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Abstract

The liquid phase catalytic oxydehydration of glycerol to acrylic acid over supported silicotungstic acid (SiW)
catalysts was carried out in the batch reactor. The effect of oxidizing agent concentration (H,0,), reaction temperatures
(70 and 90 °C), types of supports (HZSM-5, SiO, and Al,O,) and SiW loading (20-60 wt.% based on support) on the
conversion and product yield were investigated. The addition of H,O, and supported SiW catalysts significantly
conducted the synergetic positive effects on glycerol conversion and acrylic acid yields as well as other desired products
including glycolic acid, formic acid, acetic acid, acrolein and acrylic acid. High reaction temperature was able to
enhance high glycerol conversion as the same yield of all desired products. The BET surface area of supported SiW
catalysts played much more important role in the activities of oxydehydration of glycerol that this oxydehydration
was more remarkable than the acidity of catalysts. Among all supported SiW catalysts, the SIW/HZSM-5 with SiW
loading of 30 wt.% exhibited the highest glycerol conversion (85.54%) with the production acrylic acid yield of 30.57 %
over 2.74 M H,0, at 90 °C. The kinetics of glycerol conversion to desired products over supported SiW catalyst was

explored.
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Introduction

Due to the decrease of fossil based energy resources,
the attempt to replace the petroleum resources by biomass
resources has been increasingly focused on the production
of both liquid fuel and petrochemical feedstock
(Tsukuda et al., 2007; Witsuthammakul and Sooknoi,
2012).Biodiesel is an alternative renewable fuel that has
become widely used as a partial replacement for diesel
derived from non-renewable fossil fuel. It is resulting
from its sustainably renewable nature, low toxicity, high
cetane number, lubricity, flash point and biodegradability
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(Smith et al., 2009). Biodiesel is produced from the
transesterification of vegetables oil or animal fat with
alcohol in acid catalysts (Liu and Wang, 2009; Demirbas,
2009). This process gives glycerol as the main by-product.
Approximately 100 kg of glycerol is generated from the
production of 1,000 kg of biodiesel. Although large
amount of glycerol is continually produced, its current
demand remains unchanged. Despite an effort to utilize
glycerol as alternative fuel, its combustion emits several
types of toxic gases (Guo et al., 2009). Thus, many reports
attempted to convert glycerol to more valuable chemicals

ISSN 1905-9159



Silpakorn U Science & Tech J Vol.10(2), 2016

such as propanediol (Deckwer, 1995; Huang et al., 2009;
Van de Vyver et al., 2010; Gong et al., 2010; Kongjao et
al., 2011; Lee and Moon, 2011), synthesis gas (Simonetti
et al., 2007; Sabourin et al., 2009; Kunkes et al., 2008;
Markov et al., 2011; Ghosh et al., 2012), acrylonitrile
(Chieregato et al., 2012; Shen et al., 2012), liquid fuels
(Henao et al., 2009; Li et al., 2012; Zakaria et al., 2012;
Beatrice et al., 2013), acrolein (Shen et al., 2012;
Deleplanque et al., 2010; Ulgen and Hoelderich, 2011),
and acrylic acid (Witsuthammakul and Sooknoi, 2012;
Deleplanque et al., 2010).

Acrylic acid is one of most interesting and important
chemicals that is commonly used in adhesive, paint,
plastic and rubber synthesis. Approximately 85% of the
acrylic acid is produced by captive oxidation of acrolein
(Etzkorn et al., 2002). Besides, acrylic acid can be
produced from glycerol via the sequential step of
dehydration (Ning et al., 2008; Akiyama et al., 2009) and
oxidation, known as the oxydehydration reaction.
According to this reaction, the water and oxygen molecules
in glycerol structure are eliminated by using appropriate
catalysts. The use of zeolite (HZSM-5, HBeta, HMordenite
and HY) and vanadium-molybdenum mixed oxides (V-
Mo, 15-70 mol.% V) were utilized as catalysts for direct
conversion of glycerol to acrylic acid and these catalysts
were successfully performed in the integrated dehydration-
oxidation bed system (Witsuthammakul and Sooknoi,
2012). Over the acid zeolites, acrolein and acetol were
mainly generated, together with acetaldehyde,
propionaldehyde, pyruvaldehyde and other oxygenates
as secondary products. A complete conversion of glycerol
with high selectivity to acrolein (up to 81 mol %) can be
obtained when medium pore zeolites (HZSM-5) and low
glycerol concentration (1.37-5.50 M) were used. A
separated-sequential bed system provides high selectivity
for acrylic acid with small amount of acetic acid and
acetaldehyde (~15 mol %). The catalyst with high
vanadium content promotes total oxidation of the
dehydrated products to CO while that with highly
dispersed V-Mo-O phases affords 98% selectivity to
acrylic acid with 48% acrolein conversion. By using
W-V-O bronzes, the presence of V conferred to the catalyst
the redox properties for the partial oxidation of acrolein
into acrylic acid. Approximately 25% of acrylic acid yield
was obtained (Chieregato et al., 2012). When Nb is
incorporated, the acrylic acid yield increased up to 34%
because the incorporation of Nb** led to a lower surface
density of acid sites but to a greater fraction of stronger
sites, which can enhance the catalytic activity and also

Liquid Phase Oxydehydration of Glycerol to Acrylic Acid

stability of catalytic performance during short-term
lifetime experiments. In the presence of Mo/V and W/V
oxide catalysts in fixed bed reactor (Shen et al., 2014),
some acid sites on Mo/V and W/V oxide catalysts
catalyzed the glycerol dehydration to acrolein and
acetaldehyde. The metallic cations with low valences in
Mo/V and W/V oxide catalysts gave high oxidation
activity for the formation of acrylic acid, acetic acid, CO,
and CO,. Recently, many literatures attempted to use the
polyoxometalate (POM) or POM-based compounds as a
catalyst for converting glycerol to acrolein or acrylic acid
because it has strong Bronsted acids, high thermal stability
and solubility in polar solvents such as water and alcohols,
less harmful to the environment than mineral acids and
its high oxidative ability (Kozhevnikov, 1995). Typically,
the catalytic activity of POM catalyst depends onvarious
factors such as types of POM, size of utilized support
(Tsukuda et al., 2007), stability of the POM (Shen et al.,
2012), the POM acidity (Lili et al., 2008). The use of POM
compounds including H,PW O,, FePO,, Mo,VO,
MoVTeNbO, W, VO as the catalyst in gas phase reaction
demonstrated the satisfactory performances on obtaining
acrylic acid directly from glycerol (Deleplanque et al.,
2010). Among all utilized catalysts, the FePO, provided
a highly active and selective towards acrolein. Glycerol
conversion was nearly complete and acrolein yields
around 80-90% after 5 h of the test. The chemical equation
for the glycerol oxydehydration to acrylic acid catalyzed
by supported SiW catalysts is suggested as Scheme 1.

In a previous study (Thanasilp et al., 2013), we reported
that various higher market value products were generated
in the liquid phase oxydehydration of glycerol via AL,O,-
supported POM catalysts at 90 °C, such as glycolic acid,
propanediol, formic acid, acetic acid, and acrolein. The best
yield of acrylic acid obtained with SIW/A O, was 25%. In
the current work, we continued our work with supported
SiW catalyst, in order to achieve a higher glycerol
conversion and product yield. The aim of this study wasto
investigate the influence of oxidizing agent, reaction
temperature, supported types, SiW loadings to
oxydehydration reaction. The kinetic studies of the best
catalyst were also examined.

Catalysts

CHO, + HO, CHO, + 3HO

Heat

Glycerol Hydrogen peroxide  Acrylic acid Water

Scheme 1 Chemical equation for the glycerol oxydehydration
to acrylic acid catalyzed by supported SiW catalysts.
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Materials and methods

Catalyst preparation and characterization

SiW (H,SiW 0, .xH,0) was impregnated on three
commercial supports including AL, O, (Sigma-Aldrich,
USA), SiO, (CARIACT Q30., Fuji Silycia Chemical,
Japan) and HZSM-5 (Si0,/Al,0, = 25) (Zibo xinhong
chemcial trade, China) by the incipient wetness
impregnation method. A prescribed amount of 2.14 g of
SiW was dissolved thoroughly in 5 ml distilled water at
room temperature. Then, approximately 5 g of required
support was added slowly into the solution. The obtained
slurry was stirred at constant rate of 200 rpm at room
temperature for 1 h. The ready-to-use supported SiW
catalysts were obtained after drying at 110 °C and
calcination at 400 °C for 20 h.

The BET surface area, pore volume, and average pore
diameter for fresh catalysts were derived from N,
adsorption isotherms measured at -196 °C (Micromeritics
ASAP 2020). Prior to the measurement, each sample was
degassed at 200 °C for 4 h. The average pore diameter
was calculated according to the BJH method. The phase
structure of the catalysts was determined the powder
X-ray diffraction patterns (XRD) of the catalysts on a
Siemens PE-2004 X-ray diffractometer using CuKa (A =
0.15406 nm) radiation operated at 40 kV and 20 mA. The
acidity of all supported SiW catalysts was determined by
temperature-programmed desorption of ammonia (NH,-
TPD) in a fixed-bed continuous flow microreactor at
atmospheric pressure equipped with TCD detector.

Catalytic activity test

Catalytic oxydehydration of glycerol to acrylic acid
was carried out in liquid phase system at low temperature
and ambient pressure. The concentration of H,O, (Fisher,
USA) was varied from 1.37-6.85 M. Initially, 30 ml of 20
wt.% aqueous glycerol solution (99.5% (v/v), Fisher))
was mixed with preferable quantity of supported SiW
catalyst (0.30 g for 4 wt.%) in a 500 ml three-neck round
bottom flask equipped with a reflux condenser and stirrer.
Consequently, the temperature of the system was raised
to desired temperature (70 or 90 °C) by an external
electrical heater. When the required temperature was
achieved, H,O, was added slowly in the three-neck
reactor. The reaction was monitored by sampling the
liquid sample of around 1.0 ml at particular time intervals
until 4 h. To terminate the reaction, all liquid samples
were collected in an ice-water trap at temperature of 0-5
°C and then centrifuged on Hermle Z206A Digital
Laboratory Centrifuge to separate the solid catalyst from
the aqueous product. The composition of product was
quantitatively analyzed by high performance liquid
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chromatography (Waters 410 HPLC controller) equipped
with a refractive index detector in series. A Phenomenex
Luna 5 um C18 (2) 100 (25 cmx4.6 mm) was used as
separating HPLC column. The net glycerol conversion,
the product yield of selected products as well as the carbon
selectivity were calculated on the basis of Egs. (1) - (3),
respectively:

C mole of glycerol converted

w0 (1)
2)

Glycerol conversion (%) = - x
C mole of glycerolinitilialy added

le of gl 1 h
Product yield (%) _ C mole of glycero conve}rté.x? to each product %100
C mole of glycerolinitially added

¢ .
Carbon selectivity (%) = C mole of glycerol converted to all desired products «100 (3)
C mole of glycerol converted

where C is carbon.

Results and discussion

Effect of oxidizing agent and operating temperature

Table 1 summarizes the glycerol conversion and yield
of various products from glycerol oxydehydration over
SiW/ALO; catalysts at 240 min with SiW loading of 30 wt.%
catalyst at temperature of 70 and 90 °C in the absence and
the presence of H,O,. The use of H,O, had a positive effect
onglycerol conversion and yield of measured products.
At 70 °C, the presence of 2.74 M H,0O, can enhance the
increase of glycerol conversion from 9.07 to 64.30%,
approximately 7.09-fold increasing, and also increasing
the yield of glycolic acid, formic acid, acetic acid, acrolein
and acrylic acid of 15.64, 17.97,21.04, 3.53 and 23.51-fold,
respectively. In addition, it can reduce the production of
other products observing from the carbon selectivityof
around 13.67-fold. That is, the carbon selectivity increased
from 3.86 to 52.76% when H,O, was added into the
reaction, indicating the decrease of glycerol conversion
to undesired products from 96.14 to 47.24%. The similar
positive effect of H,O, on glycerol conversion and product
yield was also observed at higher temperature, 90 °C.
That is, the glycerol conversion increased from 17.84 to
83.78%, when H,O, at 2.74 M was introduced. This can
be explained by the fact that H,O, is the reactive oxygen
donor providing the ideal conditions for oxidation of
glycerol to glycerol aldehyde, an intermediate for glyceric
acid in liquid phase (Atia et al., 2008). Further raising the
amount of H,O, to 6.85 M at 90 °C can enhance a more
glycerol conversion up to 93.87 %. However, the presence
of such high H,O, concentrations could lead to dangerous
reaction conditions. Therefore, for safety reasons, the
reaction was carried out with H,O, at 2.74 M. Nevertheless,
the presence of only H,O, cannot promote the progress
of the oxydehydration reaction. The conversions of
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Table 1 Effect of H,O, content and temperature on the performance of glycerol oxydehydration over SIW/AL O,
catalysts at 240 min.

Concentration Temperature Si\?V c(f;lzz::iooln . . .Pr"d“CtZ’iel(.i (%) — o— seclzztli)\(z)il:y
of H,0, (M) (°C) 1((:3:1‘1;@ %) ycolic acid ormic cetic crolein crylic %)
%) acid acid acid

0 70 30 9.07 0.64 0.34 0.77 1.46 0.65 3.86

0 90 30 17.84 1.11 0.93 1.37 3.35 1.17 7.92

2.75 70 30 64.30 10.01 6.11 16.20 5.16 15.28 52.76

2.75 90 30 83.78 15.34 7.90 18.83 5.44 25.11 72.62

6.85 90 30 93.87 11.22 10.31 23.43 2.79 17.86 65.62

2.75 70 6.71 0.11 0.40 0.44 0.08 0.39 15.94

2.75 90 0 9.27 0.29 0.52 0.55 0.16 0.67 26.98

Intensity (a.u.)

5 15 25 35

45 55 65 75

"2 Theta (degree)

Figure 1 XRD patterns of SiW and supported SiW catalysts at 30 wt.% SiW loading (® SiW hexahydrate and ® HZSM-5).

glycerol were proceeded only 6.91 and 9.27% at the
reaction temperature of 70 and 90 °C, respectively (Table 1).
Less than 1% of desired products were generated at such
condition. This indicates that the presence of H,O, and
SiW catalysts had the positive synergetic effect on
glycerol conversion and product yields.

As also demonstrated in Table 1, in the presence of
H,0,at 2.74 M, raising the reaction temperature from 70
to 90 °C resulted in the raise of glycerol conversion of
approximately 1.30-fold. The yield of all desired products
significantly increased, especiallythe yield of acrylic
acidincreased from 15.28 to 25.11 %. Besides, the
generation of undesired product, diagnosing from the
carbon selectivity, essentially decreased from 72.62 to
less than 52.76 %. The increase in glycerol conversion in
high temperature was due to high dehydration rate of
glycerol in the presence of polyoxometalate catalysts,

consistent with the previous report (Shen et al., 2012).
The high yield of acrylic acid was due to high kinetics of
acrolein oxidation to acrylic acid (Tichy, 1997), resulting
in the low generation of undesired products. However,
the temperature higher than 90 °C was not performed due
to it required a proper controlling system, which is
impractical in operation.

Effect of supports

Three types of support were utilized in this work
including Al,0O,, Si0, and HZSM-5. Figure 1 reveals the
XRD pattern of unsupported SiW catalyst and all
supported SiW catalysts at the loading of SiW on support
of 30 wt.%. The XRD pattern of SiW shows the crystalline
phase at 20 of 27.3°, assigning to the SiW hexahydrate
(Tsukuda et al., 2007). For SiW/SiO, and SiW/ALO,
catalysts, no characteristic peaks assigning to the utilized
SiW were observed, suggesting that SiW catalysts were
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Figure 2 NH,-TPD profiles of supported SiW catalysts and their supports at 30 wt.% SiW loading

highly dispersed on the support. In case of SIW/HZSM-5
catalyst, the detected reflections were similar to that of
SiW support, implying the presence of the cubic SiW
hexahydrate phase on the structure of such catalyst.

Textural properties for supported SiW catalysts
immobilized on ALO,, SiO, and HZSM-5 supports
derived from N, physisorption 1sotherms are summarized
in Table 2. The BET surface area of utilized supports was
in an order of HZSM-5 > Al,O,> SiO,, while the inverse
order was observed in their pore volumes. The pore
diameter changed in the order of A1, O > HZSM-5 > SiO,.
When SiW was impregnated on the support surface, the
similar trend of change of BET surface area, pore volume
and average pore diameter was observed. However, the
BET surface area, pore volume as well average pore
diameter of all supported SiW catalysts decreased
significantly compared to the original SiW-free supports.
The decrease in BET surface area may be attributed to
the support pores blocking by catalyst particle. This is
because the pores of Al,O,, SiO, and HZSM-5 are 5.46,
2.89 and 4.32 A and the Keggln unit diameter is 12~A
(Popa et al., 2005). Thus, it is reasonable to say that the
pores are blocked by the active phase.

The surface acidity of all utilized supports and
supported SiW catalysts determined by NH,-TPD analysis
isshown in Figure 2. Theoretically, the acid sites are
classified as weak- (150-300 °C), medium- (300-500 °C)
and strong- (500-650 °C) strength (Chino and Okubo,
2005). Two desorption peaks at 203 and 388 °C were
observed for unsupported SiW, indicating the presence of
weak- and medium-strength acid sites on the surface of
this catalysts. No sharp desorption peaks were observed
for all utilized supports, they appeared as a board peaks.
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For supported SiW catalysts, two broad NH3-TPD peaks
was observed at the temperature of 161 and 522 °C and
191 and 469 °C for SiW/HZSM-5 and SiW/ALO,
catalysts, respectively, indicating the presence of weak-
and strong-strength acid sites in their structures. Peaks
appeared at 154, 491 and 735 °C were observed on the
NH,-TPD profile of SiW/SiO, catalysts, denoting the
presence of weak-, medium- and strong-strength acid sites
on its structure. Compared with the desorption peaks of
the unsupported SiW catalyst, the NH,-TPD peaks of all
supported SiW catalysts shifted to low temperature and
loss some intensity, indicating a weakening of the acid
site due to interactions with their supports. Upon
supporting SiW on all supports, the medium-strength peak
loss most of intensity but appeared to shift toward higher
temperature (~480 °C).

The amount of acid sites of all supported SiW catalysts
was calculated from NH,-TPD desorption peak area and
summarized in Table 2. The total acidity of the supported
SiW catalysts was in an order of SiW/ALO, > SiW/
HZSM-5 > SiW/Si0,. The acidity of all supported SiW
catalysts was lower than that of unsupported SiW catalyst.
However, it was still greater than that of fresh AL O,, SiO,
and HZSM-5 supports. This is because the addition of
POM did not introduce any new acid sites on support
surface, but led to a replacement by other acidic sites (Atia
etal., 2008; Chino and Okubo, 2005). The weak interaction
of support with the SiW catalyst kept its Brensted acid
character and led to an increased proportion of medium-
and strong-strength acid sites. In this case, a portion of
the SiW lost its acidity due to the distortion of the Keggin
structure.
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Table 2 Textural properties and surface chemistry of supported SiW catalysts and the corresponding supports

Textural properties

Surface chemistry

BET Average pore .
Catalysts surface  Pore volume diameter (A) Acid amount Total acidity
3/ (mmol NH,/g Cat.)
area (cm7g) (mmol NH,/g Cat.) ’
(m*/g)
Siw 121.5 0.357 3.74 2.88 (108-303 °C) 3.81
0.93 (351-439 °C)
AlLO, 267.8 0.229 5.46 0.50 (46-275 °C) 0.68
0.18(275-453 °C)
SiO, 223.6 0.835 2.89 0.28 (71-229 °C) 0.85
0.57 (248-921 °C)
HZSM-5 289.4 0.173 4.32 0.71 (81-349 °C) 0.97
0.25 (362-640 °C)
SiW/ALO, 214.6 0.128 4.11 1.19 (110-356 °C) 1.42
0.23 (390-543 °C)
SiW/Si0, 201.2 0.644 2.08 0.78 (56-312 °C) 1.24
0.42 (375-610 °C)
0.04 (617-906 °C)
SiW/HZSM-5 2334 0.153 2.62 0.88 (46-342 °C) 1.31

0.43 (355-669 °C)

“SiW/HZSM-5 catalyst at 90 °C and 30 wt.% SiW loading after 6 times used.

Figure 3 shows the variation of glycerol conversion
and product yield as a function of time from glycerol
oxydehydration over supported SiW catalysts at identical
SiW loading of 30 wt.%, reaction temperature of 90 °C
and ambient pressure. A similar pattern of the glycerol
conversion and product yield was appeared in the presence
of all supported SiW catalysts. Glycerol conversion
increased initially with the increasing 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
slightly with increasing reaction time. The yield of acrylic
acid was low during the first 30-120 minutes 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 supported SiW catalysts.

Consider at long reaction time (240 min), as
summarized in Table 3, the glycerol conversion and yield

of desired products were ranked in the order of SiW/
HZSM-5 > SiW/A1,0,> SiW/SiO,. Less than 16% of
converted carbons were transformed to the undesired
products in the presence of SiW/HZSM-5 catalyst. These
suggest that the SIW/HZSM-5 catalyst was more active
than the other two types. Although SIW/HZSM-5 catalyst
had lower acid strength than SiW/AlL O catalyst, it gave
higher glycerol conversion under the same operating
conditions. The trend of catalytic activity of supported
SiW catalysts for the oxydehydration of glycerol was a
good coincidence with the trends of BET surface area,
but not the acidity, pore volume and average pore diameter
of corresponding catalysts (Table 2). This suggests that
the dehydration of glycerol over supported SiW catalysts
required the acidity just a certain value and then the BET
surface area played an important role. The catalyst with
high BET surface area and appropriate acidity allowed a
more available area for glycerol adsorption, which can
further undergo dehydration to intermediate/product
species. This hypothesis is supported by the low BET
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Figure 3 Variation of (M) glycerol conversion and yields of (A) glycolic acid, ([J) formic acid, (X) acetic acid, (O)
acrolein and (<) acrylic acid as a function of time over (a) SiW/ALO,, (b) SiW/SiO, and (c) SIW/HZSM-5

at 90 °C and 30 wt.% SiW loading.
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Table 3 Effect of supports on the performance of glycerol oxydehydration over supported SiW catalysts at SiW

loading of 30 wt.%, temperature of 90 °C and ambient pressure at 240 min.

Glycerol Product yield (%) Carbon
Catalysts  conversion L. L. L. . ... selectivity
Glycolic acid Formic acid Acetic acid Acrolein Acrylic acid
() (%)
SiW/ALO, 83.78 15.34 7.90 18.83 5.44 25.11 80.02
SiW/Si0, 79.80 9.97 5.05 16.17 3.38 17.50 45.50
SiW/HZSM-5 85.54 16.95 9.53 19.51 7.47 30.57 84.03

Intensity (a.u.)

MWMMW

T T
5 15 25

MMMMWNWM%

35 15
2 Theta (degree)

55 63 75

Figure 4 XRD patterns of supported SiW catalysts at different type of support (¢ SiW hexahydrate and ® HZSM-5).

surface area and high acidity of SiW/SiO, catalyst, where
low glycerol conversion and product yield were obtained.
This can be said that the BET surface area played a more
important role on the activity for glycerol oxydehydration
via supported SiW catalysts than the total acidity.

Effect of SiW loading

The XRD patterns of SIW/HZSM-5 samples with
different SiW loadings in the range of 20-60 wt.% are
exhibited in Figure 4. The XRD peaks of all SiW/HZSM-5
catalysts were intermediary between that of unsupported
SiW and HZSM-5 support. Increasing the SiW loading
reduced the intensity of the main characteristic peaks of
HZSM-5, emerging at 26 of 7.8°, 8.7°,23.1°, 23.3°, 23.6°,
23.8°, and 24.3°. When the SiW loading was below 40
wt.%, the XRD patterns of SIW/HZSM-5 catalysts were
still similar tothat of HZSM-5, and peak assignable to
HZSM-5 was observed, which suggested that HZSM-5
was higher crystalline phase. Regarding the textural
properties and surface chemistry of supported SiW
catalysts at different SiW loadings, the BET surface area

and pore volume diminished with the increasing SiW
loading. This might be due to the agglomeration of SiW
catalyst on the support surface. Namely, the generated
agglomerates cannot enter the pores of the support because
of the presence of diffusion resistance (Bordoloi et al.,
2007). Thus, they blocked the pores, resulting in the
decrease of pore volume as well as pore diameter, which
led to a decline in the BET surface area (Lili et al., 2008).
In addition, it also resulted in the decrease of SiW
dispersion and the amount of effective acid sites as listed
in Table 4.

With regard to the effect of SiW loading on the activity
of supported SiW catalysts for the oxydehydration of
glycerol, the similar trends of glycerol conversion and
product yield along the reaction time were observed as
the effect of supports (Figure S.1). Glycerol conversion
increased considerably during the early period of reaction
time and leveled off at reaction times longer than 120 min.
The yields of acetic acid, glycolic acid and formic acid
increased slightly with increasing reaction time. A high
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Table 4 Textural properties and surface chemistry of supported SiW catalysts in the presence of different SiW loadings

SiW loading Textural properties Surface chemistry
(Wt.%) BET surface Pore volume Average pore Acid amount Total acidity
area (m?/g) (cm®/g) diameter (A)  (mmol NH,/g Cat.) (mmol NH /g Cat.)

0 289.4a 0.173 4.32 0.71 (81-349 °C) 0.97
0.25 (362-640 °C)

20 250.2 0.164 2.62 0.87 (39-298 °C) 1.02
0.15 (39-298 °C)

30 233.4 0.153 2.62 0.88 (46-342 °C) 1.31
0.43 (546-675 °C)

40 199.13 0.135 2.72 0.90 (25-295 °C) 1.35
0.45 (530-662 °C)

50 157.25 0.110 2.80 0.89 (30-297 °C) 1.54
0.65 (527-719 °C)

60 146.41 0.102 2.79 1.83 (30-389 °C) 2.75

0.92 (515-711 °C)

“SiW/HZSM-5 catalyst at 90 °C and 30 wt.% SiW loading after 6 times used.

Table 5 Effect of SiW loading on the performance of glycerol oxydehydration over SIW/HZSM-5 catalysts at reaction

temperature of 90 °C and ambient pressure at 240 min.

SiW loading Conversion Yield (%) Carbon
(Wt.%) (%) Glycolic acid Formic acid Acetic acid Acrolein Acrylic acid  selectivity

(%)
0 80.11 5.12 3.93 5.94 13.76 8.23 36.98
20 87.02 13.79 9.14 18.52 5.41 26.29 73.15
30 85.54 16.95 9.53 19.51 7.47 30.57 84.03
40 73.36 8.96 5.39 13.26 2.61 18.33 48.54
50 50.01 5.72 3.11 8.20 1.41 12.17 30.35
60 45.91 3.79 2.72 5.22 0.73 8.04 20.50

yield of acrolein was obtained during the first 30-120 min
and then decreased considerably due to the oxidation to
acrylic acid. At 240 min reaction time, the presence of
SiW at 20 wt.% loading can enhance the conversion of
glycerol from 80.1 to 87.0%, or around 1.09-fold, and can
reduce the transformation of glycerol to undesired
products from 63.0 to less than 26.9% (Table 5), compared
that in the absence of SiW. In addition, it can facilitate a
more generation of glycolic acid, formic acid, acetic acid,
acrolein and acrylic acid of 2.69, 2.32, 3.12, 0.39 and
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3.19-fold, respectively. The presence of SiW at 30 wt.%
loading provided slightly lower glycerol conversion
(85.54%) compared with that at 20 wt.% SiW (87.0%).
However, it provided a higher yield of glycolic acid,
formic acid, acetic acid, acrolein and acrylic acid of
around 1.23, 1.05, 1.05, 1.33 and 1.16-fold, respectively.
Further raising the SiW loading resulted in the decrease
of either glycerol conversion or yield of desired products.
In addition, it increased the conversion of glycerol to
undesired species, monitoring by the carbon selectivity.
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Figure 5 Variation of glycerol conversion rate as a function of glycerol concentrations in the presence of H O, at the
concentrations of (]) 1.37, (A) 2.74, (O) 4.79 M and (<) 6.85 M at 90 °C.
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Figure 6 Variation of glycerol conversion rate as a function of H202 concentrations in the presence of glycerol at the
concentrations of (]) 1.37, (A) 2.75, (O) 4.12 M and (<) 5.50 M at 90 °C.

This is because the catalysts with too high acidity
facilitated the conversion of glycerol to unwanted
compounds, which can observe explicitly by a low carbon
selectivity at SiW loading of 60 wt.%. Besides, the
presence of high SiW loading can block the pores and
lowered the available surface area as demonstrated in
Table 4, leading to a decline in the activity of the catalyst.
The similar result was also reported by the dehydration
of glycerol to acrolein over activated carbon-supported
SiW catalysts (Lili et al., 2008).

Kinetic studies

The kinetic of glycerol conversion was carried out via
the best catalytic activity catalyst, SiW/HZSM-5 with
SiW loading of 30 wt.% at different temperatures in the
range of 70-90 °C. The glycerol and H,O, concentrations
were varied from 1.37-5.50 M and 1.37-6.85 M,

respectively. As expected, the conversion of glycerol
increased as the increasing reaction temperature. The data
used to determine the kinetic of glycerol conversion was
taken from the linear section of glycerol conversion at the
conversion less than 40%.

The variations of glycerol conversion rate in the
presence of different concentrations of glycerol and H,0,
are plotted in Figure 5. It can be seen that the concentration
of glycerol affected importantly on the rate of glycerol
conversion (Figure 5), while the concentration of H,O,
affected very slightly (Figure 6). Increasing the glycerol
concentration resulted to the increase of reaction rate. By
using the power law model with the rate expression as
Eq.(4), the reaction orders of glycerol (a) and H,O, (b)
were 1.2 (ca.l) and 0.1 (ca.0), respectively.
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Figure 7 Arrhenius plot of rate constants for liquid phase oxydehydrationof glycerol over SIW/HZSM-5 catalyst

re =k [6] [H,0,] @

where 7, is the rate of glycerol conversion, & is the rate
constant, [G] and [H,0, ] are the concentration of glycerol
and H,O,, respectively and a and b are the reaction order
of glycerol and H,O, concentrations, respectively.

According to the Arrhenius’s equation (Eq.(5)), plot
of rate constant versus temperature (Figure 7) provides
the apparent activation energy of 29.58 kJ/mol, which is
close to the activation energy reported for the glycerol
oxidation over supported gold catalyst at particular
oxygen pressures up to 10 bar and at temperatures from
25 to 100 °C (Bordoloi et al., 2007).

— Ea
k =k, exp[ o7 ]
where & is the rate constant, & is the frequency factor,

E is the activation energy (kJ/mol), R is the gas constant
(8.314 J/mol:K) and T is absolute temperature (K).

)

Conclusions

The oxydehydration of glycerol to acrylic acid was
successfully performed in liquid phase at low temperature
(90 °C) via supported SiW catalysts. Besides the acrylic
acid, various interesting compounds were generated and
measurable including glycolic acid, formic acid, acetic
acid and acrolein. The presence of only H,O, or only SiW
cannot facilitate a satisfactory glycerol conversion and
yield of desired products. The presence of both had the
synergetic positive effect on glycerol conversion and
product yield. The acid strength of supported SiW
catalysts was in the order of SIW/AL O, > SIW/HZSM-5

19

> SiW/Si0,, while the BET surface area of supported SiW
catalysts was ranked in the order of SiW/HZSM-5 > SiW/
ALO,> SiW/Si0,. As obviously observed, the catalytic
activities foroxydehydration of glycerol werein the order
of SiW/HZSM-5 > SiW/ALO, > SiW/Si0O,, suggesting
that the activity of supported SiW catalysts depended
significantly on the BET surface area than the acidity. The
rate of glycerol conversion can be explained by a pseudo-
first order reaction with respect to glycerol concentration.
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