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Polyoxometalate-MgF, hybrids as heterogeneous
solid acid catalysts for efficient biodiesel
productiont
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A series of highly active and stable Keggin heteropolyacid catalysts were prepared through mixing of 12-
tungstophosphoric acid (TPA) with magnesium fluoride (MgF,). Among those acidic catalysts, the
Mg0Fs9TPA-1.0 hybrid with moderate acidity (0.96 mmol g™ and good dispersion of active sites
presented pronounced catalytic performance in esterification of oleic acid (up to 95% oleic acid
conversion). Particularly, Mg,oF39TPA-1.0 was also efficient for the transesterification of Jatropha oil with
a high acid value, giving biodiesel in 93% yield. Moreover, the catalyst showed good durability and
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1. Introduction

In the wake of the consumption of fossil fuels and the
concomitant aggravation of environmental concerns, there is
currently an urgent need to search for renewable and clean
energy sources."” Due to the merits of biodegradability, non-
sulfur, renewability, and high lubricity, biodiesel is consid-
ered to be one of promising alternative fuels.*® Biodiesel is
composed of long chain fatty acid monoesters, which are
generally derived from renewable oils or fats by (trans)esterifi-
cation with short carbon-chain alcohols.”® In the process of
producing biodiesel, cheaper oils (e.g., Jatropha oil) have been
elected as raw materials to cut the production cost.'”** However,
the use of an alkaline catalyst may lead to saponification,
difficult separation of products, and high catalyst consump-
tion.””** In addition, abundant free fatty acids (FFAs) can be
generated as important byproducts during food processing.®
Therefore, it is a beneficial route to use acidic catalysts to
esterify FFAs and (trans)esterify Jatropha oil for biodiesel
production.

Traditionally, homogeneous acid catalysts (e.g., H,SO,, HCl
or H3PO,) are applied for transesterification and esterification."”
However, these types of catalytic systems not only need extra
neutralization, are energy-intensive and require complicated
purification steps, but they are also difficult to recover and
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separate, which may increase the cost of biodiesel
production.*®*

Therefore, the design and use of solid acid catalysts for
either transesterification or esterification have been widely
developed to overcome these drawbacks. For example, an ionic
liquid functionalized polymer (e.g., poly([VSIM][HSO,])) exhibi-
ted good catalytic activity in oleic acid esterification, giving
biodiesel in a conversion of 92%.>° Sulfated zirconia possessing
Bronsted and Lewis acid sites afforded 88% biodiesel yield in
esterification of stearic acid, while the loss of the Bronsted acid
sites directly resulted in significant deactivation of the cata-
lyst.>* Sulfonic acid-functionalized solid acids (e.g., sulphonated
carbon and SO;H-SBA-15) were also explored to be used for
producing biodiesel from plant oils or fatty acids, giving 82—
92% yield of biodiesel at high temperatures (e.g., 200 °C).>>**
However, wide application of those materials in biodiesel
production was restricted possibly due to their low thermal
stability, need of costly raw materials, and rigorous and
complicated preparation procedures.

Heteropolyacids (HPAs) have stronger Bronsted acidy than
most of mineral acids.?*?” However, low surface areas (<10 m>
g~ ') of HPAs greatly reduce the dispersion and accessibility of
acid sites to substrates during reactions, and they are difficult to
recover in polar solvents because of high miscibility.”® To
address these issues, HPAs were usually immobilized onto
porous materials (e.g., HPMo/A20 and TPA/Zr0O,),>**° while the
problem of leaching remained heavily in the production of
biodiesel. Instead, solvothermal method seems to be a valid
solution to overcome this drawback, with active sites dispersed
more evenly.*** The solidification with cations is another way
to overcome the solubility of HPAs. However, a comparison of
immobilization and solidification methods showed that the
latter possessed higher density of acidic sites and better cata-

Iytic performance.?**
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It was reported that MgF, possessed high thermal stability,
mesoporous structure, Bronsted and Lewis acid sites.** Besides,
it also contains moderate week base sites (0.65 mmol g ).
Therefore, MgF, can be a promising support to solidify TPA,
without destructing the structure of TPA. Herein, a series of
polyoxometalate-MgF, (Mg,oF3oTPA-x) were synthesized from
mixing of TPA with MgF,. For the sake of evaluating the catalytic
performance of Mg,oF;oTPA-x, the catalysts were used for
producing biodiesel from both oleic acid and Jatropha oil with
a high acid value of 19.35 mg KOH/g via esterification and
transesterification, respectively.

2. Experimental
2.1 Materials

Mg (99.9%) and HF (49 wt% in water, 99.99998%) were bought
from Aladdin Industrial Inc. (Shanghai). Methanol (>99.5%)
was supplied by Guanghua scientific Ltd. (Guangdong). H;-
PW,,0,,-nH,0 (AR) and Oleic acid (AR) were purchased from
Kemiou Chemical Reagent, Co., Ltd. (Tianjin). Jatropha oil
(=98%, Table 1) procured from Luodian County, Guizhou
Province, China.

2.2 Catalyst preparation

2.2.1 Synthesis of MgF,. The MgF, catalysts were synthe-
sized via a sol-gel method.*® In a typical procedure, excessive
methanol (30 mL) was first added into metallic magnesium
(0.39 g, 16 mmol) at room temperature. After magnesium was
dissolved completely, HF (32 mmol) was added under stirring
conditions, and the resulting mixtures were stirred for 24 h. The
sols could form viscous transparent gels as they were aged for
24 h at room temperature. Then drying of this gels were
accomplished at 80 °C for 24 h, and the dried powders were
calcined at 200 °C for 3 h with a heating rate of 2 °C min™ "' in
furnace.

2.2.2 Synthesis of 30 wt% TPA/MgF,. The 30 wt% TPA/
MgF, was synthesized by incipient wetness impregnation
method. After TPA (30 wt%) was dissolved completely in
methanol, MgF, was added under stirring conditions. The
resulting mixtures were stirred for 30 min, and aged at 40 °C for
24 h, which was further dried at 80 °C overnight. Finally, the
white powder was calcined at 200 °C for 3 h with a heating rate
of 2 °C min" in furnace.

2.2.3 Synthesis of Mg,,F;,TPA-x. To a solution of metallic
magnesium (0.49 g, 20 mmol) dissolved in methanol (40 mL) at
room temperature, HF (39 mmol) and H3PW;,0, nH,0
(1.2 mmol, 1.0 mmol, 0.8 mmol, or 0.6 mmol) in methanol (10
mL) were added into the former solution at room temperature.
Some white precipitates were formed, and the resulting

Table 1 The fatty acid composition of Jatropha oil
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suspension was stirred for 24 h, and aged at 40 °C for 24 h, which
was further transferred to an autoclave and solvothermally treated
at 200 °C for 2 h with a heating rate of 2 °C min~". Subsequently,
the suspension was dried at 40 °C for 24 h and further dried at
80 °C overnight. Finally, the white powder was calcined at 200 °C
for 3 h with a heating rate of 2 °C min " in furnace. The prepared
catalysts were named as Mg,(F3oTPA-x (where x is the content of
TPA; x = 1.2, 1.0, 0.8, and 0.6 mmol) that represents Mg,,Fso-
H; 6P12W14.4048, Mg0F30H2 0PW12040, Mg20F39H1.4P0.sWo 6032,
and Mg,F30Hg sPo.6Wo 6032, respectively.

2.3 Catalyst characterization

Fourier transform-infrared (FT-IR) spectra of samples were
recorded on a Nicolet 360 FT-IR spectrometer by using a KBr
disc method. Energy dispersive X-ray spectroscopy (EDS; S-4800,
Hitachi) under 5 kV primary electron voltages was employed to
measure the elemental components. X-ray diffraction (XRD)
patterns in the 26 angle from 5 to 80 °C were obtained on D8
ADVANCE X-ray diffractometer (Cu Ko radiation, A = 0.154 nm).
The surface properties were determined by nitrogen adsorp-
tion-desorption over Micromeritics ASAP 2020 M analyzer at
—196 °C. The surface areas, pore-volumes and pore-size distri-
butions were calculated by Brunauer-Emmett-Teller (BET)
method and Barrett-Joyner-Halenda (BJH) method, respec-
tively. Transmission electron microscopy (TEM) observations
were achieved on a HT7700 system operated at 200 kV. Ther-
mogravimetric (TG) test was conducted on a METTLER TGA/
DSC1 apparatus in nitrogen atmosphere with heating rate of
10 °C min ', According to the curves of ammonia/carbon
dioxide temperature-programmed desorption (NHj3/CO,-TPD),
the content of acid sites were measured and calculated on
AutoChem 2920 chemisorption analyzer. Approximately 0.1 g
catalyst was pretreated under He flow (30 mL min ") at 300 °C
for 2 h, then saturated with ammonia by exposing to 10% NH;—
He or 10% CO,-He at 50 °C. The physically adsorbed ammonia
was flushed with He. The desorbed ammonia was recorded
under a temperature rate of 10 °C min~ " until heated up to 500-
700 °C. Elemental analyzer (Vario EL III) was used to measure
the carbon contents of the catalysts.

2.4 Catalytic test

2.4.1 Esterification of oleic acid. The reaction of esterifi-
cation was conducted in a 25 mL sealed autoclave and heated in
an oil bath. In a general procedure, the Teflon-lined stainless-
steel autoclave with catalyst (3-7 wt%), oleic acid (2 g), and
dried methanol (methanol/oleic acid molar ratio = 6/1-18/1)
was placed into the oil bath at a previously set temperature (50—
90 °C, 600 rpm). The temperature was controlled by
temperature-sensor with an accuracy of 1 °C. After reaction (1-5

Palmitic acid Palmitoleic Stearic acid Oleic acid Linoleic acid Linolenic acid
Fatty acid (C16:0) acid (C16:1) (C18:0) (c18:1) (C18:2) (C18:3)
Content (Wt%) 13.23 0.85 5.40 41.62 36.99 0.22
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h), the mixture was cooled by using water bath. The solid
catalyst was separated by centrifugation, washed several times
with n-hexane, dried at 80 °C, and further used for the next
reaction. The upper layer was rotarily evaporated at 80 °C to
eliminate methanol and water.

The conversion of oleic acid was determined via a titration
method by employing 0.1 M standard potassium hydroxide
ethanol solution as titrant and phenolphthalein as indicator. It
was calculated depending on the below equation:

Oleic acid conversion (%) = (1 — AVy/AV;) x 100%

where AV, represents initial acid value of oleic acid, AV,
represents final acid value after esterification.

2.4.2 Simultaneous esterification and transesterification of
Jatropha oil. The Teflon-lined stainless-steel autoclave contain-
ing catalyst (10 wt%), Jatropha oil (19.35 mg KOH/g, 2 g), and
dried methanol (1.4 g based on methanol/oil molar ratio of 20/1)
was placed into an oil bath preheated to a set temperature under
stirring (130 °C, 600 rpm). The mixture was cooled in water bath
after reacting for 10 h and separated by centrifugation. Then the
upper layer was rotarily evaporated at 80 °C, and tested by gas
chromatograph (GC; Agilent 7890B) with capillary column of HP-
5 (30 m x 0.320 mm x 0.25 mm) and flame ionization detector
(FID).*® The oven program temperature was set from 180 °C to
240 °C under a heating rate of 15 °C min~'. Meanwhile, the
initial and final temperature was kept for 2 min and 8 min,
respectively. The injector and detector temperatures were 250 °C.
The flow rate of carrier gas (N,), air and H, were 45 mL min~ ",
450 mL min~", and 40 mL min™", respectively. The split ratio
was 20/1, and the injection volume was 1 puL. Heptadecanoic acid
methyl ester was employed as internal standard.

According to the weights and GC peak areas of crude bio-
diesel and heptadecanoic acid methyl ester, biodiesel yield was
calculated by following equation:

Yield (wt%) = {[(Acis0lfcieo + Acisi/fcisn + Acisolfciso
+ Acigalfeisa + Acisalfcisa + Acis:alfeis:s
+ Acothers)Aci7:0] X weight of Cy7.0}
/(weight of crude biodiesel) x 100%

where fc, (the relative response factor) is 1.014, 1.023, 1.076,
1.038, 1.019 and 0.926 (n = 16:0, 16:1, 18:0, 18:1, 18:2, 18:3),
respectively; A represents the GC peak area of Cn, other
components and C17:0 (heptadecanoic acid methyl ester).
Three repeated experiments have been conducted for each
experiment, and the results are shown in average value with
standard deviation (o) of 0.6-2.3%.

3. Results and discussion
3.1 Catalysts characterization

In order to demonstrate that the TPA was not in a crystalline
state but molecularly dispersed on the surface of magnesium
fluoride material, XRD patterns of Mg,,F;oTPA-1.0, bare TPA
and MgF, were conducted (Fig. 1). TPA (curve c) exhibited
a series of sharp characteristic diffraction peaks of Keggin ion at

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns of (a) Mg,oF39TPA-1.0, (b) MgF,, and (c) TPA.

10.23°, 17.78°, 20.43°, 25.09°, 29.42° and 37.66°, respectively.’”
The catalysts all (curve a, curve b) displayed the typical reflec-
tions of MgF, at 27.14°, 40.41°, 53.21° and 67.62°.** And the
resultant Mg,,F3oTPA-1.0 catalyst (curve a) also showed the
characteristic diffraction peaks of Keggin ion at 8.86°, 17.98°,
20.29° and 28.51°. Even though characteristic peaks of Mg,y
F39TPA-1.0 are very similar to Keggin ion of TPA and MgF,, the
slight shift were happened, especially at 10.23°, indicating that
the metal salt was formed for the exchange of protons with
metal ions.*® Besides, the peaks widths of Mg,oF;oTPA-1.0
broadened and the intensity of peaks decreased, demon-
strating that the chemical interactions was occurred between
TPA and Mg,,F39, and the TPA was semidispersed on catalyst.*

EDS analysis results were obtained by EDS measurement:
Mg, 12.65, W, 9.08 (Mg,,F39TPA-1.2); Mg, 12.41 and W, 7.63
(MgyoF35TPA-1.0); Mg, 13.08, W, 6.47 (Mg,,F35TPA-0.8); Mg,
15.68 and W, 4.91 (Mg,F3oTPA-0.6). The W/Mg atomic ratios of
Mg,oF39TPA-x were described in Table 2, and the results were
consistent with the theoretical values, indicating that there was
no sole TPA in Mg,F;oTPA-x. From the EDS spectra of Mg,,-
F30TPA-x catalysts in Fig. S1(b-e),T extra characteristic peaks of
P and W elements were appeared, which were not presented on
the spectrum of MgF, (Fig. S1(a)t), suggesting that the Mg,,-
F39TPA-x hybrids were formed.** These results were in good
agreement with those of XRD patterns.

Table 2 EDS analysis for Mg,oF39TPA-x (x = 1.2, 1.0, 0.8, 0.6)*

W/Mg nominal W/Mg average

Catalyst ratio value from EDS
Mg,oF3oTPA-1.2 0.72 0.72
MgoF30TPA-1.0 0.60 0.61
Mg,0F3oTPA-0.8 0.48 0.49
Mg,oF30TPA-0.6 0.36 0.31

¢ Mg,oF30TPA-X denoted as Mgs0F30H,.6P1.2W14 4048,
Mg;oF30H; 0PW120.40, Mg»oF39H1.4P0.sWo 6032, and
Mg;0F30Ho.8P0.6Wo.6032-

RSC Adv., 2017, 7, 33335-33343 | 33337
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FT-IR spectra of Mg,F3oTPA-1.0 and TPA were exhibited in
Fig. 2. Four featured peaks of TPA Keggin ion could be observed
at 1080, 980, 893 and 800 cm™ ', which might be attributed to P-
0,, W = Oq4, W-0O,-W and W-O.-W, respectively.>* The FT-IR
spectra of other Mg, F3oTPA-x catalysts (x = 1.2, 0.8, and 0.6)
were provided in Fig. S2.1 Keggin structure of all Mg,,F39TPA-x
catalysts was found to remain unchanged, despite slight weak-
ening in some peak strengths, which could be ascribed to the
decrease of the TPA ratio in Mg,oF3oTPA-x.*

The acidity of Mg,(F3;oTPA-x was determined by NH;-TPD,
and the results were listed in Table 3. As expected, the increase of
proton number in Mg,,F3,TPA-x, obtained by the increase of the
TPA contents led to the rise of acidity of the solid. As shown in
Fig. S3,7 TPA was characterized by weak and strong acidic sites,
and MgF, showed weak and moderate acidic sites as evidenced
from TPD determination. Correspondingly, NH;-TPD curves of
Mg, oF39TPA-x displayed the weak, moderate and strong acidic
sites located at 100-300 °C, 300-500 °C and 500-700 °C. In this
respect, it could be explained that the moderate acidic sites were
mainly from the Mg,(F;o moiety.** In Fig. S5,T the pore size and
surface area of Mg,,F39TPA-1.0 was found to be 5.4 nm and 25.4
m?® g, respectively. Nitrogen adsorption-desorption experi-
ment displayed that the mesoporous structure was formed in
Mg, oF39TPA-1.0, which is beneficial to mass transfer during the
transesterification and esterification. Although the surface area

(@)

Transmittance (a.u.)

(b)

T T T T T T T T T T T

)
3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 2 FTIR spectra of (a) TPA and (b) Mg,oF39TPA-1.0.

Table 3 Acidity of Mg,oF39TPA-x catalysts
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of Mg,oF39TPA-1.0 was small, the narrow pore size distribution
was observed, which was mainly centered at 4-6 nm. It was
indicated that the pores were distributed in the surface of
Mg,oF39TPA-1.0 are uniform. As shown in Fig. S4,f the week
basicity (0.65 mmol g~ ') of MgF, could be measured. As ex-
pected, it is advantageous to form polyoxometalate-MgF,
hybrids without destroying the structure of TPA due to the weak
basicity of MgF,. This fact verified the results of XRD and FT-IR.

The dispersion of Mg,oF;,TPA-1.0 particles was analyzed by
TEM (Fig. 3), and a large number of worm-like mesoporous
structure could be observed. These nanoparticles in small size
of 2-7 nm were clearly observed. This result is in good agree-
ment with nitrogen adsorption-desorption analysis of Mg,o-
F30TPA-1.0 that shows uniform mesoporous structure with
average pore size of 5.3 nm.

Fig. S67 exhibits the thermal stability of Mg,,F39TPA-1.0
catalyst studied by TG analyses. It can be seen that Mg,,Fso-
TPA-1.0 has an excellent thermal stability with less weight loss
(about 5 wt%) at 100-350 °C, which is possibly attributed to
desorption of water molecules inside the catalyst pores. Thus, it
has great potential to be used at high reaction temperatures.

3.2 The comparison of catalytic activities

The catalytic activities of different catalyst were tested for oleic
acid esterification. In the reaction, the relatively low methanol/
oleic acid molar ratio of 9 : 1 was employed at 80 °C with 5 wt%
catalyst dosage for 4 h, and the results were displayed in Fig. 4.
The conversion of oleic acid reached to 10% without any catalyst
under the above reaction conditions, indicating that the cata-
Iytic activity was attributed to the weak acidity of oleic acid,
wherein it might act as both catalyst and reactant.*® Sole MgF,
presented conversion of 15%. The slight increase of conversion
during esterification could be resulted from the existence of
Bronsted and Lewis acid sites in MgF,. Although the conversion
over TPA was 94% in oleic acid conversion, the catalyst was
soluble in this reaction system, which made it difficult to reuse.
Gratifyingly, excellent conversions were also gained when the
esterification was performed in the presence of Mg,,F3;oTPA-x
catalysts. From Fig. 4, the sequence of catalytic activities for
these TPA salt catalysts was Mg,oF39TPA-1.2 ~ Mg,,F3oTPA-1.0 >
Mg,oF39TPA-0.8 > Mg,oF39TPA-0.6, according to the oleic acid
conversion. It is obviously to see that the total acidity of the
catalysts directly influenced their catalytic activity, which is in
accordance with the proposal that Bronsted acid take main

Acidity (mmol g™ ")

Molar ratio

Catalysts Weak (100-300 °C) Moderate (300-500 °C) Strong (500-700 °C) Total wiT* M/T* S/T*
Mg,0F39TPA-1.2 0.35 0.23 0.43 1.01 0.35 0.23 0.43
MgoF39TPA-1.0 0.30 0.26 0.40 0.96 0.31 0.27 0.42
Mg,oF3oTPA-0.8 0.50 0.13 0.30 0.93 0.54 0.14 0.32
Mg20F30TPA-0.6 0.49 0.08 0.06 0.63 0.78 0.13 0.09

“ W = density of week acid sites, M = density of moderate acid sites, S =

33338 | RSC Adv., 2017, 7, 33335-33343
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Fig. 3 (a) TEM image, (b) particle size distribution of Mg,9FzoTPA-1.0.
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Fig.4 Catalytic performance of different catalysts in the conversion of
oleic acid to methyl oleate. Reaction conditions: methanol/oleic acid
molar ratio = 9/1, catalyst dosage = 5 wt%, reaction time = 4 h, and
reaction temperature = 80 °C.

effect in esterification.** In addition, the conversion of oleic acid
was increased significantly from 74% to 95% with the protons of
TPA rose from 1.4 to 2.0. It was worth noticing that the total
acidity of Mg,,F3oTPA-x increased slightly (0.93-0.96 mmol
g~ 1), however, the density of strong acid sites was raised obvi-
ously from 0.30 to 0.40 mmol g~ . Further increasing of protons
of TPA from 2.0 to 2.4 resulting slightly enhanced strong acid
sites (0.40 to 0.43 mmol g~ ') with a conversion of 95%, which is
identical to that of over Mg,,F39TPA-1.0. On the other hand, the
acidity of 30 wt% TPA/MgF, prepared by impregnation method
was demonstrated to be 0.41 mmol g~ " (Fig. S31), which was far
less than that of Mg,,F3oTPA-x (0.63-1.01 mmol g~ '). As
a result, only 42% conversion was obtained over 30 wt% TPA/
MgF,, which is much lower than that of over Mg,,F3oTPA-x.
Thus, the solvothermal solidified Mg,,F3;9TPA-x gives higher
density of acidic sites and provides better catalytic performance
than that of the immobilized TPA/MgF,.

3.3 Esterification of oleic acid with methanol

Obviously, the most important advantage of single factor is
adaptable, and the plans of experiment can be easily updated

This journal is © The Royal Society of Chemistry 2017
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based on the result of one test.** In order to get the optimal
reaction conditions, single factor design was thus applied to
evaluate the effect of methanol/oleic acid molar ratio, catalyst
dosage, reaction time and temperature in the esterification of
oleic acid, as illustrated in Fig. 5.

3.3.1 The effect of methanol/oleic acid molar ratio. As
shown in Fig. 5a, conversion of oleic acid was enhanced from
82% to 95% with the molar ratio of methanol to oleic acid
increasing from 6/1 to 9/1. However, the conversion was almost
unchanged with the increase of methanol. This phenomenon
could be explained by dilution effect, which decreased
concentration of catalyst due to excessive methanol.***”

3.3.2 The effect of catalyst dosage. The conversion lifted
slowly with catalyst dosage increased to 5 wt% with methanol/
oleic acid molar ratio of 9/1 at 80 °C for 4 h (Fig. 5b). Never-
theless, further increasing the catalyst dosage from 5 wt% to 6
wt% led to a slight decrease of the conversion. It was illustrated
that too much catalyst could cause difficult blending of mixture
reactants in this reaction system, thus resulting in the reduced
performance of the catalyst.*®

3.3.3 The effect of reaction time. Under the fixed condi-
tions (i.e., 9/1 methanol/oleic acid molar ratio, 80 °C and 4 h),
the conversion raised from 68% to 96%, as reaction time
increased (Fig. 5c). Despite longer reaction time facilitated the
conversion of oleic acid, only 1% conversion was observed after
4-5 h. This phenomenon might be due to the side reactions
taking place between products during longer reaction time.*
Therefore, the reaction time of 4 h was chosen for subsequent
optimization.
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Fig. 5 Conversion of oleic acid over MgyoFz9TPA-1.0 based on (a)
methanol/oleic acid molar ratio = 6/1-18/1, (b) catalyst dosage = 3-7
wt% (catalyst/oleic acid mass ratio), (c) reaction time = 1-5 h, (d)
reaction temperature = 50-90 °C. The optimum reaction conditions:
methanol/oleic acid molar ratio = 9/1, catalyst dosage = 5 wt%,
reaction time = 4 h, reaction temperature = 80 °C.
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3.3.4 The effect of reaction temperature. As displayed in
Fig. 5d, keeping other conditions same to detect the function of
temperature (9/1 molar ratio with 5 wt% catalyst and 4 h). The
conversion of oleic acid was significantly improved (69-95%)
when reaction temperature was increased from 50 °C to 80 °C,
which could be due to the endothermic effect in this reaction
system. Yet, excessive heat did not promote the conversion of
oleic acid, and it could be found that the conversion stayed
largely constant with temperature increasing from 80 °C to
90 °C. It seemed that high temperature exacerbated the meth-
anol vaporization, which was unfavorable to esterification.*®

3.4 Leaching experiments

To verify the heterogeneity of catalyst, leaching experiment was
carried out. As shown in Fig. S7,f a conversion of 68% was
obtained after 1 h at 80 °C. Then Mg,,F3;9TPA-1.0 catalyst was
filtered and removed from mixtures. The filtrate was continued
to react for further 2-5 h without catalyst under the same
conditions and the oleic acid conversion remained stable. This
result revealed that Mg,,F3;9TPA-1.0 was heterogeneous in this
reaction system.

3.5 Recyclability of the catalysts

To assess the recyclability feature of Mg,,F;oTPA-1.0 in esterifi-
cation of oleic acid, the solid catalyst was separated by centri-
fugation after each recycling test, washed several times with n-
hexane, dried at 80 °C, and used for the next cycle. To estimate
the catalytic ability of Mg,,F39TPA-1.0 more propitious, about
50% of oleic acid conversion was set for comparison.*® As shown
in Fig. S8,1 The conversion decreased slightly in five consecutive
cycles. As demonstrated in Table S1,} residual carbon of 3.70
wt% on used Mg,oF3;9TPA-1.0 could be detected by elemental
analysis. It could be speculated that the active sites of the cata-
lyst partially covered by organic matter led to the decrease in the
conversion.**** Furthermore, FT-IR and XRD was carried out to
fully understand the reasons of catalyst deactivation. Fig. 6 dis-
played that FT-IR spectra (1200-700 cm ') of fresh and recycled
Mg,oF39TPA-1.0 catalysts were similar, indicating that Keggin
structure remained intact after reused. However, the small peaks
were appeared at 2926 cm ' and 2526 cm ', which were
belonged to CH; asymmetrical stretching vibrations and CH,
symmetrical stretching vibrations of methyl oleate, respec-
tively.®> As expected, the results of FT-IR and elemental analysis
were consistent. The XRD patterns (Fig. 7) of recycled Mg,,Fso-
TPA-1.0 catalyst (after five recycles) did allow all characteristic
diffraction peaks of Mg,,F;oTPA-1.0 to be appeared, although
the intensity of diffraction were weak. These results illustrated
that Mg,oF39TPA-1.0 was stable and the decrease of reflection
could be due to the adsorption of organic matter.

As shown in Table 4, [BMIM]HSO,] ionic liquid and
sulfonated cation exchange resin (SCER) exhibited good catalytic
performance, and oleic acid conversion of 81% and 93% was
attained by using the remarkably high catalyst amount of 98 wt%
and 47 wt%, respectively (entries 1, 2). Although the phosphory-
lated carbon (POMC) solid acid catalyst has well-ordered meso-
porous structure and large surface area (530 m”> g~ '), the low
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Fig. 6 FT-IR spectra of (a) fresh and (b) reused 5th Mg,oF39TPA-1.0.

conversion of oleic acid (74%) was obtained (entry 3). In addition,
long time and high temperature were typically required to get
impressive conversion of oleic acid. For example, 100% conver-
sion could be achieved while prolonging the reaction time to 12 h
for HCISOs-ZrO, (entry 4). WO3/USY displayed moderate catalytic
performance of 74% conversion at 200 °C (entry 5). Even though
mesoporous polymeric solid acid (MPD-SO3;H-IL) possessed high
acidity (2.6 mmol g~ ') and large surface area (281 m”> g~ '), good
catalytic activity (up to 98% conversion) was achieved when the
large molar ratio of methanol and oleic acid (30 : 1) was required
(entry 6). Notably, Mg,,F3oTPA-1.0 showed compatible catalytic
activity to other heteropoly acid catalysts, but higher temperature
(100-120 °C), longer reaction time (7.5 h) and larger molar ratio of
methanol and oleic acid (20 : 1) were needed for HPW/H-Y and
SWIL/SiO, (entries 7-9). These results clearly demonstrated that
the catalytic activity of Mg,F39TPA-1.0 presented in this work was
more superior to those of previously reported solid acidic cata-
lysts. These results clearly demonstrated that the catalytic activity
of Mg,oF39TPA-1.0 presented in this work was more superior to
those of previously reported solid acidic catalysts.

(b)

Intensity (a.u.)

(a)

——
10 20 30 40 50 60 70 80
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Fig. 7 XRD patterns of (a) fresh and (b) reused 5th Mg,oFz9TPA-1.0.
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Table 4 Comparison of esterification of oleic acid over different catalysts

No. Catalyst Reaction conditions Conversion (%) Ref.

1 [BMIM][HSO,] T=87°C,CA=98wt%, M/O=9:1,t=5h 81 53

2 SCER T=282°C,CA=47wt%,M/O=9:1,t=8h 93 54

3 POMC T=80°C,CA=5wWt%, M/O=15:1,t=5h 73 55

4 HCISO;-Z1r0O, T=100°C,CA=3wt%, M/O=8:1,t=12h 100 56

5 WO,;/USY T =200°C,CA=10wt%,M/O=6:1,t=2h 74 57

6 MPD-SO;H-IL T =100 °C, CA = 10 wt%, M/O =30:1,t=4h 98 14

7 TPA/H-Y T =120 °C, CA = 13 wt%, M/O =20:1,t=7.5h 98 58

8 SWIL/SiO, T =100 °C,CA =5wt%,M/O=30:1,t=4h 97 59

9 Mg;0F30TPA-1.0 T=280°,CA=5wWt%, M/O=9:1,t=4h 95 =+ 0.6% This work

Table 5 Comparison of the catalytic performance of different catalysts in the simultaneous esterification and transesterification

No. Catalyst Feedstock Reaction conditions Yield (%) Ref.

1 E-260-20-SO;H Jatropha oil T =220°C,CA=5wt%, M/O=12:1,t=5h 93 60

2 Zr-PMOs Palm oil T =209 °C, CA =13 wt%, M/O =49:1,t=6h 85 61

3 FS-B-L-IL K. integrifoliola oil T =160 °C, CA = 10 wt%, M/O =40:1,t=10h 93 62

4 Fe,0;-MnO-S0,>/ZrO, Waste cooking oil T=180°C,CA=3wt,M/O=20:1,t=4h 95 63

5 [BMIm][TS]-ZnCl, Jatropha oil T =200°C,CA=3wtlh,M0O0=12:1,t=5h 88 64

6 TPA/Nb,O5 Cooking oil T =200 °C, CA =3 wt%, M/O=18:1,t=20h 92 65

7 TPA/ALO, Canola oil T =200 °C, CA =3 wt%, M/O=6:1,t=10h 65 66

8 Mg, oF39TPA-1.0 Jatropha oil T=130°C, CA=8wt%,M/O=30:1,t=12h 93 + 0.7 This work

3.6 Simultaneous esterification and transesterification of
Jatropha oil

Simultaneous esterification and transesterification is highly
desired for producing biodiesel from high acid value inedible
oil. Thus, Jatropha oil (19.35 mg KOH/g) was selected as feed-
stock to produce biodiesel over Mg,,F3oTPA-1.0. The high bio-
diesel yield 93% was achieved under moderate reaction
conditions (methanol/oil molar ratio of 30/1, catalyst dosage of
8 wt%, reaction time of 12 h, reaction temperature of 130 °C), as
can be seen in Table S2.1 For the simultaneous esterification
and transesterification of Jatropha oil, some more sufficient
comparison results have been listed in Table 5. It was clear to
see that high temperature (160-220 °C) was required to get high
biodiesel yield, except for producing biodiesel over Mg,,F;oTPA-
1.0. Especially, higher temperature and longer time were
necessary over TPA/Nb,Os5 and TPA/Al,O; to achieve comparable
catalytic activity to Mg,,F3;oTPA-1.0 (entries 6, 7). These results
indicated that Mg,,F3oTPA-1.0 was an excellent catalyst in the
simultaneous esterification and transesterification.

As mentioned above, the total acidity of the catalysts played
an important role in biodiesel production. Thus, the catalytic
performance of the catalysts bearing the same acid density was
compared, and the results are shown in Table S3.f The
conversion of oleic acid (79 + 0.9%) and yield of biodiesel (45 +
1.2%) over Nafion NR50 were higher than those of Amberlyst 15,
but relatively higher catalyst amount was needed due to its
lower acid density. It was worthy to note that the highest
conversion and yield could be obtained over Mg,F;oTPA-1.0,
which was 95 £+ 0.6% and 93 + 0.7% respectively, possibly
due to the stronger acidity resulted from the moiety of heter-
opoly acids compared with the conventional solid acids.*”

This journal is © The Royal Society of Chemistry 2017

4. Conclusions

In summary, a range of Mg,,F;oTPA-x hybrids catalysts were
prepared by solvothermal method and their catalytic activities
were investigated for esterification of oleic acid with methanol.
Mg,oF39TPA-1.0 was found to exhibit excellent catalytic perfor-
mance with the conversion of 95% of oleic acid under the
optimum esterification reaction conditions (methanol/oleic acid
molar ratio of 9:1, 5 wt% catalyst dosage at 80 °C for 4 h).
Moreover, Mg,,F;,TPA-1.0 also shows satisfied catalytic activity
for the simultaneous esterification and transesterification reac-
tion of high acid value oil, during which 93% yield of biodiesel
was achieved at mild conditions. It was found that solvothermal
solidified Mg,oF3;9oTPA-x gives higher density of acidic sites and
provides better catalytic performance than that of the immobi-
lized TPA/MgF,. Further leaching experiment confirms that
Mg,oF39TPA-1.0 was heterogeneous in this reaction system. And
the catalyst still keeps high catalytic activity after five consecutive
cycles. Therefore, the Mg,,F;oTPA-1.0 catalyst described herein
shows great potential for biodiesel production.
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