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This work described a new magnetic material enriched with strontium as catalyst to produce
babassu biodiesel. The use of magnetic materials has attracted attention due to easy and fast separation
from reaction medium. Moreover, they are ecologically correct, due to they generate less discards to
the environment. Techniques of analysis and characterization were carried out to check the synthesis
of magnetite and strontium ferrite, besides to verify the presence of hydroxide and carbonate in the
structure of the strontium oxide. The best catalytic activities presented conversions of 78.6% and

89.7% when using the catalysts SrO/Fe,O, and SrO/SrFe,O

» respectively. Density studies of the alkali

active sites were performed to elucidate the best activity for the catalyst composed with SrFe,O,.
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1. Introduction

The trend in the use of magnetic materials is constantly
growing because of the ease of handling these materials. With a
simple external magnetic field (magnet), they can be withdrawn
from the reaction medium'. The most widely used magnetic
materials in research and industries are the ferrites type'=.

The magnetite is the most common ferrites, it has the

chemical formula FeO.Fe,0, or Fe,O,, a spinel structure with

378
an inverted cation distribution, where Fe** cations coordinate
the oxygen ions in tetrahedral symmetry and the Fe*? and
Fe* occupy the octahedral sites in equivalent proportions*>.
However, other types of ferrites can be synthesized change
the cation Fe*? to other divalent metal, such as strontium,
magnesium, barium, copper, nickel, cobalt and zinc*.

The study of ferrites as solid support to catalysts is
important, especially due an easy and quickly separation
of the reaction medium. Moreover, they are ecologically
correct, as they generate less discards to the environment®.
They also can influence directly the catalytic effect of the
material due to high surface area, robustness and alkalinity’.
Moura et al3’ reported the effect of the use of cobalt ferrite
(CoFe,0,) and magnesium ferrite (MgFe,0,) as support of
Au’ nanoparticles that were subsequently applied as catalysts
in the oxidation reaction of benzyl alcohol.

Due to the constant study of heterogeneous catalysts for
biodiesel production, the development of ferrites enriched
with alkaline materials is relevant. However, few papers are

*e-mail: mmoura@ufpi.edu.br

published with these magnetic materials in transesterification
reactions. Alves ef al.'’ developed magnetic catalysts of Fe/Sn
and Fe/Cd and used in the transesterification of soybean oil
where they reached maximum yield of 86% after 1 hour of
reaction at 200 °C. Falcdo et al.* synthesized SrO/CoFe,0,
as a catalyst for transesterification reaction of babassu oil
and obtained 96% yield under optimum conditions.

Our research group has been studying magnetic materials,
with the proposal of using them as catalysts in oxidation of
alcohols reactions, as well as in the transesterification of oils.
Thus, in this study we performed the synthesis, characterization
and use of Fe,O, and SrFe O, enriched with strontium for
the synthesis of biodiesel from babassu oil.

2. Experimental Procedures

2.1 Materials

All reagents were purchased from Sigma-Aldrich and used
without further purification. FeCL,.4H,0 (98%), FeCL,.6H,0
(99%), SrCL,.6H,0 (99%), SrCO, (98%), acetone (99.9%),
NH,OH (28% NH, in water), methanol (99.9%), hydrochloric
acid (37%), potassium hydrogen phthalate (> 99.95%) and
methyl heptadecanoate (99%) (internal stander). Refined
babassu oil was purchased in local commerce (Teresina,
Piaui, Brazil) and had an average molar mass of 725.05 g
mol ", acid number equal to 0.8 mg NaOH g and fatty acid
composition described in Table 1.


https://orcid.org/0000-0001-9889-7124
https://orcid.org/0000-0002-3092-7574
https://orcid.org/0000-0003-0998-5929
https://orcid.org/0000-0002-1527-5037

2 Abreu et al.

Table 1. Composition of fatty acids present in babassu oil.

Fatty acids Value (%)
Caprylic acid (C8:0) 3.69+0.42
Capric acid (C10:0) 4.13+0.58
Lauric acid (C12:0) 4510+ 1.01

Mpyristic acid (C14:0) 16.28 +2.84

Palmitic acid (C16:0) 9.78 £1.01

Stearic acid (C18:0) 3.00+1.55
Oleic acid (C18:1) 15.39+£0.27

Linoleic acid (C18:2) 2.63+1.54

*Analysis made from the fatty acid methyl esters of babassu oil
on a gas chromatography with flame ionization detector, equipped
with a RTX-Wax capillary column and a temperature of 250 °C.

The composition of fatty acids present in babassu oil was
carried out as follow: 100 mg of babassu oil was transferred
to the centrifuge tube (20 mL), 2 mL of n-hexene (3 mL of
the internal stander) and 0.2 mL of methanolic solution of
KOH (2 mol L'!). The tube was closed and shaken in a vortex
for 30 seconds. After 3 mL of sodium chloride saturated
solution was added.!" The organic phase was separated and
measure by gas chromatographic with FID detector.

2.2 Synthesis of SrO

The strontium oxide was obtained by the calcination
of SrCO, at 1100 °C, for 5 hours in a muffle furnace of
uncontrolled atmosphere'?. After calcination the powder
was kept in a desiccator for further uses.

2.3 Synthesis of Fe,O, and SrFe,0,

The ferrites were prepared following the co-precipitation
method proposed by Moura et al.® with some modification.
An aqueous solution of FeCl,.6H,0 (5 mL, 8.2 mmol) and
FeCl,.4H,0 (2.5 mL, 4.1 mmol) diluted in HCI (2 mol L")
were mixed. This mixture was dropped to 125 mL of aqueous
NH,OH solution (0.7 mol L") and stirred for 30 minutes at
room temperature. The precipitate obtained was collected
with a magnet (Nd,Fe ,B) and washed three times with
distilled water and acetone. The solid (Fe,O,) was dried in
an oven at 80 ° C for 12 hours.

The SrFe, O, was prepared as follow: an aqueous solution
of FeCl,.6H,O (5 mL, 8.2 mmol) and SrCl, (2.5 mL, 4.1
mmol) were mixed. This mixture was dropped to 125 mL
of aqueous NH,OH solution (0.7 mol L") and stirred for 2
hours at room temperature. The precipitate obtained was
collected with a magnet (Nd,Fe ,B) and washed three times
with distilled water and acetone. The solid (SrFe,0,) was
calcined in a muffle at 800 °C for 3 hours.

2.4 Ferrites enrichment with SrO

The ferrite enrichment was performed according to the
method proposed by Falcdo ez al*. Strontium oxide and Fe,O,
or SrFe,O, were mixed in a molar proportion (5:1) in acetone.
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The mixture stayed under stirring, at 65 °C for 24 hours.
Afterward, the obtained solid was collected with a magnet
(Nd,Fe ,B) and dried in an oven at 80 °C for 12 hours.

2.5 Catalytic experiments

Transesterification reactions were performed using
different experimental conditions. The modifications include
the oil/alcohol molar ratio, amount of catalyst and reaction
time. All experiments were carried out in a 250 mL flask
connected to a condenser. The methyl alcohol and catalyst
were stirred for 30 minutes and then the oil preheated at
65 °C'*" has been added. At the end of the reaction the
catalyst has been magnetically separated, the excess of
methanol has been removed in a rotary evaporator at 80 °C,
and the glycerol has been separated from the product in
the separatory funnel.

2.6 Characterizations

Fourier transform infrared spectroscopy (FTIR) analyzes
have been performed on the PerkinElmer Spectrum 100
spectrometer, set to measure 16 cumulative scans at 4
cm’ in a range between 4000 and 400 cm™'. The samples
have been prepared as KBr pellets (1:100 mg). The X-ray
diffractograms (XRD) were obtained using a Bruker D8
Advance equipment, using monochromatic Cu Ka radiation
(A=1.54056 A) and graphite monochromator. The voltage
of the copper emission tube was 40 kV and the filament
current were 40 mA, the 260 variation was from 10 to 90°
with a 0.02° step size and a measurement time of 5 s/step.
Identification of the phase composition presents in the
catalysts were performed by Rietveld refinement using GSAS
EXPGUI 2012 software. The magnetic characterizations
were performed using an EZ9 MicroSense vibrating sample
magnetometer (VSM) at room temperature with a magnetic
field alternating between -1.7x10% and 1.7x10° kA/m.
Thermogravimetric (TG) measurements were performed
ona SHIMADZU DTG-60A equipment. The experiments
were carried out in the temperature range of 30 to 1100
°C, using Pt crucible with approximately 10 mg sample,
heating rate of 10 °C min™' and nitrogen atmosphere (50
mL min'). The images used to determine the morphology
and structure of the catalysts were observed in a scanning
electron microscope (SEM) model SHIMADZU SSX-550
Superscan, where the samples were initially dispersed in
isopropyl alcohol and fixed on carbon tape. The textural
characteristics, such as Brunauer-Emmett-Teller (BET)
specific area, pore volume and average pore diameter
(Barrett-Joyner-Halenda, BJH) were determined by N,
adsorption-desorption at 250 °C in an apparatus Quantachrome
Novawin. The alkalinity of the catalysts was determined by
volumetric analysis using a standard solution of 0.1 mol L"!
of potassium hydrogen phthalate (KHP), phenolphthalein
as the indicator and calculated by dividing the number of
moles KHP consumed by the mass of the catalyst used.
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The density of alkali active sites was determined from the
values of alkalinity and surface area of the catalysts, using
Equation 1'%,

alkalinity
catalyst area

Density of alkali active sites = 1)

The equipment used to analyze the fatty acid methyl
esters (FAME) was a GC-FID 2010 of the Shimadzu,
equipped with an RTX-Wax capillary column (0.32 mm
x 30 m x 0.25 pm). Samples (1 pL) were applied with
injector temperature and detector at 250 °C and column at
210 °C for 50 minutes. The entrainment gas was nitrogen
(50 mL"). To prepare the samples, approximately 125
mg of biodiesel was weighed and dissolved in 2 mL of
methyl heptadecanoate standard solution in chloroform
(10 mg mL"). In the end, the FAME quantity has been
determined according to Equation 2'415,

FAME = (EAA; An X CEIIHVEI x 100% 2
Where C,,,,, = quantity of fatty acid methyl esters;

YA = total peak area of methyl esters comprising the range
of C8:0 to C18:0; A, = area of methyl heptadecanoate
(C17:0); C,, = concentration of the C17:0 solution (mg mL™");
V= volume (mL) of the C17:0 solution added in the sample;
m = weight (mg) of the sample.

3. Results and Discussion

3.1 Catalysts characterization

The use of magnetic supports in the synthesis of
heterogeneous catalysts provides fast, efficient and ecological
separation®. In this study, as previously reported, the co-
precipitation method has been used to prepare the ferrites
under alkaline conditions, which makes the procedure simple
and result a satisfactory magnetic properties material.

The magnetic force of the catalysts has been analyzed
through the applied magnetic field, varying from +1.7.10°
to -1.7.10° kA/m obtaining hysteresis loops characteristic
of the materials (Figure 1).

Figure 1. Magnetization as a function of the applied magnetic field
for bare SrO/Fe,0, and SrO/SrFe,O, at room temperature.

The magnetization results of the SrO/Fe,O, catalyst
indicated the formation of a ferromagnetic compound.
No coercive field or hysteresis at room temperature. This
allows for instant separation using a magnet (Nd,Fe ,B) and
immediate redispersion when the magnet is removed. The
catalyst SrO/SrFe,O, showed a formation of hysteresis at
room temperature, however a decrease the magnetic force has
been observed. Nevertheless, both catalysts have magnetic
properties acceptable for the proposal of this work.

The composition of the catalysts has been analyzed
by X-ray diffractometry (XRD) followed by Rietveld
refinement. Figure 2a shows the diffractogram of SrO/Fe,O,,
and it can be seen four 4 crystalline phases: Fe,O, (ICSD
84611), SrO (ICSD 26960), SrCO, (ICSD 202793) and
Sr(OH),.H,0 (ICSD 15366). The refined data showed 15%
of magnetite 30% of SrO, SrCO; (5%) and Sr(OH),.H,O (50%).

Figure 2. Rietveld refinement plot for (a) SrO/Fe,0, and (b) SrO/SrFe,O, catalysts, showing the observed, calculated and difference pattern.
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The strontium hydroxide, according to the literature is
associated with the decomposition mechanism of the
precursor (SrO), where the carbonate and water vapor
present in the atmosphere react forming hydroxide and
CO,'>!+16, The strontium hydroxide, in accordance to our
previous works, does not have catalytic activity in the
transesterification reaction'*!,

The crystalline phases found to SrO/SrFe,0, (Figure 2b)
were: SrFe O, (ICSD 66403), Fe,O, (ICSD 82134), SrO
(ICSD 26960), SrCO, (ICSD 202793) and Sr(OH),.H,0
(ICSD 15366). The presence of SrFe O, (10%) demonstrates
the efficiency in the synthesis process of the compound,
where the Fe™? ions were replaced by Sr*? ions, being that
only 2% of the ferrite (Fe,0,) was not exchanged. The SrO/
SrFe,0, catalyst also showed SrO (39%), SrCO, (7%) and
Sr(OH),.H,0 (42%).

To corroborate the XRD results, the catalysts were
further analyzed by FTIR and TG. The TG/DTGA curves
(Figure 3a, 3b) showed three weight loss of similar and
specific masses. The first event occurs between 100 and
140 °C and is related to the evaporation of water adsorbed on
the surface of materials'?, the second one range to 450-580 °C
was associated to the decomposition of strontium hydroxide'”.

Materials Research

The third event has been occurred at temperature above 750 °C
and refers to the decomposition of SrCO, residual'®. The
thermogravimetric measurements showed that the synthesized
ferrites presented good thermal stability since no event
characteristic of the decomposition of these materials has
been observed.

The FTIR results of the SrO/Fe,0, and SrO/SrFeO,
catalysts showed stretching bands in the region of 3488
and 3600 cm™ attributed to the O-H bond of the strontium
hydroxide molecule'. Bands at 3000 - 3200 cm™' have been
attributed to hydroxyls groups present in water adsorbed!’.
The stretching and deformation bands of strontium carbonate
has been observed at 1460 and 862 cm’!, respectively'>!".
The stretching band of Sr-O was observed at 596 cm™.!?
The stretching bands at 600 cm™ and 598 cm™! have been
attributed to the Fe-O of the Fe,0, and SrFe,O,, and a band
at 459 cm' was relative to Sr-O binding of SrFe,0,'**".

The structural and morphological characterization of the
SrO/Fe,0, and SrO/SrFe,0, catalysts is shown in Figure 4.
The SEM images showed irregular particle agglomerates of
different sizes. These groupings promote a decrease in the
surface area, but with tendencies of improvement contact
of the substrate and catalyst'.

Figure 3. TG/DTG curves of the (a) SrO/Fe,0, and (b) SrO/SrFe,0, catalysts.

Figure 4. SEM images of the (a) SrO/Fe,0, and (b) SrO/SrFe,O, catalysts.
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Surface area studies (Figure 5) showed adsorption and
desorption isotherms not completely reversible, i.e, the
curves are not overlapping, being characteristic of a type
IV isotherm of the BET (Brunauer-Emmett-Teller) system?'.
The type of hysteresis that occurs in the adsorption process is
called capillary condensation, which indicates the formation
of mesoporous material>'?2. The results of specific surface
area (ASS, ), average pore
volume (V-

), average pore diameter (d_
), alkalinity and density of alkaline sites are
listed in Table 2. An increase of ASS, ., d | andV_  has
been observed, when compared with the catalysts described
by our research group and the literature. The difference may
be related the strontium oxide is supported on the magnetic
material4’12‘l3'l7’23.

The density of alkaline sites was also studied for further
understanding of the potential of materials as catalysts in

the synthesis of methyl esters. According to Semwal et al.**

and Marwaha et al.?, the synthesis of biodiesel using
heterogeneous alkaline catalysts can lead to a greater
conversion to FAME, as well as a reduction of production
costs when compared with heterogeneous acid catalysts.

SrO/SrFe O, presented higher alkaline force when
compared to SrO/Fe,O,, which is possibly related to higher
strontium quantity.

3.2 Catalytic experiments

Conversion to FAME can be affected by catalyst type, oil/
alcohol molar ratio, temperature and time.?**’ In this study,
experiments were carried out to optimize the best reaction
conditions in order to achieve the highest conversion to esters.

The amount of the catalyst (related to the mass of oil)
was investigated using 1:6 oil/alcohol molar ratio, at 65 °C
for 4 hours. The results (Figure 6a) showed that the SrO/
Fe,O, catalyst presented better activity, when 6% was used.

Figure 5. Nitrogen adsorption-desorption isotherms of the (a) SrO/Fe,0, and (b) SrO/SrFe,O, catalysts.
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Figure 6. Effect of the concentration of the (a) SrO/Fe,O, and (b) SrO/SrFe,0, catalysts in relation to the babassu oil for the production of biodiesel.

Table 2. Results of nitrogen adsorption analysis.

Catalyst ASS,. (m* g™ L A) Vores (ecm?®g™) Alkalinity (mol g')  Density of alkaline sites (mol m?)
SrO/Fe,0, 38.67+0.14 105.90 0.105 5.44.10-6 +0.039 1.40.10-9 £ 0.07
SrO/SrFe,0, 12.31 £ 0.06 185.709 0.059 5.44.10-6 + 0.040 4.42.10-9£0.12

ASS, . specific surface area; d _ : average pore diameter; V_
pores pores

: average pore volume.
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The larger quantity causes a decrease in FAME content, and
this is a consequence of the alcohol decrease, catalyst and oil
diffusion'. The amount of SrO/SrFe O, catalyst (Figure 6b)
was varied from 2 to 8%, and the conversion of the oil to
ester was practically the same. Then the amount of 2% of
the catalyst was chosen for the other optimizations.

The effect of the oil/alcohol molar ratio has been studied
using time and temperature conditions equal to 4 hours and
65 °C. The concentrations of the catalysts were applied
according to the previous study, 6% for SrO/Fe,O, and 2%
for SrO/SrFe,0,. Figure 7 shows the conversion of the fatty
acids methyl ester (FAME) obtained during the optimization
of the oil and alcohol ratio.

Stoichiometrically the oil/alcohol molar ratio required
for the transesterification reaction is 1:3, however, this
ratio is not sufficient to complete the reaction, due to the
reversibility of the transesterification, thus a higher molar
ratio is required®. The results shown in Figure 7, for both
catalysts, confirm that the oil and alcohol molar ratio of 1:
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3 was not enough for good conversion to esters. However,
with the molar ratio 1:9 for the SrO/Fe,O, catalyst and 1:15
for the SrO/SrFe O, catalyst was obtained the best FAME
conversion.

The time parameter was optimized using 65 °C, 6% of
SrO/Fe O, and 2% of SrO/SrFe,O, catalysts, and the 1:9
and 1:15 oil/alcohol molar ratio, for the respective catalysts.
Figure 8 shows the relationship between the reaction times
and the FAMEs conversion obtained.

The best results were achieved at the reaction time of 4
hours for both catalysts. Conversions in FAME were 78.6%
and 89.7% for the SrO/Fe,O, and SrO/SrFe,O, catalysts,
respectively. Higher reaction times reduced conversion to
esters. This decrease is due to the reversibility of the reaction
which leads to the formation of salts of residual fatty acids®.

The SrO/SrFe,0, catalyst showed the best results in
the conversion in FAME. This fact is related to a greater
amount of alkaline active sites compared to the SrO/
Fe,O, catalyst.

100
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Figure 7. Effect of the oil/alcohol molar ratio on the transesterification reaction of babassu oil for biodiesel production, using (a) StO/Fe,0,
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Figure 8. Effect of reaction time on the transesterification reaction of babassu oil for biodiesel production, using (a) SrO/Fe,O, and

(b) SrO/StFe O, catalysts.



Magnetic Materials Enriched with Strontium: A Study of the use as Catalysts in the Transesterification 7
Reaction of Babassu Oil

4. Conclusions

The analyzes performed in this study show that the
ferrites synthesized by the easy co-precipitation method were
successfully obtained. We also observed that hydroxide and
carbonate strontium are present in the structure of strontium
oxide. The VSM analysis showed that both catalysts have
satisfactory magnetic characteristics for the proposal. The
catalytic experiments presented higher biodiesel yield
(78.6%) for the SrO/Fe,O, catalyst when 6% of catalyst,
1:9 oil/alcohol molar ratio, 4 hours and 65 ° C were used.
When the SrO/Sr,Fe O, was applied under conditions of
2% catalyst concentration, oil/alcohol molar ratio of 1:15,
reaction time and temperature of 4 and 65 °C, the highest
biodiesel conversion was obtained in this study (89.7%).
Studies the alkaline active sites of the catalysts proposed
a higher reaction favoritism to material SrO/SrFe,0, when
compared to SrO/Fe,O, during transesterification.
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