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Abstract: In this study, three solid acid catalysts, namely mesoporous aluminophosphate-supported
12-tungstophosphoric heteropoly acid (HPW/MAP), mesoporous aluminosilicate-supported 12-
tungstophosphoric heteropoly acid (HPW/MAS), and gamma alumina-supported 12-tungstophos
phoric heteropoly acid (HPW /y-Al,O3) were prepared and characterized. Mesoporous aluminophos-
phate (MAP) and mesoporous aluminosilicate (MAS) were synthesized via sol-gel and hydrothermal
methods, respectively, and 25 wt.% of 12-tungstophosphoric heteropoly acid (HPW) was immobilized
on the support materials using the wet impregnation method. The features of the fabricated catalysts
were comprehensively investigated using various techniques such as BET, XRD, NH3-TPD, TGA, and
TEM. The surface area of the supported catalysts decreased after HPW impregnation according to BET
results, which indicates that HPW loaded on the supports and inside of their pores successfully. The
density and strengths of the acid sites of the support materials and the catalysts before reaction and
after regeneration were determined by the NH3-TPD technique. Accordingly, an increase in acidity
was observed after HPW immobilization on all the support materials. The catalytic performance of
the catalysts was studied through alcoholysis reaction using unrefined green seed canola oil as the
feedstock. The maximum biodiesel yield of 82.3% was obtained using 3 wt.% of HPW/MAS, with a
methanol to oil molar ratio of 20:1, at 200 °C and 4 MPa over 7 h. The reusability study of HPW/MAS
showed that it can maintain 80% of its initial activity after five runs.

Keywords: biodiesel; solid acid catalyst; heteropoly acid; reusability; unrefined canola oil

1. Introduction

The significance of developing alternative renewable energy sources to fossil fuels is
undeniable, considering the incremental increase in energy demand, the limited sources of
crude oil, and the detrimental impacts of their usage on the environment [1-3]. Many scien-
tists have focused on biodiesel production as a renewable and environmentally friendly
energy, which can be achieved through the three different techniques of pyrolysis [4],
micro-emulsion [5], and alcoholysis [6].

The most prevalent technique employed for biodiesel synthesis is the alcoholysis
process. In this method, fatty acid alkyl ester (FAAE) is achieved from the interaction
between plant oils or animal fats with alcohol [7].

The selection of feedstock has a big impact on the total cost of biodiesel production
as an essential factor of global commercialization. Due to the population growth, using
non-edible oil which is highly available and low cost is a priority. However, the major
problem with non-edible oils is that they are rich in free fatty acids (FFAs), which is a
challenge for conversion to FAAE [8,9].
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A catalyst is also considered an essential factor in biodiesel production, which can be
categorized into acid and alkaline catalysts. Currently, the most used commercial catalyst
for biodiesel synthesis is the homogeneously base-catalyzed transesterification reaction
of plant oils. However, a problem arose from the high amount of FFA that can lead to the
creation of undesired reactions, such as saponification reaction in the case of using alkaline
catalysts. The formation of soap makes the separation process difficult and costly, and
adversely affects the yield of biodiesel production [10,11]. Homogeneous acid catalysts
are highly active; however, the generation of effluent stream, solubility in the reaction
mixture, and corrosive and toxic features have restricted their application. In contrast,
heterogeneous acid catalysts are eco-friendly and their phase difference with reaction media
has eased their separation, and they can be reused in a new reaction, which can be highly
effective in decreasing the cost of production [10,11].

A wide range of solid acid catalysts have been explored for biodiesel synthesis such as
zeolites and zeotypes [12], sulfated metal oxides [13], sulphonic acid group catalysts [14],
heteropoly acids (HPAs) and supported HPAs [15,16], and acidic montmorillonite cata-
lysts [17]. In heterogeneously catalyzed reactions, the interaction of the active phase with
the support is vital to maintain the catalyst activity during the process and to enhance its
reusability [18]. Although solid acid catalysts are favorable for biodiesel synthesis from
raw materials with low quality, leaching of acid sites remains the major obstacle of solid
acid catalysts [19,20]. Thereby, designing efficient and sustainable solid acid catalysts is still
a challenge. The preferable solid acid catalyst for the alcoholysis process should possess
high acidity and appropriate structural features to prevent active sites from leaching and
minimize diffusion limitations. Among various solid acid catalysts, supported HPAs have
presented outstanding catalytic features in acid-catalyzed reactions due to their nontox-
icity, special structure, and high Bronsted acidity [21-23]. HPW is the most widely used
Kegging-type HPA with higher thermal stability and Bronsted acidity, which has indicated
superb catalytic performance in acid-catalyzed reactions [24,25].

Various support materials have been employed for the immobilization of heteropoly
acids for different applications. Srilatha et al. [26] studied the esterification reaction of
palmitic acid using TPA supported on ZrO; catalysts. This resulted in ~95% conversion of
palmitic acid to biodiesel with better reusability, confirming the strong interaction between
TPA and ZrO,. Kumbar et al. [27] ] reported the use of TiO, supported TPA as a suitable
solid acid catalyst in the alkylation process. It is reported that titanium oxide improved
the catalytic activity, which attributed to the strong attachment between TiO, and the
active phase. H4SiW1,040-510,, synthesized by a one-step method, was used for biodiesel
production [28]. HySiW1,049 was successfully loaded inside the mesoporous channels of
-5i0, which enhanced reusability and diffusion of the reactants.

In this study, two novel methods were used to fabricate HPW/MAP and HPW/MAS
for biodiesel production from unrefined green seed canola oil. To our knowledge, no study
has explored the potential of MAP as a support material for immobilized HPW and for its
application in biodiesel production. In addition, a novel and simple hydrothermal method
was used for the synthesis of MAS, which has not been investigated before.

Comprehensive characterization of the synthesized catalysts was investigated and
compared with HPW/vy-Al;Os. The biodiesel synthesis was studied using synthesized
catalysts, and the biodiesel product was characterized for the presence of ester functional
groups and its suitability as an engine fuel. The other objective of this study was to explore
the reusability of the synthesized catalyst, considered as the main factor for biodiesel
production commercialization.

2. Experimental Section
2.1. Materials

Sodium aluminate and phosphoric acid (85% mass) were acquired from Fischer Scien-
tific, Waltham, MA, USA. Tetraethylorthosilicate (TEOS, 25 wt.% in H,O), tetrapropyl am-
monium hydroxide (TPAOH, 1M in water), tetramethyl ammonium hydroxide (TMAQH,
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25 wt.% in H,O), and standards of oleic acid, mono-oleate, di-oleate, tri-oleate, and
methyl oleate were all supplied by Sigma-Aldrich, Burlington, MA, USA. Methanol (99%)
and ethanol (99%) were provided by Innova Chemical, VWR, Edmonton, AB, Canada.
Cetyltrimethylammonium bromide (CTAB) was obtained from Merck, Darmstadt, Ger-
many. Ammonium nitrate (>95%), aluminum hydroxide (>76.5%), 12-tungstophosphoric
heteropoly acid (HPW) and y-Al,O3 were provided by Alfa-Aesar, Tewksbury, MA, USA.
HPLC grades of acetonitrile (ACN), isopropanol, methanol (MeOH), and hexane were
purchased from Fischer Scientific, Waltham, MA, USA. Citric acid was supplied by EMD
Chemicals Inc., Darmstadt, Germany. Unrefined green seed canola oil was supplied by
Milligan Bio-Tech Inc., Saskatoon, SK, Canada.

2.2. Synthesis of Mesoporous Aluminosilicate (MAS)

For MAS preparation, a solution of 0.4 g sodium aluminate in 55 mL of water was
prepared under stirring at ambient temperature. After it had dissolved completely, 24 mL
of TEOS and 9 mL of TPAOH were added dropwise to the solution, respectively. An ethanol
solution containing 5.5 g of citric acid was then added to the mixture and agitated for 1 h.
Later, the mixture was poured into a Teflon bottle to be processed in an oven at 100 °C for
two days. The calcination of the obtained material was carried out at 550 °C for 5 h. The
solid was then ion-exchanged using ammonium nitrate 1 M. In the final step, the resulting
sample was calcined at 500 °C for 5 h.

2.3. Synthesis of Mesoporous Aluminophosphate (MAP)

MAP was fabricated via the sol-gel method. A solution of 11.5 g of CTAB (25% mass)
in 100 g water was prepared. A total of 3.5 g of dried aluminum hydroxide precursor was
added to the phosphoric acid solution and stirred vigorously for 30 min. The acquired
mixture was then mixed with CTAB solution and maintained for 30 min. TMAOH was
poured into the prepared mixture slowly until pH 9.5 was achieved and then kept for 72 h
before proceeding. The final step of the process is filtration and washing of the obtained
material with water followed by drying and calcination at 500 °C for 6 h.

2.4. Impregnation of 12-Tungstophosphoric Heteropoly Acid (HPW) on Supports

HPW/MAS and HPW /MAP were synthesized by the immobilization of 25 wt.% HPW
on MAS and MAP through the wet impregnation method. With regards to this, HPW was
mixed with methanol to dissolve it completely and then support material was transferred
slowly to the solution under stirring and aged for 3 h. In terms of HPW /vy-Al,O3, 25%
HPW solution was added dropwise on y-Al,O3 beads until they were completely coated
in the solution. The obtained sample was dried at room temperature, accompanied with
calcination at 450 °C for 5 h.

2.5. Catalytic Reaction

Biodiesel was synthesized through simultaneous esterification and transesterification
reactions in a 100 mL Parr reactor to assess the performance of the catalysts. A total of 35 g
of oil was warmed up at 50 °C and then added to methanol (20:1 methanol to oil molar ratio)
and 3 wt.% of the catalyst (based on oil weight). The reaction was conducted at preliminary
conditions of 200 °C, 4 MPa, and 600 rpm to screen the activity of the catalysts for 7 h. An
HPLC characterization technique (Agilent technologies 1200 series, Santa Clara, CA, USA),
equipped with two columns of Nova-Pak C18 (4.6 mm x 150 mm) and SpherisoRB5 ODS(2)
(4.6 mm x 250 mm) connected in series, was used to analyze the ester phase of the product.
Reverse HPLC method was used with two mobile phases containing 50% ACN + 25%
isopropanol + 25% MeOH for the solvent A and 50% ACN + 50% (5 isopropanol/4 hexane
volume ratio) for the solvent B, based on the timeline shown in Table 1, at 1 mL/min for
28 min. The analysis was performed with a sample injection volume of 10 pL at the column
and a detector temperature of 35 °C and 50 °C, respectively. The peaks were detected using
an ELSD detector (Agilent 1260 Infinity II, Santa Clara, CA, USA). HPLC calibration was
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conducted using standard chemicals of mono-oleate, di-oleate, tri-oleate, methyl oleate,
and oleic acid. Equation (1) was used for the ester yield calculation based on wt.%.

Ester yield (%) = (weight of methyl ester /weight of oil phase) x 100 (1)

Table 1. Timeline of mobile phase usage in HPLC.

Time (min) A (%) B (%)
0 100 0
7 100 0
15 0 100
28 0 100

2.6. Catalyst Characterization Techniques

The Brunauer-Emmett-Teller (BET) characterization technique (Micromeritics ASAP
2000, Norcross, GA, USA) was used to determine the surface area, and the pore volume
and pore diameter of the catalysts (around 0.2 g of each catalyst was used), using the
Barrett-Joyner-Halenda (BJH) method. The metal concentration in the HPW supported
catalysts was achieved using an iCAP 7000 Series inductively coupled plasma optical
emission spectrometry (ICP-OES) instrument (Thermo Scientific, Waltham, MA, USA). A
Fourier transform infrared spectrometer (FTIR, Vertex 60 Bruker, Karlsruhe, Germany)
was used for FTIR spectroscopy of pyridine adsorption in the 1700-1400 cm ™! region.
HPW supported catalysts (around 100 mg) were first immersed in pyridine for 6 h. Then,
the samples were heated at 100 °C for 2 h and the pyridine chemisorbed catalysts were
analyzed to determine the types of acidic sites (Bronsted and Lewis) of the prepared
catalysts. Thermogravimetric analysis (TGA) using a TGA Q-500 analyzer (New Castle,
DE, USA) was carried out to obtain the thermal stability of the catalysts. An Advanced
Bruker D8 diffractometer (Billerica, MA, USA) with Cu K« radiation was employed to
obtain wide-angle X-ray diffraction (XRD) patterns in the scanning range of 10° to 90°.
Temperature-programmed desorption of ammonia (NH3-TPD) equipped with a TCD
detector (Micromeritics Instrument Corporation, Norcross, GA, USA) was employed to
measure the acidity of the catalysts. For the TPD experiment, the sample (0.04 g) was first
pretreated in helium at 300 °C for half an hour. The temperature was then decreased to
room temperature in flowing helium (20 mL/min). The catalyst sample was then saturated
with 15% NHj3 in helium at a flow rate of 20 mL/min. Then, the sample temperature was
increased at a ramp rate of 10 °C/min, with a constant helium flow rate of 20 mL/min, and
the spectrum for the desorption of NH3 was recorded with the TCD with a temperature
rise from 100 °C to 600 °C, for the evaluation of the NH; desorbed and the total acidity. A
transition electron microscopy (TEM) characterization technique (Hitachi HT7700, Tokyo,
Japan) with an accelerating voltage of 80 kV was used.

3. Results and Discussion
3.1. Catalyst Characterization

The textural features of the support materials and the HPW supported catalysts
obtained from BET analysis and the concentration of tungsten (W) in the HPW supported
catalysts obtained from the ICP-OES technique are represented in Table 2. The surface
area and pore size of MAS is 703 m? /g and 5.0 nm, respectively, which are higher than
MAP, with the surface area of 581 m?/g and a pore size of 4.7 nm. The specific surface
area of MAS is also higher than y-Al,O3 (297 m?/ g). Impregnation of HPW on the support
materials led to a decrease in surface area and pore volume for all of them. This could be
attributed to both settling of HPW into the pores and calcination of the HPW supported
catalysts at 450 °C for 5 h. In a research study conducted by Pires et al. [29], similar results
are observed for the impregnation of HPW on MCM-41, MCM-48, and SBA-15. The larger
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average pore size of HPW/MAP compared to that of MAP could be due to the occupation
or blocking of the micropores of the support, which led to an increase in the average pore
size of HPW /MAP. A similar finding is reported for TPA anchored to two mesoporous
aluminosilicates (MAS-7, MAS-9) [30].

Table 2. Textural features and metal concentration of catalysts.

Catalyst BET S(urgace Area Total Por% Volume Average Pore Size ICP-OES
m-/g) (cm?>/g) (nm) W (wt.%)
v-Al,O3 297 0.82 7.5 -
HPW /vy-Al,O3 195 0.50 7.2 23.2
MAP 581 0.14 47 -
HPW/MAP 111 0.08 5.1 22.5
MAS 703 +9 0.99 £ 0.03 50£0.7 -
HPW/MAS 504 0.68 4.4 22.8

Figure 1 illustrates N2 adsorption—desorption isotherms for all the support materials
and HPW supported catalysts. All the samples indicate IV type isotherms, based on IUPAC
classification that shows the mesoporous structure of these catalysts [31]. According to
Figure 1a, y-Al,O3 and HPW /vy-Al,O3 exhibit a narrow hysteresis loop of type H1, with
closure at about p/pg = 0.6. Regarding MAP (Figure 1b), a small H1 hysteresis loop closure
at about p/pg = 0.9 is observed, which can be associated with the existence of a narrow
range of pores with unconnected structure. MAS and HPW /MAS exhibit an H1 hysteresis
loop with closure at about p/py = 0.45 [32]. After impregnation of HPW on all three
supports, the general shape of HPW supported catalyst isotherms were considerably alike,
with the related supports and hysteresis loops remaining in the same region of relative
pressure. This shows that the loading of HPW on the support materials does not affect
their mesoporous structure. However, the reduction in the amount of adsorption after the
impregnation of HPW on the supports suggests that HPW supported catalysts have less
surface area compared to support materials because of the occupying of pores with HPW.
The BET data confirm the suitability of these support materials due to their high surface
area and appropriate porosity for HPW immobilization, which are important physical
properties for enhancing catalytic activity.

Pore size distribution curves (Figure 2) were derived using the BJH technique based
on adsorption volume data. y-Al,O3 and HPW /vy-Al,O3 curves (Figure 2a) indicate the
narrow and uniform pore sizes, with an average of 7 nm. Figure 2b,c present uniform
mesopores in the average distribution range of 2.5-6.5 nm for MAP and HPW/MAP, and
2-6 nm for MAS and HPW/MAS.
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Figure 1. N, adsorption—desorption isotherms for (a) y-Al,O3 and HPW /y-Al,O3, (b) MAP and
HPW/MAP, and (¢) MAS and HPW /MAS.
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Figure 2. Pore size distribution curves for (a) y-Al,O3 and HPW /y-Al,O3, (b) MAP and HPW/MAP,
and (c) MAS and HPW /MAS.

Pyridine FTIR was carried out to identify the types of acid sites (Bronsted and Lewis
acids) in synthesized HPW /MAS, HPW /MAP, and HPW /y-Al,Oj3 catalysts. As illustrated
in Figure 3, five characteristic peaks at 1446, 1487, 1537, 1600, and 1634 cm~ ! were observed
in all supported HPW catalysts. The band at 1446 cm ™! is related to the hydrogen-bonded
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pyridine, which correlates to Lewis acid sites. The band at 1487 is attributed to the presence
of both Bronsted and Lewis acid sites. The characteristic peaks at around 1537 and 1634
correspond to Bronsted acid sites, while the peak at approximately 1600 can be attributed
to the bond formed between pyridine and A1** Lewis acid sites of all the catalysts. The
obtained results confirm the presence of both types of acid sites in the synthesized cata-
lysts [30,33]. Similar procedures were used by Hoo et al. [32] and Sudhakar et al. [34] to
determine and discuss catalysts” acidity.
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Figure 3. FTIR spectra after pyridine desorption of (a) HPW/MAS, (b) HPW/MAP, and (c) HPW /7y-
AL Os.

XRD patterns of HPW, y-Al,O3, HPW /v-Al,O3, MAS, HPW/MAS, MAP, and HPW/
MAP at a high diffraction angle are exhibited in Figure 4. According to the literature [35], the
peaks reflected at 20 = 10.3, 20.7, 25.4, 29.5, and 34.7° are associated with crystalline HPW
structure. Moreover, regarding the crystalline structure of y-Al,O3 the peaks at 20 = 37.1,
46.0, and 66.6° are related to the planes of 400 and 440, respectively. However, after
immobilization of HPW on the surface of y-Al,O3, the intensity of the peaks decreased as
compared to pure y-Al,O3 confirming that HPW was well incorporated in the support [36].
Broad peaks in the XRD spectra of MAP, HPW /MAP, MAS, and HPW /MAS in the range of
20 to 30° were noticed, confirming the amorphous structure of the synthesized mesoporous
catalysts. The suitable incorporation of Kegging anions on the surface of the support
materials verified by XRD, can be attributed to the difference in the pore size of the support
materials (y-Al,O3 = 7.5 nm, MAP = 4.7 nm, and MAS = 5 nm) and the Kegging anions
(1.2 nm). This can facilitate the uniform dispersion of HPW on the surface of support
materials, preventing agglomeration of HPW.
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Figure 4. XRD patterns of HPW, y-Al,O3 and synthesized catalysts.

TEM images of the catalysts are illustrated in Figure 5. The images of HPW/MAS
and HPW /MAP show the dispersion of the round particles ascribed to the Kegging anions
of HPW distributing on the support materials. The dark circles indicated by arrows in
Figure 5b,d, confirm that HPW settled inside the pores of the support materials. The
HPW diameter is less than the support material and this difference contributes to residing
HPW anions inside the pores. Kurhade et al. [35] and Baddy et al. [37] reported similar
observations.

The NH;3-TPD characterization technique was employed to analyze the acidity of
the prepared catalysts. The total acidity and acidity in various temperature intervals for
support materials, HPW supported catalysts, and recovered HPW supported catalysts
are reported in Table 3. Three temperature intervals of 100-300 °C, 300-500 °C, and
500-600 °C were used for this analysis in Table 3, which can be categorized into mild acidic
sites, medium and strong acidic sites, respectively. The acidity strengths of all the HPW
supported catalysts were related mainly to the range of 150 to 500 °C, representing medium
acidic sites. However, there is presence of weak acidic sites (in the range of 100 to 150 °C)
for all the catalysts. The total acidity of the materials was calculated by integrating the
curve from the TPD data and comparing the data with those of standard samples in the
temperature range from 100 °C to 600 °C.
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Figure 5. TEM images of (a) MAP, (b) HPW/MAP, (c) MAS, and (d) HPW/MAS.

Table 3. Acidity of support materials and HPW supported catalysts obtained from NH3-TPD.

Catalyst To(t:;‘:‘);/ig)ity 100-300°C  300-500°C  500-600 °C
v-ALO3 922 354 429 139
HPW /v-Al,O5 913 328 480 105
R *-HPW /v-ALO, 876 332 453 91
MAP 795 + 8 283 220 292
HPW/MAP 841 245 348 248
R *-HPW/MAP 835 292 302 241
MAS 1015 + 16 270 276 469
HPW/MAS 1111 + 13 466 448 19
R *-HPW/MAS 1082 449 565 68

* R—Recovered.

Based on the TPD results (Table 3), the acidity amount of y-Al,O3, MAP, and MAS
were obtained of 795 pmol/g, 1015, and 922 pmol/g, respectively. HPW immobilization
on the support materials led to an acidity increase of 9.5% for HPW/MAS and 5.8% for
HPW/MAP. Accordingly, HPW /MAS represented higher acidity related to HPW /MAP
and HPW /y-Al,Os. The acidity of HPW supported catalysts was also analyzed after the
first recovery from the reaction, which indicated no significant decrease in acidity for

HPW /v-AL O3 (<5%), HPW/MAP (<1%), and HPW/MAS (<3%) [32,38].
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The thermal behavior of the prepared catalysts was examined through thermogravi-
metric analysis. As represented in Figure 6, the largest weight loss in the TGA profiles of
MAP, HPW /MAP, y-Al,O3, and HPW /y-Al,O3 occurs approximately between 80 °C and
200 °C, while for MAS and HPW /MAS, it is between 50 °C and 150 °C, corresponding
to the loss of physically absorbed water molecules. With regard to the support material,
more water was physically absorbed by MAP followed by MAS and y-Al,O3 which could
be due to the hydrogen bonding established between these support materials and water.
Crystallization of Kegging ions also leads to weight loss in HPW supported catalysts, as
a result of the loss of water [39]. Thermal stability of the support materials and HPW
supported catalysts was determined to be stable up to 600 °C.

MAP HPW/MAP MAS ——HPW/MAS ——y-Al203 ——HPW/y-AI203
0.12
0.1
9
§ 0.08
5
-5 0.06
=
£ 004
(]
a
- N
s et e s etn s peBen i e et s A
0
30 130 230 330 430 530

Temperature (°C)

Figure 6. Thermogravimetric analysis of supports (MAP, MAS, and v-Al,O3) and catalysts
(HPW/MAP, HPW /MAS, and HPW /y-Al,O3).

The mechanism of HPW immobilization on MAS is shown in Figure 7. In the first
step, the surface hydroxyl groups of synthesized MAS were dehydroxylated by calcination
at 500 °C, to create electron donor and acceptor sites. In the second step, HPW was
anchored to MAS by the interaction between the H* of the heteropoly anion of HPW
and the Al site of MAS, which creates a negative charge (6—) at HPW and leads to the
electrostatic attachment of HPW to the Lewis site (Si*) of MAS [35,40]. The existence of
both Lewis and Bronsted acid sites on the solid acid catalysts is essential in developing
simultaneous esterification and transesterification reactions for biodiesel production. A
Lewis acid catalyst is favorable to ease the transesterification reaction, while for facilitating
the esterification reaction, Bronsted acidic sites play a significant role. Regarding the HPW
supported catalysts used in this research study, alumina and the synthesized support
materials provide Lewis acid sites, and HPW provides the Bronsted acidic sites. Therefore,
immobilization of HPW on these support materials that possess both Bronsted and Lewis
acidic sites is favorable for biodiesel production, through simultaneous esterification and
transesterification reactions [16,41].
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Figure 7. Mechanism of HPW immobilization on MAS including (1) calcination of MAS at 500 °C to
obtain Lewis acid sites, and (2) immobilization of HPW with Bronsted acid sites on MAS.

3.2. Catalytic Activity

The performance of the prepared catalysts was screened at a preliminary reaction
condition of 3 wt.% catalyst, and a methanol to oil molar ratio of 20:1 at 200 °C and 4 MPa
over 7 h. The percentage of biodiesel yield over time at intervals of one hour was reported
in Figure 8. According to this figure, the introduction of HPW on the surface of the support
materials resulted in a higher biodiesel yield for all of them, as compared to the bare
support materials. The methyl ester yield improved for all the catalysts over time; however,
the increasing trend was slower in the last 3 h. HPW/MAS indicated a better biodiesel
yield of 82.3% in comparison with HPW/MAP and HPW /y-Al,O3 with 78.3% and 64.2%,
respectively. This can be ascribed to the higher surface area and acidity of HPW/MAS
confirmed by BET and NH3-TPD analysis, respectively. Higher surface area enhances the
dispersion of the Kegging anions on the surface of HPW, leading to better acidity and
higher biodiesel yield. Furthermore, the accomplished results show the superiority of
the fabricated catalysts of MAS and MAP, in terms of catalytic activity in simultaneous
esterification and transesterification reactions, in comparison with commercial y-Al,Os.
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Figure 8. Screening the performance of support materials and HPW supported catalysts for biodiesel
production over time (3 wt.% catalyst, methanol to oil molar ratio 20:1, 200 °C, 4 MPa, and 7 h).
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Table 4 shows the reaction conditions of some similar work that used HPW supported
catalysts for biodiesel production. Accordingly, the amount of catalyst used in this study is
less than that in most of the other studies, which can have a significant impact on the cost
of production.

Table 4. Tungstophosphoric supported catalysts for biodiesel production.

Catalyst Reaction Conditions CY(;I;I’; 1&1,?2/0()“ Ref.

Temperature = 200 °C, reaction
HPA /MK?700 time = 2 h, alcohol to oil molar Conversion = 83.0 [29]
ratio = 10, catalyst loading = 10 wt.%

H,SiW1,040-5i0, Temperature = 65 °C, reaction

time = 6 h, catalyst loading = 20 wt.% Yield =73.0 (28]

Temperature = 65 °C, reaction
TPA /SBA-15 time = 8 h, alcohol to oil molar Conversion = 86.0 [42]
ratio = 8, catalyst loading =0.3 g

Temperature = 60 °C, reaction
TPA /zeolite HR time = 6 h, alcohol to oil molar Conversion = 84.0 [43]
ratio = 20, catalyst loading = 30 wt.%

Temperature = 65 °C, reaction
TPA/SnO, time = 200 min, alcohol to oil molar Conversion = 81.2 [44]
ratio = 14, catalyst loading=1g

Temperature = 200 °C, reaction
HPW /vy-Al,O3 time = 7 h, alcohol to oil molar Yield = 64.2 This study
ratio = 20, catalyst loading = 3 wt.%

Temperature = 200 °C, reaction
HPW/MAP time =7 h, alcohol to oil molar Yield =78.3 This study
ratio = 20, catalyst loading = 3 wt.%

Temperature = 200 °C, reaction
HPW/MAS time = 7 h, alcohol to oil molar Yield = 82.3 This study
ratio = 20, catalyst loading = 3 wt.%

The mechanisms of the acid-catalyzed esterification of fatty acid and acid-catalyzed-
transesterification of triglyceride using HPW supported catalysts are expressed in Figure 9a,b.
Accordingly, the interaction of the carbonyl oxygen (C=0) of the fatty acid and triglyceride
with the catalyst active site, which is acidic (H"), leads to the carbocation. A tetrahedral
intermediate is generated after introducing methanol, with a nucleophilic effect on the
carbocation. The water in the esterification reaction and glycerol in the transesterification
reaction are finally eliminated from the tetrahedral intermediate to form methyl ester and
regenerate the catalyst [45,46]. As HPW supported catalysts are not sensitive to water,
the formation of water during the reaction has no adverse effect on their catalytic activity,
which can be maintained during the process.

3.3. Reusability Study

The main advantage of using heterogeneous catalysts is their reusability, which can
reduce the cost of production as catalysts are expensive materials. The reusability of
HPW /MAS as the best synthesized catalyst was examined through five cycles, using the
same reaction conditions. For this purpose, after each reaction, the catalyst was filtered and
regenerated via washing with tetrahydrofuran and hexane to eliminate polar and nonpolar
contaminants, followed by drying at 100 °C. According to the reusability results shown in
Figure 10, HPW/MAS maintained around 80% of its initial activity after five runs.
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Figure 10. Reusability study of HPW /MAS for biodiesel production over five cycles.

4. Conclusions

The incorporation of HPW on y-Al,O3 MAP, and MAS was studied for simultaneous
esterification and transesterification reactions of biodiesel production, using unrefined
green seed canola oil. According to the TEM images of HPW/MAP and HPW/MAS,
HPW dispersed properly on the surface of the carriers. In addition, the surface area of
the catalysts decreases after HPW impregnation, as confirmed by the BET method which
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proved the settlement of HPW inside the pores of the support materials. Both synthesized
support materials of MAP and MAS provide high surface area and suitable porosity for the
immobilization of HPW; however, according to the results obtained, using HPW/MAS led
to a better biodiesel yield (82.3%) compared to HPW /MAP (78.3%), which can be attributed
to the higher surface area and acidity of HPW /MAS, with 504.3 m? /g and 1111 umol/g,
respectively. A reusability study of HPW /MAS through five cycles indicated high catalytic
activity after five successive uses (80% of its initial activity). The results obtained from
this study prove that HPW/MAS could be an efficient solid acid catalyst for biodiesel
production from feedstocks with low quality, such as unrefined green seed canola oil,
which is rich in FFAs, without any pre-treatment processes. However, catalytic activity
and reusability could be enhanced by reducing active phase leaching through increasing
the interaction between the active phase and support materials. In this regard, the use of
suitable linkers such as organosilanes is recommended to be investigated in future studies.
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ACN Acetonitrile

BJH Barrett-Joyner—-Halenda

CTAB Cetyltrimethylammonium bromide

FAAE Fatty acid alkyl ester

FFAs Free fatty acids

HPAs Heteropoly acids

HPW 12-tungstophosphoric heteropoly acid

HPW/MAP Mesoporous aluminophosphate supported 12-tungstophosphoric heteropoly acid

HPW/MAS
HPW /y-Al,O5
MAP

Mesoporous aluminosilicate supported 12-tungstophosphoric heteropoly acid
Gamma alumina supported 12-tungstophosphoric heteropoly acid
Mesoporous aluminophosphate

MAS Mesoporous aluminosilicate

NH3-TPD Temperature-programmed desorption of ammonia
TEOS Tetraethylorthosilicate

TMAOH Tetramethyl ammonium hydroxide

TPAOH Tetrapropyl ammonium hydroxide
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