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Biodiesel is synthesized via the transesterification of lipid feedstocks with low molecular weight alco-
hols. Industrially, alkaline bases such as sodium and potassium hydroxides (NaOH-KOH) are used to
catalyze the reaction. These catalysts require anhydrous conditions and feedstocks with low levels of
free fatty acids (FFAs). Water in the reaction promotes the formation of FFAs, which can deactivate the
catalyst and produce soap, an undesirable byproduct. Strong liquid acids are less sensitive to FFAs and
can simultaneously conduct esterification and transesterification reactions. Solid catalysts based on Ni
and Pt supported on mesoporous materials (SBA-15 and SBA-16) were tested in the synthesis of biodiesel
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Acid catalysis of mesoporous materials. The Cetane Index of the biodiesel obtained was tested and compared against

the Cetane Index of conventional petroleum-based diesel. ASTM techniques used as comparison analysis

for the synthetic biodiesel showed better properties than conventional diesel.
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1. Introduction

Biomass has enough potential as a resource to produce var-
ious useful chemicals and fuels [1,2]. Biodiesel consists of alkyl
esters derived from either the transesterification of triglycerides
(TGs) or the esterification of free fatty acids (FFAs) with low
molecular weight alcohols. The combustion of biodiesel is sim-
ilar to petroleum-based diesel; thus, it can be used either as
a substitute for fossil fuel or, more commonly, in fuel blends
[3]. Some of its properties are biodegradability, biological ori-
gin, biorenewable nature, very low sulfur content and toxicity,
low volatility/flammability, good transport and storage properties,
higher cetane number, and its salutary atmospheric CO, balance
for production; thus, it is recommended by the European Union
and classified as a future fuel [4,5]. Table 1 shows a brief compar-
ison of the ASTM standards for diesel and biodiesel. Biodiesel is
comparable to traditional diesel fuel. Table 2 summarizes the typ-
ical emission profiles of biodiesel and one of its blends, B20, which
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consists of 20% biodiesel and 80% petroleum diesel. The table shows
how biodiesel reduces noxious emissions compared to diesel, even
when used as the minor component of a fuel blend. It was pre-
viously mentioned that biodiesel is commonly prepared from TG
sources such as vegetable oils, animal fats, and waste greases. Oils
and fats belong to an ample family of chemicals (lipids). Typically,
fats come from an animal source and oils from a plant source. Fats
and oils are primarily formed from a triester of glycerol (a triol)
and three fatty acids. Thus, the chemical transformation of lipid
feedstocks to biodiesel involves the transesterification of these TGs
with alcohols to alkyl esters, as shown in Fig. 1 [6,7].

The conversion of plant oils to biodiesel has included the use of
homogeneous strong base catalysts such as alkaline metal hydrox-
ides, alkoxides, and acids such as HCl and H,SO4 as catalysts [8].
Alkaline alkoxides and hydroxides are considerably more effective
catalysts than acid catalysts and operate at lower temperatures.
Industrially, NaOH and KOH are preferred due to their wide avail-
ability and low cost; however, plant oils with high free fatty acid
contents (FFAs) produce soap in the presence of homogeneous alka-
line catalysts, leading to a products loss, problems with product
separation, and many purification processes [6-9]. Thus, the alco-
hol as well as the catalysts must be essentially anhydrous (total
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Table 1

ASTM standards for diesel and biodiesel [4,5].
Property Diesel Biodiesel
Standard test ASTM D957 ASTM D6751

Composition

Kin. viscosity (mm?/s) at 40°C

HC? (C10-C21)
1.9-4.1

FAMEP (C12-C22)
1.9-6.0

Specific gravity (g/ml) 0.85 0.88
Flash point (°C) 60-80 100-170
Cloud point (°C) —-15to 5 —-3to012
Pour point (°C) -35to 15 -15to 16
Water (vol%) 0.05 0.05
Carbon (wt%) 87 77
Hydrogen (wt%) 13 12
Oxygen (wt%) 0 11
Sulfur (wt%) 0.05 0.05
Cetane index 40-55 48-60
HFRR® (um) 685 314
BOCLE¢ scuff (g) 3600 >7000
2 Hydrocarbons.
b Fatty acid methyl esters.
¢ High-frequency reciprocating rig.
d Ball-on cylinder lubricity evaluator.

Table 2

Average B100 and B20 emissions (in %) vs. normal diesel [8].
Emissions B100 B20
Carbon monoxide —48 -12
Total unburned hydrocarbons -67 -20
Particulate matter —47 -12
Nitrogen oxides +10 +2
Sulfates -100 -20
Air toxics —60 to —90 —-12to -20
Mutagenicity —80 to —90 -20

water must be 0.1-0.3 wt% or less). The presence of water in the
feedstock promotes hydrolysis of the alkyl esters to FFAs (Fig. 2(a)).
Because of the soap formation in the alkaline transesterification
process (Fig. 2(b)), the total FFA content associated with the lipid
feedstock must not exceed 0.5wt% [10]. In order to conform to
these demanding feedstock specifications, it is necessary to use
highly refined vegetable oils whose price can account for 60-75%

Il
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Catalyst

H-—-o__é;l._.Rz + 3 CH3—OH
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CHy;—0—C—R;
Triglyceride Methanol

of the final cost of biodiesel [11]. The homogeneous acid-catalyzed
reaction is slower than the homogeneous base-catalyzed reaction
[12]. However, the acid-catalyzed transesterification process is not
strongly affected by the presence of FFAs in the feedstock. In fact,
acid catalysts can simultaneously catalyze both esterification and
transesterification reactions. Thus, the advantage of acid catalysts
is biodiesel production from low-cost lipid feedstocks, (FFAs levels
of >6%). Acid-catalyzed production of biodiesel can compete with a
base-catalyzed process using virgin oils, especially when the former
uses low-cost feedstocks [13,14]. Usually, sulfuric acid (H,SO4) is
used as a catalyst in homogeneous acid-catalyzed reactions, which,
although effective, lead to serious contamination problems, which
translate into higher production costs. Additionally, some charac-
teristics are necessary: for example, a continuous process and fewer
reaction steps, a limiting number of separation processes, and use of
a heterogeneous catalyst, which can be incorporated into a packed
bed continuous flow reactor, simplifying product separation and
purification [6].

2. Experimental
2.1. Synthesis of catalysts

Mesoporous supports SBA-15 and SBA-16 were prepared using
a triblock polymer, poly(ethyleneoxide)-poly(propyleneoxide)-
poly(ethyleneoxide) (EO-PO-EO) as the structure directing agent,
and tetraethyl orthosilicate (TEOS) as the silica source. In a typi-
cal synthesis, 4 g of Pluronic P123 for SBA-15 and 2 g of Pluronic
F127 for SBA-16 were each dispersed in 150 ml and 80 ml of 0.5 M
HCI solution, respectively. For SBA-16, 14.1 g of NaCl were added.
Finally, 9g of TEOS for SBA-15 and 8.4 g for SBA-16 were added
to each homogeneous solution with stirring to form a reactive gel.
The mixtures were stirred at 318 K for 24 h. Then, the reaction mix-
ture was submitted to hydrothermal treatment (aging) at 363 K for
24 h. The resulting solids were isolated by filtration, washed with
deionized water and dried at 353K for 12 h. For SBA-16, removal
of the F127 template was carried out by solvent extraction using
ethanol and HCI. SBA-15 and SBA-16 were both calcined in air at

Fig. 1. Typical trans-estherification reaction of a triglyceride with methanol [8].
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Fig. 2. (a) Water promotion of FFA’s. (b) FFA’s reaction with basic catalysts to produce soap and water (i.e., undesirable byproducts).
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Table 3 Table 4
Fatty acid composition of canola oil. Textural properties of supports and catalysts.
Acidity index Composition (wt%) Material Sa (m2/s) Vp (cc/g) 2Dy (A) Metal (wt%)
Palmitic (C16:0)? 4 SBA-15 890 0.98 44 -
Stearic (C18:0) 2 SBA-15Ni 2.5 753 0.71 38 25
Oleic (C18:1) 62 SBA-15Ni 5 693 0.40 34 5
Linoleic (C18:2) 22 SBA-15Ni 10 403 0.28 35 10
Linolenic (C18) 10 SBA-15Pt 2.5 733 0.75 36 2.5
3 Numbers in parenthesis means the number of carbon atoms and double bonds. SBA-16 934 0.63 27 -
SBA-16Ni 2.5 345 0.30 35 2.5
SBA-16Ni 5 209 0.28 33 5
: : SBA-16Ni 10 199 0.26 35 10
823K for 6 h, with a slow temperature increase [15,16]. The sup- SBA-16PE2.5 294 0.26 33 bt

port materials were incipient wetness impregnated with aqueous
solutions of nickel nitrate (Ni(NOs ),-6H,0) and platinum(II) acety-
lacetonate (Pt(CsH703),) to load 2.5, 5, and 10 wt% for SBA-15Ni
and SBA-16Ni, and 2.5wt% for SBA-15Pt and SBA-16Pt, respectively.
After drying at 373 °C for 2 h, the catalysts were calcined at 823K
for 6h in air. The names for the prepared catalysts can be found in
Table 3.

2.2. Characterization of the catalysts

Textural properties of the catalysts were characterized by N,
physisorption (BET method) using a Quantachrome Autosorb-1
apparatus. Structural arrangement of the materials was determined
by X-ray diffraction (XRD) using a Difractometer BRUKER AXS
D8 ADVANCE with a Cu Ko X-ray source. Transmission electron
microscopy (TEM) images were collected on an FEI Tecnai G2 30
microscope operated at 300 kV.

2.3. Reaction test

A 1000 ml stirred glass reactor was used for the transesteri-
fication of canola oil to biodiesel. Eighty milliliters of canola oil
and 20 ml of methanol (molar ratio of methanol to canola oil 6:1)
were added into the reactor with 1 g of catalyst, and then the tem-
perature was raised to 333 K under stirring for 4 h. The biodiesel
was isolated by decantation in a separating funnel, allowing the
glycerol to separate from the methyl ester by gravity for 3 h. The
biodiesel yield was calculated from the methyl ester and vegetable
oil weights. Two homogeneous catalyzed reactions using NaOH and
H,S04 were carried out in order to compare the yields with het-
erogeneous catalyzed reactions. The molecular weight of canola oil
was calculated according to the compositions of fatty acids shown
in Table 4 [17]. The physical properties and chemical composition
of biodiesel were tested according to the ASTM D975 test method.

Surface area (Sp), pore diameter (D) and pore volume (Vp).
2 Pore diameter determined from desorption isotherm by the BJH method.
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Fig. 3. XRD patterns of mesoporous supports: (a) SBA-15 and (b) SBA-16.

3. Results and discussion
3.1. Structural properties

The total surface areas, the pore volumes, and the pore
size of the supports and catalysts were calculated from the N,
adsorption-desorption isotherms, and the results are summarized
in Table 5. The total surface areas of SBA-15 and SBA-16 sup-
ports were high but decreased after metals loading. Fig. 3 shows

Table 5

Physical properties and chemical composition of biodiesel and fossil diesel.
Sample Cetane index Viscosity 40°C Density (g/cc) C(wt%) H (wt%) O (wt%) S (wt%)

(mm?/seg)

NaOH 52 4.71 0.89 75 13 12 <0.05%
H,S04 50 4.52 0.85 78 10 9 <0.052
SBA-15 Ni 2.5% 49 496 0.93 77 12 11 <0.05?
SBA-15 Ni 5% 51 4.82 0.90 75 12 12 <0.05?
SBA-15 Ni 10% 50 4.77 0.89 75 13 11 <0.052
SBA-16 Ni 2.5% 49 4.92 0.90 78 10 8 <0.052
SBA-16 Ni 5% 52 4.78 0.90 75 13 13 <0.05?
SBA-16 Ni 10% 51 4.65 0.88 77 13 10 <0.05%
SBA-15Pt 2.5 52 4.56 0.86 75 13 12 <0.052
SBA-16PT 2.5 51 4.42 0.86 76 12 13 <0.05
Mexican diesel® 48 3.0 - - - - 0.03
American diesel® 44 2.5 - - - - 0.03
European diesel® 50.5 2.58 - - - - 0.09
Japanese diesel® 53.2 3.0 - - - - 0.13

2 These values correspond to the lower limit of detection from ASTM D975 test method, but it’s estimated absent.

b These data were adopted from literature.
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Fig. 4. TEM micrographs of the mesoporous supports showing the typical hexagonal and square pore symmetries: (a) SBA-15 and (b) SBA-16.

the N, adsorption-desorption isotherms for the supports SBA-15
(a), and SBA-16 (b). Fig. 3(a) shows a type IV isotherm with H1
hysteresis, which is characteristic of a mesoporous material with
uniform size and shape. On the other hand, Fig. 3(b) shows a type
IV isotherm with an H2 type hysteresis, which is attributed to
mesoporous materials with different pore mouth size and pore
body (ink-bottle shaped pores) [18]. The XRD patterns of sup-
ports are shown in Fig. 4, where the support SBA-15 (a) shows
a strong reflection (i.e., 260~0.8°) and two small peaks around
1.6°-26, which are assigned to (100), (110), and (2 00) reflections
of a 2D hexagonal structure [19]. A very strong (110) reflection
(260~0.74°) from a cubic structure and a small (200) reflection
(20~1.12°) are detected in SBA-16 (b) [20]. The hexagonal and
cubic symmetries for SBA-15 and SBA-16 are confirmed in Fig. 5,
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Fig. 5. Small angle XRD patterns of supported catalysts Ni/SBA-15 and SBA-16.

where the TEM images of SBA-15 (a) and SBA-16 (b) are shown.
The XRD pattern of the catalysts after calcination (Fig. 6) shows
similar peaks at 20 =37°, 43°, and 62°, which are characteristic of
NiO (101), NiO (102), and NiO (110), respectively [21]. Platinum
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Fig. 6. XRD patterns of catalysts Ni/SBA-15 and Ni/SBA-16: (a) 5 wt% and (b) 10 wt%.
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Fig. 7. Etherification reaction of canola oil to biodiesel using different acid catalyst.
The Molar ratio methanol/oil was 6:1 (T=333K, 4h).

supported catalysts are not shown to cause this metal a reflection
peak loss. The characteristic peaks of NiO are stronger in catalysts
supported on SBA-16; which means that the metal concentration
in catalysts supported on SBA-16 is higher than SBA-15. This con-
firms the decrease of surface area of SBA-16 when metals are
loaded.

The XRD patterns of the Pt and Ni/SBA (2.5 wt%) and the Ni/SBA-
15 (5 wt%) catalysts did not show the characteristic peaks of PtO and
NiO, respectively (see Fig. 6(a)), which could be an indication of the
high dispersion of the metal phase.

3.2. Biodiesel production

The catalytic activities of the heterogeneous catalysts having dif-
ferent amounts of loaded metals, and homogeneous acid and basic
catalysts were measured, and the biodiesel yield (wt%) as mea-
sured and presented for each catalyst all are presented in Fig. 7.
The catalysts supported on SBA-15 were more active than catalysts
supported on SBA-16, which could be attributed to a decrease in the
surface area of the SBA-16 metals that were loading. The homo-
geneous basic catalyst (NaOH) showed the worst activity, with a
yield of around 60 wt¥%. The catalyst with the best yield to produce
biodiesel was SBA-15Ni 2.5% (89% of yield). All the acid catalysts
had good catalytic activity with conversions above 70%, even with
homogeneous acid catalysts (i.e., H;SO4), whose yield to biodiesel
was above eighty percent. After the reaction, the biodiesel frac-
tion was isolated by decantation, thus separating glycerol from
biodiesel. After separation, the physical properties and chemical
composition of biodiesel were tested according to the ASTM D975T
method. Table 5 shows the results obtained in this test as well as
some properties of four different conventional fossil diesels [22]. In

this table, it can be observed that all samples of biodiesel synthe-
sized via acid heterogeneous catalysis had quality properties very
close to conventional fossil diesel. Also, in all cases the cetane num-
ber is bigger than that of the Mexican petroleum diesel currently
used.

4. Conclusions

Nickel and platinum catalysts supported on mesoporous sil-
ica, SBA-15 and SBA-16, were successfully tested in the synthesis
of biodiesel by transesterification of canola oil via acid catalysis.
The textural and structural properties of the catalysts showed the
characteristic properties of mesoporous materials. All the heteroge-
neous catalysts showed conversions above 70%. However, catalysts
supported on mesoporous SBA-15 were more active than catalysts
supported on SBA-16, with SBA-15Ni 2.5 wt% having the best yield
of biodiesel (89% of yield). The physical properties and chemical
composition of the biodiesel were better than conventional fossil
diesel, which may be a viable option to compete with petroleum-
based diesel as a cleaner, high quality fuel.
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