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KEYWORDS Abstract Mo-KIT-6 catalysts precursors obtained by direct hydrothermal synthesis using different
Heterogeneous catalyst; Si/Mo molar ratios (10, 20, 30) were evaluated in the production of biodiesel from the transester-
Transesterification; ification of soybean oil with methanol. A 2% + 3PtCt factorial design was used to evaluate the influ-
KIT-6; ence of alcohol/oil and Si/Mo ratios on biodiesel yield. ANOVA statistical analysis showed that Si/
Biodiesel; Mo ratio was the most significant variable. The factorial design showed that the optimal conditions
Molybdenum for maximizing the biodiesel yield are: using the 10_Mo-KIT-6 catalyst, and an alcohol/oil ratio of

20/1 at 150 °C for 3 h. However, using the 20_Mo-KIT-6 catalyst with an alcohol/oil ratio of 15/1

the biodiesel yield is close to the maximum, having the advantage of using a lower amount of

methanol, which means that the separation of non-reacted alcohol will consume less energy.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction mineral coal, oil and natural gas (Dantas et al., 2020). Oil based fossil

diesel has been the main energy source for conventional diesel engines
Energetic demand has been continuously increasing due to population for many decades. However, fuels derived from these sources are the
growth, modernization and industrial expansion. The majority of ones which most contribute to environmental pollution
energy sources comes from non-renewable sources such as fossil fuels, (Krishnasamy and Bukkarapu, 2021). In order to achieve sustainable

economic growth, it becomes necessary to reduce harmful impacts
caused by current predominant energy sources by developing new tech-
nologies for production of renewable and efficient energies. Increasing
concerns about the environment, as well as energy security considera-
tions, have motivated the scientific community to investigate a viable
replacement for fossil diesel.

The possibility of using vegetable oils as fuel has been recognized
since the inception of diesel engines. However, fuels from this type
of biomass are not competitive with oil as they are more expensive
(Hosseinzadeh-Bandbatha et al., 2018). The factors that contribute
to the high cost of this fuel are the geographical area, the variability
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of agricultural production that varies from season to season, the price
of crude oil, with energy efficiency and raw material being the most
onerous factors (Chuah et al., 2016).

Among biofuels, biodiesel is a renewable alternative that has been
identified as versatile fuel for diesel engines applications. It is miscible
with diesel in any proportion, and requires no major engine modifica-
tions (Hosseinzadeh-Bandbatha et al., 2018). Favorable properties,
such as renewability, biodegradability, non-toxicity and reduced sul-
phur oxide (SOx) and greenhouse gas enable biodiesel contributes
towards environmental protection (Chuah et al., 2016; Wong et al.,
2019). The production and use of biofuels from locally available bio-
mass offer energy security, agricultural development, and job opportu-
nities (Ewunie et al., 2021), as well as decreases dependence on oil
imports (Manojkumar et al., 2020).

Industrially, the most widely used method for producing biodiesel is
alcoholic transesterification in the presence of homogeneous catalysts
(Moraes et al., 2020). The reaction is reversible and various factors such
as methanol/oil ratio, catalyst content, temperature, and contact time
are cost effective on the biodiesel production (Zhang et al., 2022).

The transesterification reaction consists of the reaction between a
triglyceride and a primary monoalcohol, usually methanol, in the pres-
ence of a homogeneous catalyst, such as potassium hydroxide (KOH) or
sodium hydroxide (NaOH), producing a mixture of fatty acid esters and
glycerol as co-product (Rezania et al., 2019; Athar and Zaidi, 2020).

The homogeneous catalysts used in the process present some disad-
vantages: high costs of the process of catalyst separation; generation of
high amounts of waste water during products purification; susceptible
to soap formation from water and fatty acids in reacting system (Luna
et al., 2017). The catalyst is not completely recovered being partially
consumed in the process. An alternative for the improvement and
reduction of process costs is the use of heterogeneous catalysts that
facilitates the purification of alkyl mono-esters, allows the recovery
and regeneration of the solid catalyst over its lifetime, and facilitates
the recovery and purification of glycerin (Orege et al., 2022). Many
solids have been studied and developed as potential catalysts for bio-
diesel synthesis. The solid catalysts performance is related to the nature
of their acid or basic sites (Zabeti et al., 2009).

Metal catalysts supported on mesoporous molecular sieves have
been widely used in petrochemical industries (Li et al., 2020a; Faba
et al., 2020). The molecular sieve KIT-6 is a material made of meso-
porous silica formed by a system of bi-continual tridimensional net-
works and interpenetrating canals which favor direct contact and
provide open access of guest molecules without pore blocking that
might be adjustable to the range of 4-12 nm (Kleitz et al., 2007,
2003). This sieve is used as a support for transition metal ions. The
crystalline, textural and morphological properties contribute to disper-
sion of the metal active sites that influence catalytic performance (Liu
et al., 2016).

Molybdenum trioxide is an example of an active material that can
be incorporated into the KIT-6 molecular sieve. The catalytic perfor-
mance of Mo-KIT-6 catalysts has been evaluated for different reac-
tions: olefin metathesis (Uchagawkar et al., 2020), epoxidation (Bigi
et al., 2014), hydrodesulfurization (Ali and Saleh, 2020), hydroformyla-
tion (Sakthivel et al., 2015) and chemical processes of photo-oxidation
(Young, 2003). Molybdenum catalysts are associated with reduction
and oxidation processes. The high oxidation state of this type of metal
can provide its acting as both Lewis and Bronsted-Lowry acid sites.
Such property theoretically enables their use in the transesterification
reaction (Silva et al., 2018), which is the objective in this work.

Arrais Gongalves et al. (2021) synthesized a SrFe,O4 with 35 wt%
MoOs; catalyst, calcined at 450 °C for 2 h, for biodiesel production.
This catalyst was evaluated for transesterification of waste cooking
oil using a face-centered central composite design 2*. The maximum
yield of biodiesel was obtained at 164 °C, oil/alcohol molar ratio of
1/40, 10 wt% of catalyst and 4 h of reaction.

Pinto et al. (2019) produced MoOs catalysts using different calcina-
tion temperatures. The maximum yield of methyl esters was 94.8%
obtained in the presence of the catalyst calcined at 600 °C under the

optimized reaction conditions of oil/alcohol molar ratio of 1/45,
0.5 wt% catalyst, at 150 °C for 4 h reaction.

Xie and Zhao (2014) synthesized heterogeneous CaO-MoQO3/SBA-
15 catalysts and evaluated its performance in the soybean oil transes-
terification reaction from different conditions of oil/alcohol molar
ratio, reaction time and catalyst loading. The maximum biodiesel yield
of 83.2% was obtained with the solid catalyst with 40 wt% of CaO-
MoOj; calcined at 550 °C at the following conditions: 50 h of reaction,
6 wt% of catalyst, an oil/methanol molar ratio of 1/50, and tempera-
ture of 65 °C.

Achievement of maximum biodiesel yield is the ultimate goal of the
production unit, and that can be attained by optimizing the transester-
ification process conditions. In this work the objective was to evaluate
the catalytic performance of a new heterogeneous catalyst in the trans-
esterification reaction for biodiesel production. The catalyst was
obtained by incorporating molybdenum into the structure of KIT-6
by direct synthesis with different Si/Mo molar ratios (10, 20, 30). Its
performance was evaluate for soybean oil transesterification via methyl
route. A factorial design of experiment 2> with 3 central points was
used to evaluate the effect of molybdenum concentration and alco-
hol/oil ratio on biodiesel yield.

2. Mechanism of reaction

The mechanism of reaction of the heterogeneous process of
biodiesel production follows the classical steps of heteroge-
neous reaction: (1) external diffusion of reactants, (2) intra-
particle diffusion, (3) adsorption of reactants at catalyst
surface, (4) reaction, (5) desorption of products, (6) intraparti-
cle diffusion of products, and (7) external diffusion of prod-
ucts. External diffusion can easily be eliminated by agitation,
so steps 1 and 7 are eliminated. In a heterogeneous catalytic
environment, intraparticle diffusion may be a big concern.
To minimize the internal diffusion resistance, heterogeneous
catalysts should have uniform distribution of pores and high
surface area. Adsorption is a fundamental and essential step
in the reaction of transesterification, and the catalyst must
have the property hydrophobic surface. The existence of acidic
or basic active sites are another requirement to accelerate the
reactional step (Chooi et al., 2021). The reactivity can be
adjusted by controlling the morphology (Mukhtar et al.,
2022). Solids that have Lewis acid and/or basic sites are among
the most tested as potential catalysts for biodiesel production
(Cordeiro et al., 2011). Acidic catalysts provide positive
charges on the active sites of the catalyst for the adsorption
of fatty acids, while alkaline catalysts generate negative
charges on the active sites for the adsorption of methanol. In
the alkaline catalytic process, a tetrahedral intermediate is pro-
duced due to the reaction between alkoxide ion and alkyl
group in the triglyceride, which reacts with the alcohol. In
the acidic catalytic process, a carbocation is produced because
a nucleophile attack creates a tetrahedral intermediate that
removes glycerol, forming a new ester.

3. Experimental
3.1. Catalyst preparation

3.1.1. Direct synthesis of the x_Mo-KIT-6 catalyst

Catalysts (x_Mo-KIT-6) with Si/Mo molar ratios of 10, 20 and
30 were prepared following an adapted version of the method-
ology described by (Kleitz et al., 2003). Initially, the Pluronic
triblock copolymer P53 was dissolved in deionized water with
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hydrochloric acid (HCI, 37%) under stirring for 6 h at 35 °C.
After this period, n-butanol (BuOH) was added to the solu-
tion. Afterwards, the silica source tetraethyl orthosilicate
(TEOS) and the solution of ammonium molybdate tetrahy-
drate were simultaneously trickled into the original reactional
mixture. The solution was kept under stirring for 24 h at 35 °C.
The obtained gel was submitted to hydrothermal treatment in
an oven for 24 h at 100 °C. The obtained material was washed
until reaching pH = 7, and dried in a heating chamber for 24 h
under 60 °C. The catalysts were activated by calcination, under
a synthetic air flow for 6 h, having its temperature varied from
room temperature of 25 °C up to 550 °C with a heating ramp
of 5°C min~".

3.2. Solids characterization

The thermogravimetric analysis was used to investigate the
thermal stability of catalysts and decomposition temperature
of the molybdenum salt. Thermogravimetric analyzes were
performed using a TGA-51 Shimadzu Thermogravimetric
Analyzer coupled to a computer (for data storage) by the
TA-60 WS collection monitor software. The samples were sub-
jected to a temperature variation of 30—1000 °C, with a heating
rate of 5 °C min~!, under a synthetic air flow rate of 50 mL
min~ .

The structural characteristics, identifications of phases and
determination of crystallite size and crystallinity of the catalyst
was investigated by using the X-ray diffraction method with a
Shimadzu XRD-600 equipment, employing a Cu Ko radiation
at 40 kV and 30 mA.

Fourier-transformed infrared (FTIR) spectra for the cat-
alytic precursor and catalysts were obtained with a Spectrum
400 Perkin Elmer spectrophotometer. The analysis was per-
formed out in the region from 4000 to 400 cm™! wave number
with a resolution of 4 cm™! using a solid mixture with KBr.

Textural properties, pore volume and average pore size,
and specific surface area of x_Mo-KIT-6 catalysts were evalu-
ated from N, adsorption isotherms and BET method (Leofanti
et al., 1998), using a Quantachrome gas adsorption analyzer,
model 3200E YOUNG.

3.3. Biodiesel production

3.3.1. Experimental planning

A 22 + 3 CtPt factorial design was used to evaluate the influ-
ence of oil/alcohol molar ratio and Si/Mo ratio in the catalysts
on the biodiesel yield in the transesterification reaction of soy-
bean oil. Table 1 shows the experimental levels of the indepen-
dent variables used in this study.

The effects of the oil/alcohol molar ration in the range of
1/10-1/20 and the Si/Mo ratio in the range of 10-30 were eval-
uated. An experimental design with 3 levels for both variables
was used, with the central point being the average of the limits
of the intervals.

Minitab 17.0® software was used to perform statistical
analysis and regression of the data. Different models (linear
and quadratic) were tested and analyzed based on Analysis
of Variance (ANOVA). Eq. (1) describes the relationship
between the dependent variable (Y) and the independent
(X,) uncoded variables, where a,, a,,, and a,,, are the linear
regression coefficients.

2 2
Y=a+ anlaan + anlananz

+ ijlan:nJrlaﬂan/Ym (1)

3.3.2. Transesterification reaction

KIT-6 catalysts with different Si/Mo molar ratios were used in
the methyl transesterification reaction of soybean oil with dif-
ferent oil/alcohol ratios to evaluate the catalytic potential. The
reaction was carried out in a batch reactor manufactured by
Parr Instruments Inc. — Model 4848. The reactor is an auto-
clave made of stainless steel with a volume of 300 mL. The
reactional system containing an oil and alcohol mixture with
3 wt% catalyst, was sealed and heated from room temperature
to 150 °C, and stirred at 500 rpm for 3 h. After the reaction
time, the catalyst and glycerin were separated from the prod-
ucts by filtration and decantation. Any trace of water was
adsorbed from the product with anhydrous magnesium sulfate
(MgSOy)) and the phases solid and liquid separated by
centrifugation.

3.4. Biodiesel characterization

The biodiesel or fatty acid methyl ester (FAME) content was
determined following the standard method according to EN
14103 (Thoai et al., 2017), by using a Shimadzu GC 2010 Plus
gas chromatograph with a split/splitless injector, a flame ion-
ization detector (FID), an AOC-20i auto-injector, and a
100% dimethyl polysiloxane capillary column RTX-WAX
30 m x 0.32 mm x 0.25 pm (Restek Corporation). The oper-
ating conditions were as follows: FID temperature of 250 °C;
initial column temperature of 210 °C; final column tempera-
ture of 250 °C; H, linear velocity of 50 cm s~! and split mode
injection in the ratio of 1:50. Methyl heptadecanoate was used
as the standard for GC-FID. Eq. (2) was used to determine the
total fatty acid methyl esters content in the mixture biodiesel
and non-reacted soybean oil, Cpamg (Wt.%).

(84— Amr) o (Cer x Vi)
AEI m

Crame = x 100% (2)
where, Sp represents sum of the peak areas, Agp is the peak
area of methyl heptadecanoate (internal standard), Cg; is the
concentration (mg/mL) of methyl heptadecanoate solution
(10 mg/mL), Vg represents the volume (mL) of methyl hep-
tadecanoate and ‘m’ is the mass (mg) of the FAME sample.

The individual FAME:i content in the biodiesel was calcu-
late from Eq. (3).

(Apame,)
Ag;

x 100% 3)

Crame, =

% (CEI X VEI)
m

where,

Crame, 1s the FAME; content (wt. %);
Apame, 1s the FAME; area calculated by integration of the
corresponding peaks in the chromatogram.

The specific mass data were determined following the stan-
dard established by EN ISO 3675/12185 and ASTM D1298
(Atabani et al., 2012), using a Density Master DMA 4100 M
equipment. The biodiesel acidity index was determined by
titration of the oil with a solution of ethyl ether and ethyl alco-
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Table 1 Levels of independent variables in the experimental
planning 2> + 3CtPt for evaluation of the transesterification of
soybean oil.

Independent variable Symbol Levels

—1 0 +1
Oil/alcohol A 1/10 1/15 1/20
Si/Mo B 10 20 30

hol (2:1) using 0.1 M potassium hydroxide as the titrant,
according to the methodology in ASTM D664 and EN
14104 standards (Sakthivel et al., 2018). (See Fig. 1).

4. Results and discussion
4.1. Characterization of the catalyst

4.1.1. Thermogravimetric analysis (TG/DTG)

Calcination temperature was determined from the thermo-
gravimetric curve shown in Fig. 2. It may be observed two dis-
tinct temperature ranges, corresponding to two mass loss
events. In the first event (I), in the temperature range of 22.8
4-152.38 °C, occurs a mass loss of 6.39%, which corresponds
to desorption of physisorbed water and butane volatilization;
in the second event (II), within the range of 152.38-548.54 °C
, there is a mass loss of 43.71%, which is attributed to the non-
ionic surfactant decomposition. After the mentioned last inter-
val, thermogravimetric curve comes into equilibrium, indicat-
ing that the calcination temperature for complete removal of
the organic driver is 550 °C.

4.1.2. X-ray diffraction analysis (XRD)

Fig. 3 shows the X-ray diffraction analysis of the KIT-6 molec-
ular sieve and x_Mo-KIT-6 catalysts. It is possible to see the
presence of two peaks, which correspond to characteristic
reflections of orderly mesoporous cubic structure. The analysis
in the Fig. 3 (a, b, ¢, d) presents reflection corresponding to
Miller index (211) indicating the formation of Ia3d cubic
structure; lower intensity peaks, corresponding to Miller
indexes (220) and (332), indicate that the cubic structure pre-
sented organization at long reach of pores (Kleitz et al., 2007,
2003). However, 10_Mo-KIT-6 catalyst presented smaller
organizational structure, since the reflection at (220) was not
identified.

Fig. 4 shows the XRD analysis of x_Mo-KIT-6 catalysts
with a scan angle of 20 = 10 a 60°. From the analysis in
Fig. 4 (a, b, ¢) it is observed that around 20 = 23° the materi-
als present an amorphous region which is characteristic of sil-
ica materials. In direct synthesis, metal atoms bond directly to
the molecular sieve structure in such a way that the absence of
metal characteristic peaks is an indicator that the Mo atoms
replaced Si atoms in the crystal network of KIT-6 (Cabrera-
munguia et al., 2017). The presence of molybdenum character-
istic peaks was not identified in the XRD analysis.

Table 2 shows crystallographic parameters of the KIT-6
molecular sieve and the x_Mo-KIT-6 catalysts. It is observed
that with the increase in molybdenum content incorporated
on the structure of KIT-6 there is a shift towards the left of
the peak referring to the reflection (211), causing a decrease
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Fig. 1 (a) Esterification mechanism for heterogeneous catalysis.
“L” represents the Lewis acid site and ““R” the fatty acid radical,
(b) Transesterification mechanism for heterogeneous catalysis.
“B” represents the Lewis basic site, “R” and “R1” are radicals
(Cordeiro et al, 2011).

both in the interplanar distance (d, ; ;) and in the unit cell
parameter (ag). Liu et al. (2016) assign the raise of a, to tetra-
hedrically coordinated molybdenum atoms on the structure of
the molecular sieve because the length of Mo—O—Si bonds is
greater than those of Si—O—Si bonds.

4.1.3. Fourier transformed infrared spectroscopy

FTIR spectra of KIT-6 catalyst precursor and x_Mo-KIT-6
catalysts are shown in Fig. 5, in which the bands at 3391
and 1638 cm ™! correspond to the (—OH) stretching (v) vibra-
tion of adsorbed water molecules. All samples display five
absorption peaks at about 1056, 963, 800, 565 ¢ 442 cm™ L
These peaks for the catalytic precursor KIT-6 are attributed
to the asymmetrical stretching of the Si—O—Si groups, the
stretching of the oxygen atoms in the silanol Si—OH bonds,
the symmetrical stretching of the Si—O—Si, the siloxane
groups, Si—O stretching and the bending vibration of the
Si—O—Si groups (Wawrzynczak et al., 2021; Zhou et al.,
2020). For the catalysts, the peaks in the 500-1000 cm ™' region
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Fig. 2 Thermogravimetric (TG) analysis of the KIT-6 molecular
sieve uncalcined.
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Fig. 3 Diffractograms of the (a) molecular sieve KIT-6 and of
the catalysts (b) 30_Mo-KIT-6, (c) 20_Mo-KIT-6, and (d) 10_Mo-
KIT-6.

are attributed to different stretching vibrations of Mo—O. For
the 10_Mo-KIT-6 catalyst, it is possible to observe a band at
915 cm™' that indicates the tetrahedrally coordinated Mo
bond in the molecular sieve structure through the Mo—O—Si
bond (Figueiredo et al., 2021; Rakngam et al., 2021).

4.1.4. Textural analysis by nitrogen adsorption (BET)

N, adsorption—desorption isotherms of the KIT-6 molecular
sieve and the x_Mo-KIT-6 catalysts are presented in Fig. 6.

Fig. 6 (a, b, c) presents type IV adsorption isotherms with
three distinct regions. The first one, for P/Py, < 0.6, is related
to N, adsorption on the monolayer, where there are microp-
ores; the second one, corresponding to the interval between
0.6 < P/Py < 0.8, presents a pronounced inflection character-
istic of capillary condensation at the mesopores; the third one,
for P/Py > 0.9, is assigned to the adsorption at the particle
external surface multilayers (Leofanti et al., 1998; Zhou
et al., 2020).
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Fig. 4 Diffractograms of the catalysts (a) 30_Mo-KIT-6, (b)
20_Mo-KIT-6, and (c) 10_Mo-KIT-6.

From the desorption isotherms, it is possible to see that the
support and the catalysts formed different “loops” of hystere-
sis with type H1 characteristics (Fig. 6 a, b, ¢), being the inter-
val between 0.6 < P/P, < 0.8 associated to capillary
condensation which occurs both inside the mesopores with dif-
ferent regular sizes and in the cylindric pores system. In the
interval between 0.4 < P/P, < 1 (Fig. 6d) a mixed H1 and
H3 type of hysteresis loop can be noticed. H3 hysteresis is usu-
ally found in solids derived from particle aggregates which
develop different geometry pores (Cychosz and Thommes,
2018; Delitala et al., 2009; Hernando et al., 2018; Li et al.,
2020b).

Fig. 7 shows the pore size distribution of the molecular
sieve KIT-6 and x_Mo-KIT-6 catalysts.

It can be seen in Fig. 7 (a, b, c¢) that the KIT-6 molecular
sieve and the 30_Mo-KIT-6 and the 20_Mo-KIT-6 catalysts
present unimodal pore size distributions on the range of meso-
pores with central peaks of 33 A, 33.23 A and 39.40 A. 10_Mo-
KIT-6 (Fig. 7d) catalyst presented bimodal pore size distribu-
tion on the range of micro and mesopores, with peaks of
19.24 A and 39.45 A.

Textural properties of the KIT-6 molecular sieve and x-
_Mo_KIT-6 catalysts are shown in Table 3. It can be seen that
10_Mo_KIT-6 presented a specific surface area 18% lower
than the specific surface area of KIT-6 precursor. It can also
be seen that the presence of molybdenum in the structure
reduced both pore volume and pore diameter and increased
the wall thickness. This is because molybdenum atomic radius
is greater than Si atomic radius. In the process of direct synthe-
sis Mo replaces Si in the structure of KIT-6. An exceeding con-
centration of the metal led to deformation of the Si—O—Si
bonds due to longer length of Mo—O—Si bonds. The reduc-
tion in the specific surface area relative to KIT-precursor
was lower for the other catalysts. For 20 Mo_KIT-6 catalyst,
the molybdenum was incorporated directly in the crystal net-
work, resulting greater formation of mesopores and bigger
pore diameter. Textural properties reaffirm FTIR spectrome-
ter analysis.
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Table 2 Crystallographic parameters of the molecular sieve
KIT-6 and of the catalysts 10_Mo-KIT-6, 20_Mo-KIT-6 and
30_Mo-KIT-6.

Sample 20 hkl da 11 (A) ag (A)

KIT-6 1.00 211 88.36 216.40

10_Mo-KIT-6 0.96 211 92.04 225.46

20_Mo-KIT-6 0.94 211 94.01 230.27

30_Mo-KIT-6 0.92 211 96.06 235.26
a)
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Fig. 5 FTIR spectra of the (a) molecular sieve KIT-6 and the
catalysts (b) 30_Mo-KIT-6, (c) 20_Mo-KIT-6, and (d) 10_Mo-
KIT-6.

4.2. Factors affecting the transesterification reaction

Table 4 shows fatty acid methyl ester (FAME) yield, density
and acidity index of the biodiesel obtained. A high yield of
FAME was observed for all conditions of reaction time and
molybdenum content used in the experimental planning.

4.2.1. Effect of Si/Mo molar ratio

x_Mo-KIT-6 catalysts synthesized with different Si/Mo ratios
(10, 20, 30) have been evaluated in the transesterification reac-
tion. From Table 4 it is observed that the FAME yield is
directly proportional to the molybdenum concentration in
the catalyst structure.

Biodiesel yield increases with the increase of the metal con-
centration in the crystal structure both for oil/alcohol ratio
1/10 and 1/20. This result indicates that molybdenum in the
structure had major influence in transesterification reaction.
The amount of silicon species was not sufficient to bond with
all molybdenum present, leading to exceeding metal agglomer-
ation on the walls of the canals.

4.2.2. Effect of oillalcohol ratio on biodiesel yield

Another important factor that influences transesterification
reaction is the oil/alcohol ratio. It was observed that the
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Fig. 6 N, adsorption/desorption isotherm of the molecular sieve
(a) KIT-6 and of the catalysts (b) 30_Mo-KIT-6, (c) 20_Mo-KIT-6
and (d) 10_Mo-KIT-6.
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Fig. 7 Pore size distribution of the molecular sieve (a) KIT-6
and of the catalysts (b) 30_Mo-KIT-6, (c) 20_Mo-KIT-6, and (d)
10_Mo-KIT-6.

increase of alcohol content in reactional medium using
10_Mo-KIT-6 and 30_Mo-KIT-6 catalysts increased the
methyl esters yield of about 16%. This raise is due to higher
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Table 3 Textural properties of the catalytic precursor KIT-6 and of the catalysts x_Mo-KIT-6 (where x: Si/Mo = 10, 20 and 30).

Catalyst Sper” (m*g ™)) Sexe (m%.g™") viiero Vp© S D, gju W,
(em’.g™") (em’g ") (em’g ") (A) (A)
KIT-6 759.56 572.07 0.12 0.95 1.07 33.05 75.15
10_Mo-KIT-6 615.66 315.61 0.18 0.50 0.68 19.17 93.56
20_Mo-KIT-6 736.62 641.91 0.07 1.19 1.26 39.40 75.74
30_Mo-KIT-6 731.74 503.16 0.14 0.89 1.03 33.02 84.60

* Specific surface area determined by Brunauer-Emmett-Teller (BET) method.

® Total pore volume recorded at P/Py = 0.993552.

¢ Pore diameter calculated by Barrett-Joyner-Halenda (BJH) method.

4 Wall thickness (A) = (ag/2) — D,

Table 4 Experimental and predicted data of FAME yield, density and acidity index of the obtained oils.

Run Factors FAME yield Density Acidity Index
(wt. %) (kg m™?) (mg KOH g™ ")
Si/Mo Qil/alcohol Exp.* Pred.” Res.”
1 10 1/20 68.51 63.84 —4.67 893.7 1.31
2 30 1/20 44.43 41.30 -3.13 903.0 0.98
3 10 1/10 59.17 63.84 4.67 893.7 1.31
4 30 1/10 38.18 41.3 3.12 902.4 1.31
5 20 1/15 60.68 52.57 —8.11 897.8 1.07
6 20 1/15 58.56 52.57 —5.99 894.3 1.07
7 20 1/15 62.61 52.57 —10.04 895.6 1.47
Soybean oil 920 0.00

% Experimental values of response.
® Predicted values of response.
¢ Residual.

methanol content which shifts the reaction equilibrium
towards FAMEs products (Gopinath et al., 2017). Methanol
also diminishes the mixture viscosity and favors glycerin solu-
bility which is a subproduct that might stress reaction equilib-
rium and, consequently, decrease the yield of FAMEs. For
1/15 ratio it is possible to see that esters yield on the presence
of 20_Mo-KIT-6 catalyst is within the interval obtained with
higher metal concentration catalyst (10_Mo-KIT-6) using les-
ser amounts of methanol. This fact might be assigned to the
crystal and textural properties presented by the catalyst.

4.2.3. Chemical composition of FAME

The produced biodiesel composition is given in Table 5, the
chromatograms shown in Fig. 8 and CganmE; Wt.% was calcu-
lated from Eq.(3). The most commonly found fatty acids in

Table 5 Concentrations of FAME; in the biodiesel.

biodiesel samples are: oleic (C18:1) followed by stearic
(C18:0), linoleic (C18:2), palmitic (C16:0) and linolenic
(C18:3) (Wan Ghazali et al., 2015). In all samples of biodiesel
obtained, the predominant fatty acids were: polyunsaturated
fatty acids, linoleic (C18:2; 49-54%) and linolenic (C18:3; 5—
7%); unsaturated fatty acids, oleic acid (C18:1; 20-23%) and
saturated fatty acids, palmitic acid (C16:0; 9-13%) and stearic
(18:0; 2-3%). Soybean oil for biodiesel production has the fol-
lowing typical composition (Singh et al., 2019): oleic (20—
30%), linoleic (50-60%), palmitic (6-10%), stearic (2-5%)
and linolenic (5-11%). Thus, the biodiesel produced in this
work ’has a typical composition of biodiesel from soybean
reported in the literature (Singh et al., 2019; Tercini et al.,
2018).

4.2.4. Density and acidity level

Density and acidity level are important properties for the char-
acterization of methyl or ethyl esters. According to EN ISO
367/12185 (ASTM D1298) and EN 14104 (ASTM D664) stan-

- N
f;;‘;‘fjel CFA“_‘E' (wt.%) _ _ : dards, biodiesel should have density within 50-900 kg/m® and

(Cl6:0) C (Cl81) (Cl8&:2) (Cl83) Others acidity index below 0.5 mg KOH/g (Atabani et al., 2013; Singh

GEED) et al., 2019).

1 11.54 280 22.68 5434  7.04 1.60 Table 4 shows data of density and acidity values obtained
2 1232 298  22.86 5374 7.0l 1.09 via characterization of transesterified oils. For tests which used
3 B B 5329 6.87 5:2d the 30_Mo-KIT-6 catalyst, density measurements are not in
2 ﬁ? 2 ; (5)2 ;?g 2?3; Zgg ég; complianpe with stablish§d stgndards be.cause these essays
6 1104 250 2140 5093 681 730 resulted in t_he smallest yields in FAME in such a way that
7 11.09  3.03 2141 5145  6.96 6.06 there was still a high concentration of non-converted triglyc-

erides what elevated the sample density for presenting bigger
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Fig. 8 Biodiesel samples chromatograms (Acronym: C16:0 —
methyl palmitate; C17:0 — methyl heptadecanoate (internal stan-
dard); C18:0 — methyl stearate; C18:1 — methyl oleate; C18:2 —
methyl linoleate; C18:3 — methyl linoleneate).

and consequently more dense molecules (Knothe and Razon,
2017). Regarding to the acidity level, results were outside stab-
lished limits what might be associated to the high contents of
free fatty acids and molybdenum leaching to the reaction med-
ium, once this molecule has high acidity index (Bail et al.,
2013).

4.3. Statistical data analysis

In order to evaluate the effects of indepent variables oil/alco-
hol ratio (A) and Si/Mo ratio (B) on the resulting variable
(ester content), statistical treatment of data was done using

Table 6 ANOVA for the experimental planning 2> + 3 CtPt.

Term 430

B
A
Factor Name
AB A Oil'alcohol
B Si/Mo

4 6 8 10 12
Standardized Effect

Fig. 9 Pareto Chart of the Standardized Effects (o = 0.05).

Minitab 17.0® software at 5% (o = 0.05) significance level.
Table 6 shows the results from the analysis of variance
(ANOVA).

Analyzing the P values in Table 6 (ANOVA), it can be
observed that o < 0.05 for factor B. This means that this factor
has significance and influences the biodiesel yield. Another sta-
tistical parameter that reaffirms this result is the test F, once
the value of F., for the same factor is bigger than the value
of F,,,. The curve test was also realized comparing the values
of F,,; and F,,;,. It was observed that there was curvature at the
evaluated region and the adopted model is quadratic for both
catalysts. The determination coefficient (R?) shows the model
with 98.81% of significance and the correlation coefficient
(R) indicated strong relationship among the data.

The Pareto chart shown in Fig. 9 shows the significance of
factors on the transesterification reaction with confidence
interval of 95%. The only factor which presented influence
on the response variable was the Si/Mo molar ratio. This result
supports the yields for esters given in Table 4, seen that the oil/
alcohol ratio was smaller than the Si/Mo ratio used.

The contour graph shown in Fig. 10a evidences that biggest
conversion values were observed on the left and right extrem-
ities at superior and inferior parts, under optimized conditions
of Si/Mo ratio = 14.5 and oil/alcohol ratio = 20.92. These
conditions led to yield results for methyl esters greater than
68.51%.

The response surface in Fig. 10b shows a curvature on the
region of maximum yield for methyl esters what confirms data
from Table 6 and Fig. 10a. The quadratic aspect can be
explained through the effect of interactions between the
independent variables Si/Mo and alcohol/oil. The desirability

Source Degree of freedom Sum of squares Mean Square P-Value F-Value Tabulated Remarks
F-Value

A 1 60.76 60.76 0.06 14.81 18.51 Insignificant

B 1 507.83 507.83 0.01 123.75 18.51 Significant

AxB 1 2.39 2.39 0.52 0.58 18.51 Insignificant

Curvature 1 110.93 110.93 0.03 27.03 18.51 Significant

Error 2 8.21 4.10 = = = =

Total 6 690.11 — — — —

R* = 98.81% R = 9.94
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Fig. 10 Effect of the oil/alcohol and the Si/Mo ratios on
biodiesel yield: (a) 2D contour plot; (b) 3D response surface.

function (D) is equal to 1, thus this function value can be
understood as excellent.

The coded model which associates the yield of methyl esters
to the independent variables is presented on Eq. (4).

Y =52.5743904 — 11.27B - 0.774 * B+ 8.04CtPt (4)

Among the factors and interactions studied on the model
for x_Mo-KIT-6 catalysts on Eq. (4), the Si/Mo factor (B)
and the AxB interaction presented opposite effects, with smal-
ler association between the data or individual factors. Variable
B presents antagonistic effect, what means that there is greater
interaction when compared to the sum of its individual effects
or in an interactive way. This equation shows how individual
factors or the interaction among them affect the yield (%) of
soybean transesterification reaction. On the equation, single
factor coefficients indicate the influence of the factor specifi-
cally while double factor coefficients and first order terms indi-
cate the interaction between two factors and quadratic effects
respectively. A positive sign represents a synergic effect, while
a negative sign represents an antagonistic effect.

The cube plot in Fig. 11 shows the interactions between the
factors. The greatest value is 68.51, presented when the
10_Mo-KIT-6 catalyst is used and the oil/alcohol ratio is

-6.25
38.1_8»Dﬂ______
30 || & Centerpoint
| ||« Factorial Point
-20.99 |
' -24.08
SiMo - m [

(310

10 Dil/alcohol -9.34 20

Fig. 11  Cube Plot (fitted means) for FAME Yield (%).

1/20. Main effects means for Si/Mo ratio and alcohol/oil ratio
are 7.79 and 22.53 respectively. The main effect resulting mean
(Si/Mo) has shown an increase of about 35% on the yield of
methyl esters when compared to the alcohol/oil effect.

4.4. Comparison to literature

In this study, the maximum methyl esters yield was obtained at
reactional conditions of the central point, suggesting that tex-
tural properties contribute to the catalytic performance in par-
allel to molybdenum concentration. The biodiesel yield varied
from 44.43 to 68.51 wt%. Chen et al. (2020) used x_MoO;/
NapP as catalyst to produce biodiesel from rice bran oil at dif-
ferent reactional conditions, and obtained a conversion in the
range of 44.0-74.8 %. Biodiesel was produced from esterifica-
tion of free fatty acid by Mohebbi et al. (2020) using MoO;
incorporated to B-ZSM-5 as catalyst, and a conversion of up
to 98% wt.% was obtained using 25_MoO;/B-ZSM-5 at 160
oC for 6 h of reaction. Figueiredo et al. (2021) produced bio-
diesel from soybean oil using x_MoO3/AI-SBA-15 catalysts,
and a biodiesel yield of up to 98% was obtained with
10_MoO;/Al-SBA-15 catalyst for 3 h of reaction at 150 oC.

5. Conclusion

The biodiesel was obtained in this study from soybean oil using a new
heterogenous catalyst, produced from the incorporation of MoO3 in
KIT-6 precursor. The yield obtained with this new catalyst is of the
same magnitude of yield reported in the literature with different cata-
lysts. ANOVA statistical analysis shows the molar ratio Si/Mo as the
most significant variable for methyl ester yield. The factorial design
showed that the optimum point for the yield of methyl esters
(68.51%) was using the 10_Mo-KIT-6 catalyst, oil/alcohol ratio of
1/20 at 150 °C for 3 h. For the 1/15 oil/alcohol ratio, the yield of
methyl esters in the presence of the 20_Mo-KIT-6 catalyst are in the
range of methyl ester yield in the presence of the 10_Mo-KIT-6 cata-
lyst, however using a lower amount of methanol, which means that
the reaction conditions of the central point is the most suitable.
Finally, Mo-KIT-6 catalyst demonstrated competitive potential to be
used as catalyst for biodiesel production, and may be substitute homo-
geneous catalyst in a near future.
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