the oxydehydration of glycerol over the
Al,03-supported POM catalyst, it is important to know, and so to
evaluate, the mechanisms of synthesis of these compounds from
glycerol. However, it is still difficult to deduce the exact synthesis
route of each compound from glycerol because some intermediate
products cannot measure. Rather, a hypothetical general scheme
(Scheme 1) can be proposed with some paths more or less possible
for each studied system. According to this scheme, in the presence
of Al,05-supported POM catalysts, the dehydration of glycerol
can occur both at the terminal and at the middle (or secondary)
—OH groups. If glycerol is dehydrated at the terminal —OH group,
2,3-dihydroxypropene is generated. It can further rearrange to
1-hydroxyl-2-propanone or acetol, the detected product [51]. The
acetol is very reactive, it is hydrogenated in the presence of acid
catalysts to 1,2-propanediol, a commercially valuable chemical.
Besides, acetol can be oxidized and decarboxylated to glycolic

acid according to selective oxidation reaction and decarboxy-
lation [52]. On the contrary, if glycerol was dehydrated at the
second —OH group, H,0 and H* are extruded from the dehydrated
glycerol to form two species; either 1,3-dihydroxypropene or
3-hydroxypropanal by tautomerism [33]. However, these species
were not detected in our analysis since they are very reactive. They
readily undergo secondary dehydration into acrolein [51,53], the
observed product. Furthermore, 3-hydroxypropanal can cleave the
C;—C; bond leading to the formation of formaldehyde and acetalde-
hyde, through retro-aldol reaction. In the presence of oxygen, the
generated compounds were oxidized. That is, formaldehyde and
acetaldehyde were rapidly oxidized to formic acid and acetic
acid, respectively, while acrolein was oxidized to acrylic acid. This
resulted in opposite trends in the variation of acrolein and acrylic
acid yields, while the yield of acetic acid, glycolic acid and formic
acid increased with reaction time as demonstrated in Fig. 6.

4. Conclusions

The use of Al,03-supported POM catalysts in a one-pot
process for the liquid phase conversion of glycerol to acrylic
acid was successfully performed in liquid phase at low tem-
perature (90°C). The acid strength of Al,Os-supported POM
catalysts played an importance role on the conversion and
product yield of the oxydehydration of glycerol. The acid
strengths of Al,03-supported POM catalysts were in the order of
PW/Al, 03 > SiW/Al, 03 > PMo/Al, 03, while their oxidative abilities
were in the order of SiW/Al,03>PW/Al,03 >PMo/Al,03. The
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catalytic activity for oxydehydration of glycerol ranged in the
order of SiW/Al,03 >PW/AIl,03 >PMo/Al,03, suggesting that the
oxydehydration of glycerol required the weak-strength acid
catalyst and high oxidative ability. Increasing the catalyst loading
from 2 to 4wt.% had a positive effect on the glycerol conversion
and product yield. However, at catalyst loading of 8wt.%, no
further improvement in glycerol conversion and product yield was
possible due to the lack of oxidizing agent and the onset of mass
transfer limitations. Further work will aim at increasing the yield of
acrylic acid, by increasing the surface acidity of the catalyst as well
as the test of catalytic stability and will be reported in the future.
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