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The aim of this work was to evaluate the performance of different extruded catalysts containing K,COj as active phase and adding
conveniently y-Al,O5 and/or sepiolite and magnetic particles on the biodiesel production from sunflower oil by the ethanolic
route. Firstly, the content of the Fe;O, on the catalyst (0.1, 0.2, 0.3, and 0.4 g Fe;0.4/g of K,CO5/y-Al,O53), after calcination step,
was evaluated to verify the separation facility of the catalysts with magnetic properties from reactional medium, using an external
magnetic field, at the end of biodiesel synthesis. After that, three different catalysts were considered for comparative purposes: (a)
K,CO5/y-AlL 055 (b) K,CO5/y-Al,05/Fe;04 (c) K,CO5/y-AlO5/Sepiolite/Fe;O4 and subsequently characterized by dyna-
mometry, TGA, SEM, VSM, BET, and XRD to determine their mechanical, structural, magnetic, and textural properties.
However, their catalytic activities were determined through biodiesel production that was carried out in a glass volumetric reactor
during 4 h, under magnetic stirring with 5% wt. of the catalyst and oil : ethanol molar ratio (1:12) at 80°C reaction temperature.
The best result, i.e., around 88% of biodiesel conversion, was obtained with catalyst K,CO;/y-Al,O5/Sepiolite/Fe;O, which
showed also satisfactory textural and mechanical strength properties comparatively with the other catalytic derivatives. In
addition, no agglomeration of the particles was observed during the reaction, and the magnetic property of this catalytic system
was satisfactory for adequate separation from reactional medium seeking further reuse. The attained results are attractive for
possible implementation at industrial scale and can be considered to mitigate drawbacks which resulting by using of homogeneous
catalysts in the conventional processes.

1. Introduction

The search for alternatives to mitigate global warming is
currently a major global challenge. In this context, biodiesel is
a biofuel with great potential. Brazil is the second largest
producer of biodiesel in the world, with 51 biodiesel plants
producing around 21000 m*/day [1] to use in diesel/biodiesel
blends (with a volumetric ratio 90/10%) accordingly approved

by the National Energy Policy Council (CNPE) of the
Ministry of Mines and Energy [2].

Basically, in Brazil, the conventional biodiesel pro-
duction at industrial scale is carried out by chemical
transesterification by homogeneous catalysis and using
methanol as reactant alcohol although there are some plants
that produce ethanolic biodiesel [3]. The predominant
feedstock is soybean oil, which corresponds to 64.84% of the
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national production, followed by beef tallow with 15.50%
and finally other raw materials, such as pork fat, palm oil,
and various fatty sources which represent 19.66% [1]. In this
scenario, attention must be paid to two important aspects in
this conventional process that lead to technological and/or
environmental problems which have already been reported:
(a) the use of homogeneous catalysts and (b) the use of
methanol as a reactant alcohol [3, 4]. In the first case, the
catalyst solubilizes in the reaction medium preventing its
reuse and, therefore, this makes the process more expensive.
In addition, soap forms when oils with high content of free
fatty acids are used, resulting in more difficult and additional
steps of washing the biodiesel for the removal of salts,
glycerol and impurities. Acid or basic wastewater also needs
treatment of the generated effluent [5, 6]. In the second case,
it should be emphasized that methanol usually comes from
natural gas (a fossil resource). Particularly, Brazil has
mitigated this problem by implementing the use of bio-
ethanol in the production of biodiesel. Bioethanol is con-
ventionally produced on a large scale by a biotechnology
way, around 28611.04 x 10> L/year of both anhydrous and
hydrated ethanol in 2017 [7], thus making biodiesel pro-
duction a renewable totally process.

A technological strategy that has received special attention
is the use and development of heterogeneous catalysts for the
production of biodiesel, since these can sometimes be pre-
pared in simple form, present great potential for reuse, and in
some cases low cost [8, 9]. In this context, basic catalytic
derivatives [10-12], acids [13-16], bifunctional systems
[17, 18], and enzymatic derivatives, which has shown excellent
performance despite the high commercial cost of the purified
enzymes [19, 20], have been evaluated.

Despite the advantages of heterogeneous catalysts, there
are difficulties, because in some cases these catalysts are very
fine powders, which in addition to forming agglomerates
during the reaction, part of the catalyst is lost in the sep-
aration processes, thus limiting their applications at in-
dustrial scale [21].

In this context, the magnetic nanoparticles are partic-
ularly attractive as additives to the supports are used for the
heterogeneous catalysts due to their advantages of fast and
facile catalyst separation from the reaction mixture by ap-
plying an external magnetic field, thereby eliminating
process steps such as conventional centrifugation and fil-
tration [22]. However, the magnetic nanoparticles forming
particle clusters may restrict the dispersion of the nano-
particles in the reaction mixture due to their magnetic
dipole-dipole attraction [22].

Catalysts with magnetic properties have been studied in
the biodiesel production [23-31]. However, information in
the literature on the application of the magnetic properties of
these catalysts is still scarce. The studies mention only the
removal of the catalyst from the reaction medium by cen-
trifugation [30], filtration [26], or magnetic separation using
magnets [23-25, 27-29, 31]. It is worth mentioning that in
some cases, magnetically stabilized bed reactors are used, a
system that allows catalysts with magnetic properties [32—
35] under the action of a magnetic field to be aligned axially
and/or transversely within the reactor.
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Thus, the aim of this work was to evaluate extruded
catalysts with cylindrical geometry (pellets) based on
K,CO;/y-Al,Os/sepiolite containing magnetic particles
(Fe30,4) in order to verify their potential in the biodiesel
production by ethanolic transesterification route.

2. Materials and Methods

2.1. Materials. The used feedstock for biodiesel production
was commercial sunflower oil. A mixture C4-C24 of fatty acid
ethyl esters (FAEEs) was used as standard for biodiesel
characterization (SUPELCO). Boehmite (PURAL SB SASOL
containing 85% of Al,O;) was used as y-AL,O; (alumina)
precursor; CHy,N,O (urea) and sepiolite (Pansil 100, 60%
purity) (MgsSisO15(OH),-6H,0) from TOLSA S.A. (Spain)
were used conveniently as temporary and permanent binders,
respectively. Iron chloride IT (ALFA AESAR), iron chloride III
(Sigma-Aldrich), and sodium hydroxide (Sigma-Aldrich)
were used for magnetic particle synthesis. Potassium car-
bonate (SCHARLAU) was used as active phase component,
and ethanol P.A. (SCHARLAU) was used as reagent alcohol.

2.2. Experimental Methods

2.2.1. Synthesis of Magnetic Particles. Magnetic nano-
particles were prepared by the coprecipitation method. For
the synthesis of the magnetite, 3.597 g of FeCl, and 6.488 g of
FeCl; were diluted in deionized water; a solution of sodium
hydroxide (6.4g) was added dropwise until the pH of the
solution was adjusted to 11; and the solution was stirred
vigorously at 80°C. After synthesis, the magnetic nano-
particles were filtered and washed with deionized water to
remove the chloride ions and then washed with ethanol to
ensure the removal of the entire residue from the synthesis.
Finally, the nanoparticles were dried in a vacuum oven at
80°C for 24 h.

2.2.2. Procedure for Preparation of Catalysts. Three different
catalyst groups were prepared for comparative purpose: (a)
the first one without magnetic particles was prepared by
mixing 1.75 g of K,CO;, 4.977 g of boehmite, and 15% wt.
urea; (b) the second group was prepared by mixing 1.75 g of
K,CO3, 4.977 g of boehmite, and 15% wt. urea and adding
several magnetite contents: 0.1, 0.2, 0.3, and 0.4 g Fe;0,/g of
(K,CO5/y-Al,03); and (c) the third catalyst was prepared
with 1.75g of K,COs, 4.002g of y-Al,O;, and 0.975g of
sepiolite, but containing just 0.3g of Fe;O4/g of catalyst
(K,COs/y-AlOs/sepiolite).

In all cases, the component mixtures were milled to
homogenize the particle sizes and water was added dropwise
to form a homogeneous mass and extrusion was carried out
using a syringe device. Then, the catalysts were previously
dried at 105°C for 16 hours to reduce their moisture content
and finally calcined at 500°C for 4 hours.

2.2.3. Characteristics of the Reactor Assisted by Magnetic
Field. The reactor coupled with an electromagnetic field
generator was operated to separate the catalysts with
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magnetic properties using magnetic field flux density around
20mT and field lines oriented conveniently to the axial/
transversal direction with respect to the vertical axis of the
bioreactor. The magnetic field flux density was monitored by
a GMO08 gaussmeter (Hirst Magnetic Instruments Ltd.,
United Kingdom).

2.2.4. Procedure for Biodiesel Production. The biodiesel
production was carried out by transesterification through
the ethanolic route. In each experiment, 5% wt. of catalyst in
relation to oil mass was used, whereas the oil : alcohol molar
ratio was 1:12. The reactions were conducted in a glass-
jacketed reactor coupled to a thermostatic bath to adjust the
reactor temperature at 80°C during 4 h reactional time. Then,
the reaction was stopped, catalysts separated by magnetic
field, and the formed biodiesel was purified as described
previously in [4] for further characterization.

2.3. Analytical Methods

2.3.1. Gas Chromatography (GC). The formed biodiesel was
monitored by gas chromatography using a Bruker GC model
430-GC. The injector and detector temperatures were set at
250°C. Helium was used as the carrier gas with a flow of
312.3mL/min of entrainment gas at a linear velocity of
62.0 cm/min. The column temperature was kept at 50°C for
1 min, heated to 180°C at 15°C/min, then to 300°C at 7°C/
min, and maintained constant for 10 min. The detector
temperature was 250°C, and the chromatographic column
used was a Bruker BR 5 MS (30 m x 0.25 mm X 0.25 um) with
5% diphenyl and 95% dimethyl polysiloxane composition.
Identification and quantification of formed biodiesel were
carried out according to the calibration curve prepared using
FAEE:s (referent to the fatty acids contained in the sunflower
oil) at four concentrations and ethyl decanoate as internal
standard (Sigma-Aldrich).

2.3.2. Mechanical Strength. The mechanical strength of the
catalysts was measured in terms of burst pressure using a
Chatillon, LTMC model dynamometer. The tests consisted
on determining the pressure needed to be applied on the
external surface of the catalyst to cause its rupture [36].

2.3.3. Magnetization Measurements by Vibrating-Sample
Magnetometer  (VSM). The magnetic properties of
the particles and magnetic catalysts were performed on
a SQUID vibrating-sample magnetometer (Quantum
Design® models MPMS 57, MPMS 7T). The temperature
and field dependence of the samples were recorded on
a Quantum Design MPMS-XL superconducting quantum
interference device (SQUID). ZFC/FC measurements were
performed in the 0-330 K temperature range with an applied
field of 10000 Oe.

2.3.4. Thermogravimetric Analysis (TG/DTG). Simultaneous
thermogravimetric and differential thermal analyses (TGA-
DTA) of catalysts were carried out in a flowing air

atmosphere using an analyzer (STA 6000) equipped with a
gas cell (PerkinElmer). Around 30 mg of sample was placed
in a Pt/Rh crucible and heated up to 950°C with a heating
rate of 10°C/min.

2.3.5. Scanning Electron Microscopy (SEM). SEM micro-
graphs of the catalyst were obtained on a scanning electron
microscope (HITACHI TMI1000 tabletop microscope
model). The procedure for preparing the materials for
analysis consisted of depositing a portion of the solid onto a
carbon adhesive tape affixed to the sample holder. The
micrographs were obtained with magnifications ranging
from 100 to 3000x.

2.3.6. Textural Characterization. Specific surface area data
were calculated from nitrogen adsorption/desorption iso-
therms obtained at —196°C in an ASAP 2420 apparatus
(Micromeritics), after application of the BET equation
(37, 38].

2.3.7. X-Ray Diffraction. Analysis of the powder (support
and/or catalysts) obtained by previous milling was per-
formed by X-ray diffractometry (XRD, X'Pert PRO theta/
2theta, PANalytical, the Netherlands). The patterns were
recorded over the angular range of 5-80° (26) with a step size
of 0.0334° and a time per step of 100 seconds, using Cu Ka
radiation (A = 0.154056 nm) with a working voltage and
current of 40kV and 100 mA, respectively.

3. Results and Discussion

Initially, VSM magnetization measurements were per-
formed for each catalytic system prepared (Table 1). As it can
be observed, there were increases up to 4 times in the
magnetization value (around 3 to 13emu/g) when the
magnetite content added to the prepared derivatives in-
creased from 0.1 to 0.4 g/g of K,CO5/y-Al,O3. However, a
fluid dynamics analysis of this catalyst with magnetic
properties performed in the magnetic field reactor, illus-
trated in Figure 1, showed that the catalyst containing 0.3 g
Fe;04/g of K,CO;/y-Al,O; was the most suitable for
magnetically stabilizing the particle bed. In this condition, it
is possible to guarantee the separation of the catalyst from
the reaction medium when the biodiesel formation is
completed.

In addition, the catalytic activity of the developed cat-
alysts was measured by the transesterification reactions for
biodiesel formation (Figure 2), carried out according to the
conditions previously described. In this context, the kinetic
results of the transesterification reaction (Figure 2) revealed
that in all cases biodiesel formation occurred independently
of the Fe;0, content in the catalyst, showing the best results
when 0.3 g Fe;0,/g of K,CO5/y-Al,O; was used (Table 1).
All the samples showed mechanical deficiencies that resulted
in partial or total rupture in some samples. This fact can be
attributed to the use of CH,N,O as binder in the preparation
of these catalytic derivatives, because this compound
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TaBLE 1: Magnetic properties and yield of sunflower biodiesel produced by the catalysts.

Catalysts Magnetization (emu/g) Biodiesel yield (%)

K,CO3/y-ALL 05 0.00 65.73

K,COs/y-AlL,043/(0.1)Fe;0, 3.31 64.41

K,CO5/y-AL,05/(0.2)Fe;0, 7.60 69.22

K2C03/y-Ale3/(O3)Fe3O4 10.08 78.86

K2CO3/V-A1203/(0.4)F6304 13.46 70.82
Magnetic field lines

Reactor inside the coils

N

(biodiesel)

Glycerol

AC

0-127 V
0-220V

+

T

\ )
\ i / / /)
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eoo
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FiGure 1: Experimental setup of the chemical reactor assisted by magnetic field for catalysts (with magnetic properties) separation from
reactional medium at the end of the biodiesel synthesis.
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F1GURE 2: Biodiesel production yield from sunflower oil and ethanol using catalysts containing different quantities of Fe;O, in their
structure: (a) K2C03/y-A1203; (b) K2C03/)/—A1203/(01) F6304; (C) K2CO3/Y—A1203/(02) Fe304; (d) K2CO3/Y—A1203/(03) Fe304; (e) K2C03/

}/—A1203/(04) Fe3O4.

decomposes during the calcination, thus altering the textural
and physicochemical properties of these catalytic systems.
In order to improve the mechanical properties of the
catalysts, a new catalyst containing K,CO; was supported on
y-Al,O3 with 0.3 g Fe;O,4, but sepiolite was added as the
binder instead of urea. In this context, Figure 3 shows the
kinetic curves of biodiesel formation under the same re-
action conditions previously described, but different cata-
Iytic derivatives under study were compared: (a) K,COs/
y—A1203; (b) K2C03/V—A1203/(0.3)Fe304; and (C) K2CO3/
y-Al,O5/sepiolite/(0.3) Fe;O,. In this case, it was possible to
verify that the catalytic performance of the derivative
containing sepiolite resulted in a higher biodiesel formation,
compared to the other two cases, reaching around 88% yield
in 4 hours of reaction. This result was corroborated by their
mechanical, physicochemical, and textural properties as
shown in Tables 2 and 3 and Figures 2-4, respectively.
Regarding the mechanical properties, the K,CO;/
y-Al, O3 derivative containing sepiolite showed good results

reaching around 3.92 + 0.14 kgf/cm (Table 2). According to
Yamadaya et al. [39], the mechanical strength of pellets
prepared from some impregnated alumina is higher than for
those prepared from pure alumina. In fact, it is well known
that the mechanical strength is a very important property
which can affect the activity of extrudate catalysts. However,
below 10000 kg/cm?® of extrusion pressure, the mechanical
strength of the pellets is mainly affected by the conditions of
preparation of the starting materials, i.e., the content of
water and/or particle size of the powder, more than by the
extrusion conditions [39]. In this way, it is possible to ex-
plain comparatively between the developed catalysts, why
when adding sepiolite as a permanent additive in the for-
mulation of the catalyst K,CO;/y-Al,Os/sepiolite/(0.3)
Fe;O,4, it presented a satisfactory mechanical strength,
without decomposing during the biodiesel production. In
this case, the presence of clusters or the breaking of extruded
pellets was not observed. Thus, it is possible to conclude that
sepiolite has good rheological properties and when it acts as
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Figure 3: Ethanolic sunflower biodiesel production of catalysts: (a) K,COs/y-AlLOs;, (b) K,CO3/y-Al,053/(0.3)Fe;04, and (c) K,COs/
y-AlLOs/sepiolite/(0.3)Fe;O,, under reaction conditions: 5wt.% mass of extruded catalyst, oil:ethanol molar ratio 1:12, 80°C, 200 rpm, and

4h reaction time.

TaBLE 2: Mechanical strength of the magnetic catalysts after cal-
cination at 500°C.

TaBLE 3: Textural properties for supports and catalysts with
magnetic properties.

Geometric

property of Mechanical
Catalysts the particles strength
Length Pressure
(mm) (kgf/cm)
K,CO;/y-ALO5/(0.3)Fe;04 4.20 + 0.50 0.0
K,CO;/y-Al,O5/sepiolite/(0.3) 484+ 058 397+ 014

Fe304

a binder, there appears to be no need to add any other binder
additive.

Figure 4 shows the thermogravimetric analysis for the
boehmite, sepiolite, and prepared catalysts. In the boehmite
case, this analysis was interesting to evaluate the most
adequate calcination temperature for the extruded support
preparation, in order to obtain the gamma phase of alu-
mina and the complete binder decomposition when
CH,4N,O0 is used. Thus, the curve (Figure 4(a)) shows three

Textural properties

Catalysts Specific Pore P.ore
area volume  size

(mzlg) (cm3/g) (nm)

K,COs5/y-ALO; 65 0.28 16.1
K,CO3/y-AlL,05/(0.3)Fe;0, 45 0.16 14.3
K,CO3/y-AlLO5/sepiolite/(0.3) 10 0.05 214

FC304

stages of weight loss at different temperatures. The first two
stages of weight loss (first one up to 100°C and the other one
around 200°C) can be attributable to loss of free water and
absorbed water on the surface, as can be confirmed by the
DTA curve, respectively. While the third stage around
450°C is due to the loss of structural water, i.e., referent to
decomposition of structural -OH groups, and conse-
quently, there is a phase change from boehmite to y-Al,O5
formation.
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FIGURE 4: Thermogravimetric analysis (TGA-DTG) for (a) boehmite, (b) sepiolite, (c) K,CO5/y-AL O3, (d) K,CO5/y-Al,05/(0.3)Fe;04, and

(e) K,COs/y-AlLOs/sepiolite/(0.3)Fes;0,.

After 500°C, the material does not change. In this case,
500°C may be considered as the calcination temperature
sufficient for the preparation of the carrier without the
presence of the additive binder. These results can be cor-
roborated according to the reported data by Chandradass
and Balasubramanian [40] that observed similar weight
losses between 250 and 500°C.

Figure 4(b) shows TGA/DTA curves for sepiolite
(Mg,SigO15(0OH),-6H,0). In this case, the weight loss ob-
served between 100 and 300°C can be attributable to water
loss. Over 700°C, another degradation stage can be observed

probably due to sepiolite anhydrite dehydroxylation. Finally,
over 800°C sepiolite can be transformed in enstatite. De-
hydration and dihydroxylation of sepiolite have been re-
ported in the literature by several authors [41-43].

In a similar way, TGA/DTA curves shown in
Figures 4(c)-4(e) were important to verify the thermal
stability of the prepared catalysts. In fact, these catalytic
systems were developed for biodiesel production at reaction
temperatures up to 80°C. Thus, no structural change should
be observed at temperatures below 100°C. In addition, the
active phase (K,CO;) remains in its integral form up to



800°C, confirm by this way the thermal stability of these
catalysts.

On the other hand, SEM analysis (Figures 5(a) and 5(b))
revealed comparatively morphological differences between
the prepared catalysts containing or no sepiolite. In the
micrograph for the catalyst K,COs/y-Al,03/(0.3)Fe;0,
(Figure 5(a)), it is possible verify irregular cavities on the
catalyst surface. Probably, this is a consequence of the used
binder decomposition (CH4N,O) during calcination at
500°C. However, for K,CO;/y-AlL,Os/sepiolite/(0.3)Fe;0,,
after calcination, Figure 5(b) shows its morphology in a
modified way; i.e., a more regular surface without larger
cavities, probably in this case sepiolite which was used as a
permanent binder, allowed to obtain a much better me-
chanical strength as discussed previously. In addition, for the
last catalyst, EDS analysis was carried out just to validate its
composition, corroborating the following element content:
sepiolite (3.5% magnesium and 3% silicon); magnetite
(22.9% iron); aluminum (49.9%); and potassium (20.7%).

The textural properties of the catalysts K,CO3/y-AlLOs3,
K,CO5/y-AL,05/(0.3)Fe;0,4 and K,CO5/y-AlO5/sepiolite/
(0.3)Fe;0,4 are shown in Table 3. The addition of Fe;O, leads
to a decrease of the surface area, and with sepiolite the decay
is greater. Pore volume follows the same trend. However,
when sepiolite is added, the pore size increases substantiality
(Table 3), suggesting a typical macroporous structure in
accordance with the pore distribution shown in Figure 3(c).

On the other hand, the addition of sepiolite as a binder in
the catalyst, besides favoring its mechanical strength, also
contributed to the increase of its catalytic activity as a
function of the pore size increase (Figure 3). However,
studies evaluating the influence of sepiolite as a binder on the
activity of catalysts based on mixed oxides [44, 45] reported
negative effects on its performance with increasing the
content of this clay in the catalyst preparation, pointing to
the fact that high contents of sepiolite strongly masked the
catalyst activity probably due to morphology alterations and
increase of the average particle size.

The XRD patterns of Fe;0,4, y-Al,Os, and sepiolite are
shown in Figures 6(a)-6(c). Diffractograms of K,CO,/
y-AL05/(0.3)Fe;0, and K,CO;/y-Al,O5/sepiolite/(0.3)
Fe;0, are presented in Figures 6(d) and 6(e). The catalyst
K,CO5/y-AlL,05/(0.3)Fe;0, has diffraction peaks corre-
sponding to FC304 (]CPDS #19—0629), A1203 (ICPDS
#46-1212), and the compound K-Al-O (JCPDS #39-0050)
that represent the active phase of the catalyst identified in the
region 26: 26-32°. In the case of the catalyst K,CO3/y-ALO;/
sepiolite/(0.3) Fe;O,, peaks related to Fe;O4 AlLOs, and
sepiolite (JCPDS #34-1216) were also found. The active
phase of the catalyst (KAISiO,) has also been identified in the
region 26: 26-32° (JCPDS #31-0965).

Finally, according to the biodiesel production results
described above, some comments on the use of catalytic
derivatives with magnetic properties are relevant. Several
published works have reported good yields in biodiesel
production and catalyst recovery facilities when using cat-
alysts with magnetic properties [27, 46, 47]. In some of these
cases, the catalysts showed good magnetic properties; for
example, Liu et al. [27] synthesized a basic magnetic
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derivative (MgFe,0,@Ca0) which presented 48.6°emu/g of
magnetization. Similarly, Wu et al. [46] synthesized $,04>7/
Zr0,-TiO,-Fe;0, to produce biodiesel and obtained a
catalyst with saturation magnetization of 21 emu/g. In ad-
dition, Tang et al. [47] synthesized CaO/Fe;O, to produce
biodiesel; however, this catalyst, compared with the previous
cases, showed low magnetization around 6.34 emu/g but
apparently was also sufficient to separate the catalyst. Par-
ticularly in our case, the catalyst K,CO;/y-Al,Os/sepiolite/
(0.3)Fe;0, presented magnetization of 5.74 emu/g, which
was adequate to interact with external field and enabled its
removal from the reactional medium, aiming at reusing it in
future studies.

On the other hand, in some cases cited in the literature,
the authors have carried out the magnetic characterization of
the catalysts. However, they only allude to the purpose or the
fact of removing the magnetic catalyst from the reactional
medium using an external magnetic field generated by
permanent magnets but often without any specification of
their magnetic properties [23, 46, 47]. In other cases, even
when catalysts with magnetic particles are used, they have
been removed from the reaction medium by conventional
unitary operations such as centrifugation and filtration,
among others [26, 30] without any technological justifica-
tion for the use of these catalytic derivatives with magnetic
properties.

Heterogeneous catalysts in powder [11-14] have been
extensively studied, showing good yields of biodiesel con-
version. However, as is known, these systems frequently
present problems of agglomeration in the reaction medium,
making it difficult to remove them at the end of the reaction
for their subsequent reuse. In this context, extruded catalysts
can mitigate this technological problem. Table 4 shows some
studies in which extruded catalysts were used satisfactorily
in biodiesel production.

As can be observed, compared to the studies reported in
Table 4, the results presented in our work can be considered
satisfactory, since only one reaction step was enough to
achieve 88% yield, which could easily reach complete
conversion with an additional reaction step, as happens
strategically in industrial-scale processes.

4. Conclusions

Magnetic extruded catalysts based on K,CO3, y-AL O3, se-
piolite, and magnetite particles were prepared to catalyze the
biodiesel formation by transesterification of sunflower oil.
The best results were obtained when K,CO;/y-Al,Os/sepi-
olite/(0.3)Fe;O0, was used as a catalyst in the trans-
esterification reaction, reaching a yield in ethanolic biodiesel
around 88% at the reaction end. Also, magnetic separation
can be a good alternative to separate a magnetic catalyst after
each reaction step, guaranteeing a high recovery for its
turther reuse in several cycles. Thus, this heterogeneous
catalyst can be considered as an attractive alternative, with
respect to the homogeneous catalysts, for biodiesel pro-
duction. Nevertheless, further technoeconomic studies must
be carried out to verify its viability for the biodiesel pro-
duction at industrial scale.
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FIGURE 5: Micrographs (SEM) attained at 250% of the magnetic catalysts: (a) K,CO3/y-Al,05/(0.3)Fe;04; (b) K,CO3/y-AlLOs/sepiolite/(0.3)
Fe304.
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FIGURE 6: X-ray diffraction patterns for (a) Fe;O04, (b) y-ALOs3, (c) sepiolite, (d) K,COs/y-Al,O3/(0.3)Fe;04 catalyst, and (e) K,COs5/
y-AlL,O5/sepiolite/(0.3)Fe;O, catalyst.

TaBLE 4: Comparison of the catalytic performance of structured catalysts for transesterification reactions reported in the literature.

Reaction parameters Biodiesel
Catalysts . . Catalyst . . yield References
Qil : alcohol molar ratio (Wt.%) Reaction conditions (%)
K/BC-Fe,0; (magnetic) Methanol (1:8) 2.5 60°C, 60 min, 400 rpm 98 [25]
3(A1,03)5,(Zn0), o Soybean : methanol (1:10) — 100°C, 300 min 75 [48]
3(Al,03)5,(Zn0)5 o Soybean : ethanol (1:10) — 100°C, 300 min 35
Animal fat and waste cooking: methanol 209°C, 360 min,
Zr-SBA-15 1:50) 12.45 2000 rpem 92 [49]
ng—Al/monoliths Sunflower : methanol (1 :48) 2 60°C, 600 min 77 [50]
. . 200°C, 360 min,
Zinc aluminate Rapeseed : methanol (1:27) 4 800 rpm 70 [51]
. 120°C, 360 min,
K/Al,O5-cordierite Soybean : methanol (1 :32) 0.5 500 rpm 59 [52]
“ZnL, structured support Rapeseed : methanol (1:12) 0.3 195°C 54 [53]
KCO5/y-Al,Os/sepiolite/(0.3) Sunflower : ethanol (1:12) 5 78°C,240min, 200rpm  ~88 In this
Fe;0, study

*Reaction carried out in a fixed-bed tubular reactor. ®Mg-Al hydrotalcites Fecralloy® monoliths used as supports—reaction carried out at 1 atm. “Reaction
carried out at 20 bars.
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