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Abstract A series of acids with different strength acidity, heteropolyacid
H3PW,,0,49 (HPW) and oxoacids, H,SO4 and H3BO; were used as catalysts for the
sunflower oil methanolysis with an oil/methanol ratio of 1/29, a reaction tempera-
ture of 60 °C and a reaction time of 3 h. The effect of silica support on the catalytic
performance of HPW was investigated. (10-50 wt%) HPW supported on silica were
characterized by XRD, FT-IR and N, physisorption (BET specific surface areas,
mean pore diameters and pore volumes). The fatty acid methyl esters, reaction
products, were analyzed and quantified by gas chromatography. HPW and 30 wt%
HPW/SiO, have similar catalytic behavior with a biodiesel yield of 60-63 %. Side
reactions were observed at 100 °C in the presence of 30 wt% HPW/SiO, resulting
in the formation of oxygenated products (alcohol, ketone, acid) in addition to fatty
acid methyl esters, as evidenced by GC-MS. A plausible mechanism of supported
heteropolyacid catalyzing the sunflower oil methanolysis is proposed.
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Introduction

Currently, the improvement of production systems of biodiesel that can contribute
to the development of green chemical processes is a challenging goal. So, several
reviews have summarized the recent research [1-3]. Biodiesel fuel, in addition to
being non-toxic and biodegradable, has physico—chemical characteristics similar to
those of fossil diesel fuel.

The biodiesel, composed of fatty acid methyl (or ethyl) esters is produced from
transesterification of vegetable oils as canola, olive, soybean, castor, rapeseed, palm
and sunflower oils and cooking oil, renewable feedstocks. The transesterification of
oils that can be performed in homogeneous as well as in heterogeneous systems,
requires a basic or acidic catalysis and the presence of an alcohol (ethanol or
methanol). Methanol is the most used owing to its low cost and its physico—
chemical characteristics (polarity and shortest chain alcohol).

The transesterification reaction catalyzed by an acid is much slower than that
catalyzed by a base (Na or K alkoxides, hydroxides or carbonates). However, the
use of an acid catalyst has certain advantages such as the absence of the
saponification reaction that inhibits the transesterification reaction. Moreover, the
acid catalysts were able to do transesterification and esterification reactions
simultaneously and to convert oil to biodiesel with high amount of free fatty acids,
while the presence of free fatty acids in the case of the base catalysis leads to the
formation of soaps, as side reaction (reaction between alkali catalyst and free fatty
acids) [1-3]. The acid catalysts tested in transesterification of oils are mineral acids
(HCI, H,S0,) [4, 5] and Keggin-type heteropolyacids (H3PW 1,049, H4SiW ,040)
[6, 7]. These latter are known as promising acid catalysts for the clean synthesis
[8-10]. Due to their stronger acidity, they usually show higher catalytic activities
than the mineral acid catalysts.

The comparison between a heterogeneous system and a homogeneous system
showed that the first system may be a best future process to produce biodiesel [1-3].
It reduces the environmental risks lied to corrosion, pollution, etc. Otherwise, in the
case of using a solid acid catalyst, the system can operate continuously, the
separation of biodiesel and glycerol is much easier and the catalyst can be recovered
for other uses. Among the solid acid catalysts, supported H3PW ;5,049 is the most
tested. Thus, HPW supported on silica was used for camphene esterification [11],
HPW supported on niobia was tested for both palmitic acid and sunflower oil
esterification [12]. Nevertheless, a high alcohol/oil molar ratio (from 12/1 to 50/1) is
required in heterogeneous acid catalysis to produce biodiesel unlike base catalysis
where an alcohol/oil molar ratio of 6/1 shall be sufficient. It was also reported that
high temperatures and high pressures are recommended for obtaining high biodiesel
yields from transesterification reaction of oils [1-3]. Among the examined oils,
sunflower oil presents some advantages such as specific gravity, viscosity and flash
point that decrease linearly with an increase of methyl ester wt% [13].

In this context, the transesterification of sunflower oil in the presence of methanol
(methanolysis), using acid catalysts with different strength acidities, heteropolyacid,
H3PW 5,049, noted HPW (very strong acid) and oxoacids, H,SO, (strong acid) and
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H;BO; (weak acid), was studied under mild experimental conditions similar to
those using base catalysts (low reaction temperature: 60 °C) and under more severe
operation conditions similar to those required in the case of an acid catalysis (high
reaction temperature: 100 °C) at atmospheric pressure and with a molar ratio
alcohol/oil of 29/1, to examine the effect of the strength acidity and reaction
temperature on the catalytic behavior of material. KOH catalyst was taken for
comparison. This is a base catalyst that is widely used in the transesterification
process. The effect of silica support on the catalytic performance of HPW was
investigated. Silicate gel (SiO,) was selected as support material with 62 pm
particle size. HPW supported on silica (10-50 wt%) were prepared and character-
ized by XRD, FT-IR and their specific surface areas, mean pore diameters and pore
volumes were performed by N, physisorption.

Experimental
Catalyst preparation

The heteropolyacid, HPW, was prepared according to the method described in the
literature from its Na,HPW ,04q salt [14]. This latter was obtained by precipitation
from aqueous mixture constituted of Na,HPO,, Na,WO, and HCl in stoichiometric
ratios. Na,HPW,0,, salt was then dissolved in an acid aqueous solution (HCI or
H,SO,) and was put in a separating funnel. After adding diethyl ether, two layers of
liquid were formed. After decantation, the etherate phase, containing the
heteropolyacid was recovered. Then, the diethyl ether was removed using a rotary
evaporator and HPW was recovered. To obtain a pure product, HPW was
crystallized in a minimum amount of water.

The heteropolyacid HPW supported on silica samples with 10-50 wt% (noted
S10-S50) were prepared by wet impregnation: a calculated amount of heteropoly-
acid was dissolved in 30 ml of water under agitation at 60-80 °C, then a calculated
amount of silica was added, followed by drying at 110 °C for 5 h under reflux. The
obtained mixture was then dried using a rotary evaporator, followed by a drying at
50 °C in a vacuum oven for 6-7 h to remove any traces of water.

Characterization

BET specific surface areas, mean pore diameters and pore volumes were performed
by N, physisorption at liquid nitrogen temperature using a Micromeritics ASAP
2010 equipment after out gassing of sample at 300 °C under vacuum (5.33-6.67 Pa)
for about 8 h.

Transmission FT-IR spectra of the prepared catalysts were recorded at room
temperature with an Equinox 55 (Bruker) spectrometer, in the 1500-500 cm ™',
using KBr disks.

Powder XRD patterns were recorded in the 20 range between 0.5 and 70° with a
Cu K, radiation (A = 1.5418 A°) using a PanalyticalX’pert Pro.
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Catalytic reaction

The refined sunflower oil methanolysis reaction was carried out at 60 °C,
atmospheric pressure under reflux conditions with constant stirring (300 rpm) and
a methanol/oil molar ratio of 29/1 to favor the displacement of the equilibrium in
the direction of the biodiesel formation [6]. In a catalytic test experiment, 2.61 g
of sunflower oil were taken in the glass reactor with 3.50 ml of methanol, after
heating to 60 °C, 0.25 g of catalyst was then added to reaction mixture. After 3 h
of reaction and adding 10 ml of distilled water through the refrigerant, to recover
all of the methanol, the reaction mixture was put in a separating funnel (the
catalyst was separated by filtration in the case of supported catalysts). Then 20 ml
of chloroform were added for better visibility of two layers of liquid (aqueous and
organic phases) and therefore better separation by decantation. After decantation,
the chloroform phase, containing the FAMEs (methyl linoleate, methyl oleate,
methyl stearate and methyl palmitate), was recovered and the aqueous phase was
washed two times with 10 ml of chloroform to extract all esters. Then, the
chloroform was removed using a rotary evaporator and the FAMEs recovered
were dried over anhydrous Na,SO, and concentrated under vacuum. The ester
content was analyzed and quantified using a gas chromatograph. Peak identifi-
cation was achieved by comparing the retention time between the samples and a
standard and the compositions were calculated as wt% based on the peak areas of
each component. The sunflower oil methanolysis in the presence of KOH was
carried out in the same conditions.

GC gas chromatograph (Agilent Technologies 7890A) equipped with a flame
ionization detector was used under the following conditions: capillary column,
carbowax (30 m x 0.25 mm) with nitrogen as a carrier gas (flow rate: 1 ml/min)
and injection temperature 260 °C. Product separation was obtained using temper-
ature ramps: from 120 to 180 °C with a rate of 10 °C/min, and from 180 to 260 °C
with a rate of 7 °C/min. The temperature was then maintained at 260 °C.

The methanolysis products were identified using a GC-MS (GC 6890 plus, MSD
5973, Hewlett Packard-5MS) with HP- INNOWAX column
(30 m x 0.25 mm x 0.25 um). The mass analysis is of Quadripole type (150 °C).
Purified helium was used as the carrier gas with a flow rate of 0.5 ml/min. The samples
were diluted with hexane. The initial oven temperature was set at 90 °C for 5 min, then
ramped to 280 °C at 4 °C/min and kept at the highest temperature for 5 min. The
injector temperature and injector volume were 250 °C and 0.2 pl. The split ratio was
20:1. The ionization source (electronic impact) temperature was kept at 230 °C and
that of the interface at 280 °C.

The biodiesel yield was calculated from the content of analyzed methyl esters
using the following equation [15]:

Biodiesel yield (%) = mol FAMEs number x 100/3 x mol oil number
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Results and discussion
Catalysts characterization

Table 1 shows the BET specific surface areas, mean pore diameters and pore
volumes of the silica, heteropolyacid and supported systems (S10-S50). It is known
that the specific surface of the Keggin-type heteropolyacid is less than 10 m?* g~ !
[16, 17]. After the impregnation of HPW, the BET surface area and the pore volume
of the silica decrease gradually, from 159 to 146-93 m* g~' and from 0.70 to
0.31 cm® g~! with increasing of the HPW loading mass from 10 to 50 wt%. The
decrease of these two parameters in the case of supported Keggin-type heteropoly-
acid has already been reported [7, 18, 19]. It was also emphasized that the decrease
of the support surface area can be attributed to the formation of multilayers of HPW
active species onto support surface resulting in blocking/stabilization of active sites
on the monolayer [18]. This decreasing can also be explained by the reaction
between the silanol OH group on the silica surface with one proton of the
heteropolyacid to form SiOH,", thus, leading to the formation of (=SiOH,")
(H,PW,0407) surface species that are more stable than the free acid form
[16, 19, 20]. On the opposite, the pore diameter of the SiO, support varies little after
impregnation of the heteropolyacid (from 113.0 to 114.7-120.2 A). These results
indicate that the HPW molecules with a pore diameter of 84.3 A can also penetrate
inside the pores of the silica support. All these observations suggest that
heteropolyanions species are in strong interaction with the silica support. Therefore,
the heteropolyacid leaching can be strongly reduced in the reaction medium.

Fig. 1 shows the FT-IR spectra of HPW, silica and HPW supported on silica
(S10-S50). Oxygen—phosphorus and oxygen—tungsten characteristic vibration
bands of the Keggin anion were observed in the 1500-500 cm ™' region. According
to the literature [21], the bands at 1081, 963, 899, 809 and 487 cm™! correspond to
Vas(P=0,), Vas (W=04), Vas(W=0p,—W), v,s(W-0.~W) and J,, (P-0O,) vibrations. The
IR spectrum of the silica exhibits a very strong vibration band between 1200 and
1000 cm ™! assigned to v,4(Si—O-Si) and a smaller band at 800 cm™~! that can be
assigned to v4(Si—O-Si) in SiO,4 groups [16, 22]. FT-IR spectra of supported systems
S10, S20, S40 and S50 show that the vibration band corresponding to v,,(P-0O,) was
completely masked by the broad band of silica. Other vibration bands of

Table 1 BET specific surface area, mean pore diameter and pore volume of materials

Catalyst Si0, HPW  SI10 S20 S30 S40 S50
BET specific surface (m> g=') 159 7 146 138 121 109 93
Mean pore diameter (A) 113.0 84.3 120.2 119.7 118.6 117.2 114.7
Pore volume (cm® g~ ') 0.70 0.02 0.63 0.56 0.45 0.38 031

BET surface area measured after evacuation at 300 °C
Mean pore diameter determined from BJH desorption dV/dD pore volume

Single-point adsorption total pore volume at a relative pressure P/PO = 0.98-0.99
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Fig. 1 FT-IR spectra of H3PW,049, SiO, and (S10, $20, S30, S40, S50)

metal-oxygen bonds were observed, indicating that the Keggin structure was
preserved during the preparation of the material supported on silica.

Fig. 2 shows XRD patterns of HPW, silica and HPW supported on silica. The
pattern of the support shows broad peak between 20 = 15 and 35° indicating the

Intensity (a.u)

2theta (dgree)

Fig. 2 Powder X-ray diffraction of H;PW,040, SiO, and (510, S20, S30, S40, S50)
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amorphous nature of the silica [22, 23]. The patterns of HPW supported on silica
show predominantly peaks related to the support for loading inferior to 40 wt%. In
particular, no crystalline phase of heteropolyacid corresponding to its secondary
structure (triclinic system) is observed. On the other hand, it was observed that the
intensity of the major diffraction peak of support decreased with increasing loadings
of acid. Similar observations have been reported in the literature in the case of HPW
supported on silica, with low amount of heteropolyacid [11, 16, 17]. With
percentages higher than 30, XRD diffraction lines corresponding to the
heteropolyanion appear, similar results were obtained with Nb,Os support [12].
This result suggests that 30 wt% HPW loading correspond to maximum
heteropolyacid species that can occupy the total area of the silica.

Catalytic tests

Table 2 presents the fatty acid composition of refined sunflower oil. The major acids
are linoleic (C18:2) and oleic (C18:1) followed by stearic (C18:0) and palmitic
(C16:0). There is less than 1 % of linolenic acid (C18:3), arachidate (C20:0) and
behenic acid (C22:0).

Table 3 summarizes the catalytic performances of HPW, H,SO, and H;BO; and
HPW supported on silica, evaluated in the sunflower oil methanolysis at 60 °C with
a methanol/oil molar ratio of 29/1. The reaction time is 3 h. The obtained results
showed that the formed FAME mol number and biodiesel yield are sensitive to the
nature of the catalytic material (oxoacid or heteropolyacid) and HPW amount
supported on silica. The catalytic results of acids were compared to those obtained
with KOH catalyst, tested in the same operation conditions (Table 3).

Catalytic performances of H;BO3;, H>SO, and H3;PW;,0 4

The observed catalytic activities for both H;BO; and H,SO, oxoacids and HPW
heteropolyacid in the homogeneous methanolysis of sunflower oil showed that there
is a parallel between the catalyst acidity strength and biodiesel yield. HPW, the most
acid, was also found to be the most active. Thus, the biodiesel yield increases from 6
to 60 % with acid strength of catalyst (H;BO; < H,SO, < HPW). It is noteworthy
that HPW acid is almost two times more active than H,SO, (63 against 30 % of
biodiesel yield) and this latter is almost five times more active than H3;BO3; (30

Table 2 Fatty acid composition

of refined sunflower oil Fatty acid type Chemical formula form Weight (wt%)

Palmitic C6H3,0, C16:0 7.0
Stearic C5H360, C18:0 4.6
Oleic C,5H340, Cl18:1 355
Linoleic C,5H3,0, Cl18:2 52.5
Linolenic C,sH3,0; C18:3 <1
Arachidate Co0H400; C20:0 <1
Behenic CrHy40, C22:0 <1
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Table 3 FAMEs mol number (10%) and biodiesel yields (%) as function of catalyst nature and acid
amount supported on silica

FAMEs KOH H;BO; H,SO, HPW S10 S20 S30 S40 S50
Cl16:0 6.77 2.69 391 5.63 0.00 0.69 3.80 1.40 1.19
C18:0 4.02 1.50 4.02 4.02 0.00 0.84 4.02 2.67 2.50
C18:1 31.24 0.30 0.77 11.41 19.01 16.7 11.78 0.93 0.96
Cl18:2 46.53 0.77 17.76 35.37 0.00 0.20 34.01 1.23 1.20
Bio. yield (%) 99 6 30 63 21 21 60 7 7

against 6 % of biodiesel yield). It is known that the three protons of HPW have the
same acidity strength that is higher than that of H,SO,. Therefore, more protons for
the same acid amount [8—10].

The distribution of different methyl ester products is also sensitive to acidity
strength of catalyst. The obtained quantity of methyl palmitate (C16:0) increases
from 2.69 x 107* to 5.63 x 10~* mol suggesting that its formation seems to
depend of the acidity strength of the catalytic material. The methyl stearate (C18:0)
formation requires a strong acidic character (4.02 x 10~* mol in the presence of
H,SO,4 and HPW against 1.50 x 10~* mol in the presence of H;BO3) and HPW,
very strong acid, those of methyl oleate (C18:1) (11.41 x 1074 against 0.77 x 1074
and 0.30 mol with H,SO,4 and H3;BO3) and methyl linoleate (C18:2) (35.37 x 1074
against 17.16 x 10~* and 0.77 x 10~* mol with H,SO,4 and H3;BO3). These results
indicate that the high difference in the acid strength between different catalysts
clearly has a large impact on homogeneous reactivity and on the nature of formed
FAME products. It is noted that C18:0 methanolysis in the presence of H,SO, and
HPW is similar to that in the presence of KOH indicating that the reaction requires
either a strong acidic character or a strong basic character.

In the presence of KOH, the biodiesel yield obtained from sunflower
methanolysis is of 99 %. This very high yield can be explained by the used high
methanol/oil molar ratio (29/1). The alcohol excess has completely to displace the
equilibrium in direction of the biodiesel formation. It is known that the base
catalysis give more favorable kinetics (reaction rate faster, higher activity, higher
yield in short time). It was reported that more than 96 % biodiesel could be obtained
from sunflower oil transesterification in 1 h by using 1 % KOH and a methanol/oil
molar ratio 6/1 at 65 °C [24].

Effect of silica support for sunflower oil methanolysis

The catalytic activity of HPW supported on silica was studied in the sunflower oil
methanolysis under heterogeneous conditions. The influence of the HPW amount
on the catalytic performance was examined using loading varying between 10 and
50 wt% of HPW supported on silica (S10-S50). The catalytic results are
summarized in Table 3. HPW supported on silica becomes less active than
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unsupported with 7-60 against 63 % of biodiesel yield. With supported catalysts,
biodiesel yield increases from 21 to 60 % with increase of the HPW amount from 10
to 30 wt%, indicating that the catalytic activity increases with the number of active
sites. Similar activity trends were observed for sunflower oil methanolysis on HPW/
Nb,Os5 [17]. Up to 30 wt%, a decrease of biodiesel yield was observed (7 % for S40
and for S50). These lower biodiesel yields can be attributed either to the formation
of agglomerates on the silica support surface as it was observed by XRD or the
presence of diffusional limitations of reactants. The results indicate that the active
site concentration plays an important role in the catalyst activity. Among HPW
supported on silica, the higher activity of S30 can be explained by a better
dispersion of (=SiOH,M)(H,PW1,047) active surface species, as shown by XRD
diffraction, and therefore, a better accessibility of active sites. IR spectroscopy
analysis of S30 after sunflower oil methanolysis showed the presence of
characteristic vibration bands of Keggin anion indicating that the leaching of the
acid has not been total, hypothesis supported by the probable existence of
(-SiOH, ")(H,PW 1,04 ") stable surface species. On the other hand, if we assume
that there is leaching, S40 and S50 should be the most active, this is not the case.
Therefore, this implies that the interaction between the support and the
heteropolyacid is very strong.

The nature of FAMEs obtained from sunflower oil methanolysis is also very
sensitive to the amount of HPW supported on silica. In the presence of S10, methyl
oleate is the only observed product with a quantity of 19.01 x 10~* mol. This latter
decreases to 0.96 x 10~* mol with increase of the HPW amount from 10 to 50 wt%.
Unsupported HPW and S30 have a similar behavior toward of the formation of
different methyl esters with equivalent FAME mol number.

These results seem to suggest that the distribution of FAME products in
heterogeneous catalysis is function of the accessibility of Brgnsted acid active sites
localized on support to different radicals (R1, R2 and R3) of the triglyceride and to
methanol and probably to preferential reaction pathway that take place on the
surface of the solid catalyst and to the desorption rate of FAME products.

Effect of temperature for sunflower oil methanolysis

From obtained results, S30 (heterogeneous catalysis) and HPW acid (homogeneous
catalysis) were found be the most efficient for sunflower oil methanolysis under
mild experimental conditions (60 °C, atmospheric pressure and 3 h of reaction time)
with 63 and 60 % of biodiesel yield. However, these yields are smaller than that
obtained with the KOH (99 %) in the same operation conditions. Several works
have reported that high biodiesel yields were obtained with more severe operation
conditions (high reaction temperature and high pressure). Shin et al. have obtained a
content of FAME of 92 % from the used vegetable oil transesterification, carried out
at 260 °C, 20 MPa and molar ratio of oil/methanol: 1/40 with Cs-doped
heteropolyacid as catalyst [25]. In the work published by Jiménez-morales et al.,
a maximum of biodiesel yield of 89 % was obtained, using mesoporous tantalum
phosphate as catalyst for sunflower oil methanolysis performed at 200 °C with a
Parr high pressure reactor and a molar ratio oil/methanol of 1/12 [26]. Nambo et al.
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have carried out the methanolysis of olive oil over ZnO nanorods, with a molar ratio
methanol/oil of 50/1 and a reaction temperature of 150 °C [27]. High biodiesel yield
was obtained in this study (95 %).

With the aim to increase the biodiesel yield, S30 was tested at 100 °C,
atmospheric pressure and 3 h of reaction time (same procedure as described in the
experimental part). The GC analysis showed, in addition, to peaks corresponding to
different FAME:s, other products have appeared (Fig. 3), confirmed qualitatively by
GC-MS analysis (Table 4).

Table 4 shows that FAMEs corresponding to C18 and C16 acids are the major
products and the other observed products resulting side-reactions are cyclohexanol,
cyclohexanone, 2,4-decadienal, methylbutanoicanhydride, diethyl isobutyl-
malonate, methyl palmitoleate, methyl palmitate and methyl tetradecanoate. Among
them, it may be noted the formation of methyl esters (methyl palmitoleate, methyl
tetradecanoate, methyl eicosanoate) resulting of the methanolysis of corresponding
acids. The presence of these methyl esters shows that the biodiesel yield can be
superior to 60 %.

These results evidenced that the transesterification reaction carried out at 100 °C
is followed by side-reactions. These observations have been emphasized by other
authors, but at higher reaction temperatures (>200 °C) [28-31]. The observed
side reactions at 100 °C and no at higher temperatures can probably result from the
fact that HPW supported on silica is a more acidic material compared to the Cs-
doped heteropolyacid [25], mesoporous tantalum phosphate [26], sulfated zirconia
[28, 29] and supported metal catalysts [30]. The side-reactions take place
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Fig. 3 GC chromatogram of reaction products after sunflower oil methanolysis at 100 °C on 30 wt%
HPW/SiO,.  Operation  conditions:  Mgyayse = 250 Mg,  Dethano/Moit = 29/1 (Mg = 2.61 g,
Vinethanot = 3.5 mL), T = 100 °C at atmospheric pressure, reaction time: 3 h, agitation rate: 300 rpm.
Products: C16:0-methyl palmitate, C18:0-methyl stearate, C18:1-methyl oleate, C18:2-methyl linoleate,
cyclohexanol, cyclohexanone, 2,4-decadienal, methylbutanoicanhydride, diethyl isobutylmalonate,
methyl palmitoleate, methyl palmetate and methyl tetradecanoate
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Table 4 Identified methanolyis

products by GC-MS. Catalyst: Product name Retention times Peak area (%)

?gg,ol'gactlon temperature: Cyclohexanol 318 0.6
Cyclohexanone 3.29 0.96
2,4-decadienal 11.31 1.41
Methylbutanoicanhydride 14.63 0.25
Diethyl isobutylmalonate 17.85 0.10
Methyl tetradecanoate 22.67 0.11
Methyl palmitoleate 27.30 0.14
Methyl palmitate 27.84 8.37
Methyl linoleate 31.93 45.92
Methyl oleate 32.07 25.79
Methyl stearate 32.53 3.18
Methyl eicosanoate 36.81 0.19

simultaneously with the oil transesterification, thus leading to the formation of
products that can come from either catalytic decarboxy-cracking or the conversion
of triglyceride and that of oxygenated products from catalytic cracking of
unsaturated fatty acids [28-30]. It is known that the activation of the C—H bond
requires a strong acidic character of the catalyst [31, 32].

Catalytic stability of HPW supported on silica

The leaching of HPW contained within HPW supported on silica (S30) was verified.
In a catalytic test experiment, methanol and catalyst (S30) were mixed during
30 min, then the solid is removed by filtration and the sunflower oil was added
(methanol/oil molar ratio of 29/1) and the reaction takes places during 3 h at 60 °C
(same procedure as described in the experimental part). The GC analysis showed
only peaks corresponding to tri-, di- and monoglycerides characteristic of sunflower
oil, indicating accordingly, meaning that the transesterification reaction does not
take place. It can be concluded that either there was no leaching or the amount of
leached acid was not sufficient to catalyze the reaction of transesterification.

The catalytic performance of used S30 catalyst was also evaluated in order to test
its activity as well as its stability. The results are represented in Table 5. Each cycle
lasts 3 h. After the first cycle, S30 catalyst was separated easily by simple filtration
and the biodiesel is recovered. The methanolysis of sunflower oil was carried out
with the used catalyst, under the optimized conditions (reaction temperature: 60 °C,
methanol/oil: 29/1). A decrease of catalytic activity of S30 took place and the

Table 5 Methanolysis reaction of sunflower oil with fresh and used HPW supported on silica (S30)

Cycle 1 2 3

Biodiesel yields (%) 60 35 15
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achieved FAME yield was of 35 % after the second run against 60 % after the first
cycle. When the test was repeated a third time with the same used catalyst, 15 % of
FAME yield were obtained. These observations seem to suggest that either the
leaching of the heteropolyacid would take gradually and slowly or deactivation of
the catalyst.

Probable reaction mechanism

Fig. 4 shows a plausible mechanism of supported heteropolyacid catalyzing the
sunflower oil methanolysis. The initial step is the protonation of methanol on a
Brgnsted site at the support surface and at the same time, protonation of triglyceride
on another Brgnsted site to give a carbocation. The methanol is then deprotonated to
give a nucleophilic that will attack the carbocation that generates a tetrahedral

Cat Cat® Cat” Cat—0O

Fig. 4 Reaction mechanism of triglycerides transesterification in methanol (R, fatty acid chain, R,
diglyceride group)
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intermediate. This latter eliminates a diglyceride and leads to the ester. The
mechanism, thus, continues until obtaining of both glycerol and various FAMEs.
This reaction mechanism is similar to that proposed in the case of the soybean oil
methanolysis using Amberlyst A26-OH as a basic resin catalyst [33]. The authors
suggested that methanol adsorption is the key step in reactions where methanol is
present in excess.

The obtained results in this study with acid catalysts (oxoacids, and unsupported
and supported heteropolyacid) for sunflower oil transesterification show that at low
reaction temperature (60 °C), only FAMES are formed and at higher reaction
temperature (100 °C) in the presence of HPW supported on silica (S30), oxygenated
compounds as alcohol, ketone, aldehydes and acids are formed. Therefore, to
increase the biodiesel yield with strong acid catalyst, it should be examined, other
parameters such as reaction time and methanol to oil ratio.

Conclusion

In this study, the examination of the catalytic properties of a series of acids with
different strength acidities: H3PW 1,049, H;SO,4 and H3;BOj; for the sunflower oil
methanolysis to produce biodiesel showed at low reaction temperature (60 °C), only
FAMES are formed. With HPW supported on silica (30 wt%) tested at higher
reaction temperature (100 °C), it was observed in addition to C16 and C18 methyl
esters, other methyl esters and oxygenated compounds (alcohol, ketone, aldehydes)
are also formed. 30 wt% HPW/SiO, has a similar catalytic behavior to that of HPW
with a biodiesel yield of 60-63 %. The use of an acid heterogeneous catalysis could
to be the future development to produce biodiesel thus avoiding problems inherent
in homogeneous processes as corrosion and polluting. Other investigations are
necessary to increase the biodiesel yield with acid catalysts without to provoke side-
reactions as decarboxy-cracking and catalytic cracking studying operation condi-
tions as concentration, morphology and particle size of catalyst and temperature and
time reaction, and alcohol/oil ratio.
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