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Calcium/chitosan spheres as catalyst
for biodiesel production

Leandro Marques Correia,® Natalia de Sousa Campelo,? Raquel de Freitas
Albuquerque,? Célio Loureiro Cavalcante Jr,? Juan Antonio Cecilia,”
Enrique Rodriguez-Castellon,® Eric Guibal® and Rodrigo Silveira Vieira®”

Abstract

Chitosan, an abundant biopolymer extracted from crustacean shells, can be used as a structuring agent by the insertion of
calcium oxide and used as a catalyst in transesterification reactions. These calcium-incorporated chitosan spheres were calcined
in order to obtain a porous calcium catalyst without organic material. The materials were characterized using X-ray diffraction,
thermogravimetric analysis, Fourier transform infrared and X-ray photoelectron spectroscopies, temperature-programmed
desorption of CO,, scanning electron microscopy and specific surface area analysis. Afterwards the calcined calcium/chitosan
spheres were used in the transesterification reaction of sunflower oil with methanol. The conversion of sunflower oil to methyl
esters (Ygae), under optimized reaction conditions, which were determined by factorial experimental design (Xjg, 1:9; Xcars
3wt%; time, 4h; temperature,®60 C; magnetic stirring, 1000 rpm), was 56.12 + 0.32 wt%. These results show that chitosan
can be used as a precursor for the formation of calcium/chitosan spheres, yielding a porous calcium oxide (with higher surface
area) that can be used as an alkaline catalyst for biodiesel production.
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INTRODUCTION

Biodiesel is a mixture of alkyl esters, such as methyl, ethyl or propyl
esters, of long-chain fatty acids produced from renewable sources
like refined vegetable oil (in oil seed plants) and animal fats.'
Its primary application is the replacement of fossil fuel in diesel
engines; it is comparable with petroleum diesel in almost all its
properties. Biodiesel also presents several advantages compared
to fossil fuel: biodegradable, non-toxic and renewable? and free of
sulfur and aromatics.® In addition, its use contributes to reducing
emissions of carbon monoxide and aromatic hydrocarbons,* and
toincreasing the lubricity of motor engines.® Nevertheless, its main
disadvantage is its high production cost, which is possibly due
to the price of feedstocks and/or the type of catalysts used in its
production.’

There is an increasing interest in the possibility of replacing the
homogeneous alkaline hydroxides, carbonates or metal alkoxides
with heterogeneous solid catalysts that should be insoluble in
methanol.” These heterogeneous catalysts have some advantages:
they are environmentally friendly, they do not induce corrosion or
emulsion, and they present fewer control problems. They are also
much easier to separate from products and they can be designed
to give better activity, selectivity and longer catalyst lifetimes.’
Another important factor is the possibility of storing the catalysts
and guarantee their catalytic activity for immediate use.

Many types of these catalysts have been reported in the
literature for biodiesel production. Examples include metal
oxide,'® doped metal oxide,'" supported catalyst,'? zeolites,'>'
hydrotalcites,’'® organics bases'” and ion-exchange resin.'®

Chitosan is a biopolymer obtained by alkaline deacetylation
of chitin'®2° that is found especially in the skeleton of marine
invertebrates, insects, some algae and mucoraceous fungi.?'
Its characteristics, such as non-toxicity, biocompatibility and
biodegradability,'®?® have attracted the attention of researchers
for its use in various applications such as an adsorbent, catalyst
and support material. Furthermore, its high sorption capacities,
the stability of metal ions on its structure and the physical (and
chemical) versatility of the biopolymer are some of the reasons for
the increasing interest in using it for supporting catalytic metals.??
The presence of hydroxyl and amino groups imparts a very high
chemical reactivity to the polymer.23 One of the most interesting
advantages of chitosan is its versatility: it can be obtained in
various physical forms such as powder,?* flakes (or spheres),?* gel
spheres,?>?* membranes,?*% fibres?*2% and sponges.?”’
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Among the oxides of alkaline earth metals, calcium oxide is
the most widely used inorganic catalyst for transesterification
reactions because of its relatively high basic strength and low
environmental impact (due to its low solubility in methanol). It
can be synthesized from cheap sources such as limestone and
calcium hydroxide,?® and used as a catalyst either in pure form of
CaCO,, Ca(OH), and CaO, or supported on various materials such
as alumina,?® mesoporous silica®® and chitosan.®'

Various heterogeneous CaO-based solid catalysts have been
investigated for biodiesel production: silica-supported tin
oxides,*? Ca,Mg,_,0,,*? lipase immobilized on magnetic chitosan
microspheres,3* calcium-supported tin oxides>® CaO-MoO,-
SBA-15,3 Cu(ll) and Co(ll) supported on chitosan,®” magne-
sium oxide immobilized on chitosan® and CaO immobilized on
chitosan beads,'? eggshell and crab shell.>®

There are some reports in the literature of using chitosan as
a support for metal ion impregnation and its application in
transesterification reactions for biodiesel production. Silva et al.3’
described biodiesel synthesis from babassu and soybean oils using
a heterogeneous catalyst with Cu(ll) and Co(ll) adsorbed on chi-
tosan, where it was possible to reach biodiesel conversion in the
range 70-90 wt%. Almerindo et al.3® prepared a catalyst based
on magnesium oxide immobilized on chitosan for biodiesel pro-
duction using the transesterification reaction of soybean oil with
ethanol, and the yields of ethyl esters ranged between 30 and
75 wt%. Fu et al.'? described the synthesis of a catalyst by immobi-
lization of CaO onto chitosan beads and its use as a heterogeneous
catalyst to produce biodiesel, through transesterification of soy-
bean oil with methanol; high levels of conversion were obtained
(up to 97 wt%). Those authors used two different analytical tech-
niques (SEM and XRD); however, they did not correlate the cat-
alytic characteristics with the biodiesel production, in order to
determine if CaCO; was converted to Ca(OH), and CaO. Kayser
et al.*® described the synthesis of a chitosan-cryogel catalyst for
biodiesel production, using triolein and soybean oil with methanol
for transesterification reactions, obtaining biodiesel yields of up to
90% in 8-32h at 100-150 °C.

The objective of the study reported here was (a) to character-
ize the metal oxide obtained from the calcination of calcium-
incorporated chitosan spheres and (b) to evaluate the
catalytic properties for the transesterification of sunflower oil
with methanol. The advantages of the use of calcium/chitosan
spheres as a heterogeneous catalyst for biodiesel production
are the low cost of chitosan and as directional structure agent
having a higher surface area than pristine calcium oxide. The
material was characterized using XRD, thermogravimetric analysis
(TGA/DTG), Fourier transform infrared (FTIR) spectroscopy, X-ray
photoelectron spectroscopy (XPS), temperature-programmed
desorption of CO, (CO,-TPD), SEM and adsorption/desorption of
nitrogen, in order to evaluate the conversion of calcium carbonate
into calcium oxide and the structural modification of the catalyst.
The influences of X,z (molar ratio) and X, (catalyst amount)
on the conversion of sunflower oil to methyl esters (Y e, Wt%)
were investigated. A factorial design process was used for the
optimization of experimental conditions.

MATERIALS AND METHODS

Materials and reagents

Chitosan (with a degree of deacetylation of 85%, determined
using potentiometric titration) was obtained from Polymar (Brazil).
Commercial-grade sunflower oil (Liza, Brazil) was obtained from a

local supermarket. The properties of sunflower oil are described
elsewhere3* Methanol (99.50%) was supplied by Vetec (Brazil).
The gases used in the experiments were He and CO, (99.99%),
supplied by Air Liquide (Brazil). Methyl heptadecanoate (99.99%
purity) was obtained from Sigma (USA). The fatty acid com-
position of sunflower oil was initially determined by promot-
ing the esterification of a sample, followed by quantification of
methyl esters using gas chromatography. This reaction was car-
ried out according to the procedure described in the ISO standard
15304:2002 (E).*!

Synthesis and activation of material

A 5wt% chitosan solution, prepared in concentrated acetic
acid (5mL/100mL), was mixed, under vigorous stirring, with
Ca(NO,),-4H,0 respecting the monomer-to-metal ratio of
1:1. The chitosan/calcium solution was added dropwise into
50 mL/100 mL of 35% (v/v) aqueous ammonia solution to produce
calcium/chitosan spheres. The composite hydrogels remained
in the solution for 24 h for neutralization at pH =7, before being
repeatedly washed with distilled water followed by drying at room
temperature. Before the calcium/chitosan spheres could be used
as a catalyst, they needed to be activated thermally by heating
the material in a muffle oven up to 900 °C for 1 h at a heating rate
of 5°Cmin~". During this calcination, the organic material was
eliminated and porous spheres (based on calcium oxide) were
formed.

Characterization of material

The calcium/chitosan spheres were characterized using XRD,
TGA/DTG, FTIR spectroscopy, XPS, CO,-TPD, SEM and nitrogen
adsorption/desorption isotherms, both before and after calcina-
tion, to identify the differences in the properties and characteristics
of the various materials during the synthesis process.

XRD was performed using an X'Pert Pro MPD diffractometer with
Co Ka radiation (A= 1.788965 A) operating at a voltage of 40 kV
and a current of 40 mA. To perform the analysis, sample powders
were placed in the cavity of the support used as the sample holder.
The spectra were obtained by sweeping in the range 10-70° at a
scan rate of 0.5° min~".

Thermal decomposition of the catalysts was evaluated using
TGA/DTG with a Shimadzu TGA-50 analyser. The following condi-
tions were used: air flow, 50 mL min~'; heating rate, 10°Cmin";
temperature, from room temperature (25 °C) to 1000 °C.

FTIR spectra of the samples were recorded with a Shimadzu
FTIR-8500 spectrometer in the range 600-4000 cm~'. A standard
KBr technique was used for preparing the samples. The XPS mea-
surements were carried out with a Physical Electronics 5700 spec-
trometer, using a Mg Ka source (1253.6 eV; model 04-548 dual
anode X-ray source).

The alkalinity of the catalyst was studied using CO,-TPD. Approx-
imately 100 mg of each sample was pretreated with a stream of
helium at 800 °C for 30 min (10°Cmin~" and 60 mL min~"). The
reaction temperature was then decreased to 100 °C, and a flow
of pure CO, (60 mLmin~") was subsequently introduced into the
reactor for 30 min. The CO,-TPD reaction was carried out between
100 and 800 °C under a flow of helium (10°Cmin~', 30 mL min~").
The amount of CO, evolved was analysed using a quadrupole mass
spectrometer (Balzer GSB 300 02) equipped with a Faraday detec-
tor (0-200 U), which monitored the mass of CO, (44 U) during the
experiment.

SEM images of the samples were obtained using a JEOL
JXA-840A (Japan) scanning electron microscope (20 kV) under a



vacuum of 1.33 x 1078 mbar (1.33 x 10~ Pa). Prior to analysis the
samples were coated with a thin layer of gold (10 nm) using a
sputter coater (SCD 050, Bal-Tec, Liechtenstein).

The surface area, pore diameter and pore volume were deter-
mined using nitrogen adsorption/desorption isotherms, accord-
ing to the BET method. Nitrogen isotherms were measured at
—196 °C using a Quantachrome Autosorb-1 MP analyser.

Transesterification reaction

The transesterification reaction was conducted in a three-necked
glass batch reactor with a condenser and magnetic stirrer. This
reaction was carried out by mixing 10 mL of sunflower vegetable
oil with different volumes of methanol (X,z = 1:6; 1:9 and 1:12)
and different amounts of catalyst (X, = 1, 2 and 3 wt%). The
temperature was fixed at 60 °C and the time was set to 4 h. The
catalyst was separated by centrifuging the sample at 2250 rpm for
20 min, and the reaction mixture (sunflower oil reacted to methyl
esters and glycerin) was placed in a funnel for phase separation.
The residual methanol was evaporated using a rotary evaporator
at100°C.

Determination of biodiesel using gas chromatography

The content of methyl esters was determined according to the
procedure described in standard EN 14103.% Analyses were done
using a Varian CP-3800 gas chromatograph equipped with a
CP-WAX 52CB (30 m % 0.25 mm X 0.05 um) capillary column and a
flame ionization detector. For sample preparation, 250 mg of ester
phase to be analysed was added to 5 mL of a solution containing
methyl heptadecanoate (at a final concentration of 10mgL™’,
serving as internal standard) in heptane. The mixture was gently
stirred (to prevent degassing) and then 1 uL was injected into
the chromatograph. The content of biodiesel was calculated
according to

w

pi

A=A\ C, X V,; x 100
Yeave (Wt%)=<2A< p) e

where 3’ A, is the total area of the peaks of methyl esters; A is
the peak area of internal standard (methyl heptadecanoate); C;
is the concentration of internal standard solution (10mgL™"); V,;
is the added volume in 5 mL solution of methyl heptadecanoate;
and W is the weight of the sample (i.e. 250 mg).

Experimental design

The experimental design was carried out through nine transes-
terification tests. Some experimental parameters were kept con-
stant (temperature, time and magnetic stirring) and X,,; (molar
ratio of oil to alcohol, mol/mol) and X, (catalyst amount, wt%)
were selected as operating variables. The conversion of sun-
flower oil to methyl esters (Y gaye, Wt%) was optimized using a 32
Box-Behnken design model with the two coded variables X,,; and
Xcar- The results were evaluated by analysing the response sur-
face, using STATISTICA 7.0 software, with a confidence interval of
95%. Table 1 describes the factors and the levels of response con-
version of sunflower oil to methyl esters (Yae), selected for this
experimental design plan with its central point of experimental
planning, performed in triplicate to check the reproducibility of
results.

Table 1. Experimental design for biodiesel production
Coded level
Coded
Variable symbol -1 0 1

Molar ratio of sunflower oil
to methanol

Catalyst amount

Xwmr (mol/mol) 1:6 1:9 1:12

Xear (Wt%) 1 23

RESULTS AND DISCUSSION

Characterization of material

XRD analysis

The XRD patterns of chitosan, calcium/chitosan spheres and cal-
cium/chitosan spheres calcined at 900°C for 1h are shown in
Figs 1(a)-(c), respectively. For chitosan (Fig. 1(a)) two peaks are
observed at 26 = 11.1° and 23.1°. The second peak is related to the
deformation of the amorphous material.** For calcium/chitosan
spheres (Fig. 1(b)) the four peaks observed at 20 =11.9°, 23.0°,
29.2° and 34.4° correspond to peaks of CaCO,. The pattern of
the calcined calcium/chitosan spheres shows the formation of a
mixed crystalline material of CaO, Ca(OH), and CaCO; with peaks at
20=21.1°,24.5°,26.9°,33.2°,34.9°,40.0°,42.0°,43.9°,46.1°,48.2°,
50.4°,55.5°,59.8° and 64.3° (Fig 1(c)).

TGA/DTG analysis

TGA/DTG curves of calcium/chitosan spheres are shown in Fig. 2.
Two mass losses were observed at different temperatures. The first
one (45.5wt%) occurs in the temperature range 50-235 °C. This
can be attributed to the decomposition of organic material, refer-
ring to removal or oxidation of chitosan polymer.** The second
mass loss (24.5 wt%) occurs in the range 250-600 °C, and is asso-
ciated with the transformation of Ca(NO;),-4H,0 to CaO.*

FTIR analysis

The absorption spectra in the infrared region between 4000 and
400cm™" are displayed in Fig. 3 for chitosan, calcium/chitosan
spheres and calcined calcium/chitosan spheres. Bands near
3400cm™" are observed for all samples: they correspond to
hydroxyl stretching vibration. For pristine chitosan a small band
appeared at (a) 2887 cm™' due to the (—CH,) stretching mode
and (b) 1664 cm™" attributed to axial strain of amide (C=0) group
in remaining acetyl groups. The angular deformation of amino
group is observed at 1592cm™" and the axial deformation of
amide group (C—N) is identified at 1415cm™". There is a sym-
metric angular deformation (—CH,) at 1378 cm™', while the axial
deformation of (—CN) groups in amino moieties appears around
1070 cm~'. The similarity between Figs 3(a) and (b) indicates that
there are amino and hydroxyl groups available. In this case not
all the amino and hydroxyl groups are complexed with calcium
ions. The spectrum of spheres after calcination (Fig. 3(c)) shows
the appearance of a band at 3643 cm™’, which is attributed to
Ca(OH),. The bands at 1417 and 875cm™" are associated with
the stretching of CO;%~, and the band of inorganic calcium oxide
appears at 500cm™".

XPS analysis
XPS is a very useful tool for determining the composition of the
surface of the catalyst and the chemical state of its constituents. In
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Figure 1. XRD patterns of (a) chitosan, (b) calcium/chitosan spheres and (c)
calcined calcium/chitosan spheres.

Table 2, the binding energy values and the atomic concentration of
the elements for the different materials are reported. The surface
concentration of Ca is lower for chitosan/calcium spheres (1.62%)
than for calcined chitosan/calcium spheres (16.65%). The C 1s
signal for chitosan/calcium spheres can be decomposed into four
contributions at 284.8 eV (73%), 286.3 eV (19%), 287.7 eV (5%) and
288.5 eV (3%). The contribution at low binding energy is assigned
to carbons from chitosan and adventitious contamination, and the
others at higher binding energies to carbon bonded to oxygen and
nitrogen atoms. The C 1 s signal is totally changed after calcination
and a very intense contribution at 289.5 eV (63%) appears. This
contribution is assigned to the presence of calcium carbonate on
the surface. Then the percentage of C (atomic concentration) as
carbonate is (25.38 X 63)/100 = 15.98%. This value is very near to
that found for Ca (16.65%) indicating that calcium is mainly on the
surface as carbonate. Upon calcination, the percentage of nitrogen
is practically zero. The binding energy for S 2p,, (167.7eV) is
typical of S(VI). The results of XPS are in accordance with the XRD
results, for which were observed mainly peaks for CaCO,.
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Figure 2. TGA-DTG curves of calcium/chitosan spheres.
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Figure 3. FTIR spectra of (a) chitosan, (b) calcium/chitosan spheres and (c)
calcined calcium/chitosan spheres.
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Figure 4. CO,-TPD curves of (a) calcium/chitosan spheres and (b) calcined
calcium/chitosan spheres.

CO,-TPD analysis

The alkalinity of the catalyst was studied using by CO,-TPD (Fig. 4).
In the case of the calcined material two peaks are observed.
The first one is located between 100 and 386 °C and the other
more intense and well-defined peak between 386 and 710 °C. This
result indicates that the presence of strong alkaline sites on the
CaCO; surface, as a major part of total alkaline sites, is due to the



Table 2. Binding energy (BE) of the constituents of chitosan/calcium
spheres before and after calcination and their atomic concentration
(AC) determined using XPS
Chitosan/calcium Calcined chitosan/
spheres calcium spheres
Element BE (eV) AC (%) BE (eV) AC (%)
Cls 284.7(73%) 75.99 284.7(31%) 25.38
286.3(19%) 287.4(6%)
287.7(5%) 289.5(63%)
288.5(3%)
N1s 398.8 3.24 398.8 0.05
O1s 530.4(17%) 18.89 531.4 57.89
532.3(83%)
S 2p3), 167.7 0.26 167.7 0.02
Ca2ps), 347.1 1.62 347.1 16.65

desorption of CO, from calcium carbonates that takes place at high
temperatures.®

SEM analysis

An SEM image of calcium/chitosan spheres is shown in Fig. 5(a).
The calcium/chitosan spheres are roughly spherical before calci-
nation. After calcination (Fig. 5(b)), the spheres lose their mechan-
ical strength and are disintegrated (shape loss), with an apparent
porous structure (formation of porous Ca0O).

Texture analysis

The nitrogen adsorption/desorption isotherms of calcium/
chitosan spheres and calcined calcium/chitosan spheres are
described in the supporting information (Fig. AM1). Type IV
isotherms are obtained for calcined calcium/chitosan spheres. In
accordance with the IUPAC classification, this is characteristic of
macroporous materials: H1 type is representative of a material
with a narrow and uniform pore size distribution. The textural
properties (surface area, average pore volume and average pore
diameter) for natural and calcined calcium/chitosan spheres are
reported in Table 3. The calcium/chitosan spheres have no sig-
nificant surface area: poor textural characteristics. After thermal
modification, the average pore volume and pore diameter are
much increased: the material has a greater porosity compared to
the original material. This result is consistent with SEM observation
(Fig. 5). The surface area of calcined calcium/chitosan spheres was
compared with the surface area of commercial calcium oxide.
The calcined commercial material shows a surface area close to
4-6m? g~". This means that the use of chitosan as a structuring
agent increases the surface area by a factor of about two.*

Transesterification reaction

Effect of time

The optimum equilibrium time for the transesterification reaction
using the calcined calcium/chitosan spheres was determined by
performing the reaction during 9 h. The results show that the con-
version of sunflower oil to methyl esters (Yg,e) increases up to 4 h
of reaction and then tends to stabilize; the highest conversion of
sunflower oil to methyl esters is 52.20 + 0.08 wt% (Fig. 6). The reac-
tionis reversible, with the highest methyl ester productionat4 h.In
the other direction, the production of the reactants (triglycerides)
is maximized between 5 and 9 h of reaction, decreasing Y-

Figure 5. SEM images of (a) calcium/chitosan spheres and (b) calcined
calcium/chitosan spheres.

Table 3. Textural properties of materials

Sger® Vpb .
Material (m2g7")  (cm3g7") D,c(A)
Calcium/chitosan spheres 0.03 - -
Calcined calcium/chitosan spheres 1 0.04 138

@ BET surface area.
b Average pore volume.
¢ Average pore diameter.

Experimental design: response surface for conversion of sunflower oil
to methyl esters
The results obtained from the experimental design performed
under various reaction conditions are reported in Table 4. The
response surface plot of the conversion of sunflower oil to methyl
esters (Yeawe) @s a function of two variables (Xz and Xcup) is
shown in Fig. 7. Negative values (—1) on the scale correspond to
lower values of the variable and positive values (+1) correspond
to higher values of the variable (Table 1). According to the results
obtained using the experimental design, the values of Y, are
higher when using a larger X, with a lower X ;.

The molar ratio (X)) between the reagents is an important
variable in the transesterification reaction, since the reaction
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Figure 6. Experimental conditions: Xy, 1:12; Xcar, 39(1009)7"; time,
1-9 h; temperature, 60 °C; magnetic stirring, 1000 rpm.

Table 4. Experimental design and results of response surface analy-
sis for conversion of sunflower oil to methyl esters®

Coded variables Real variables

XMR Xcar XMR Xcar
Run  (mol/mol) (wt%) (mol/mol) (wt%) Yeame (Wt%)
1 -1 -1 1:6 1 30.64+0.21
2 -1 0 1:6 2 4497 +£0.02
3 -1 1 1:6 3 4472 +0.33
4 0 -1 1:9 1 7.81+0.01
5 0 0 1:9 2 43.32+0.05
6 0 1 1:9 3 56.12+0.32
7 1 -1 1:12 1 52.67 +0.04
8 1 0 1:12 2 40.54 +£0.32
9 1 1 1:12 3 52.20+0.20
10 0 0 1:9 2 43.46 +0.06
1 0 0 1:9 2 4338 +£0.03
12 0 0 1:9 2 43.25+0.12
@ Data are presented as mean + standard deviation, n=3.

is reversible. The minimum X,z for producing biodiesel is 1:3.
An excess of alcohol over oil is necessary for achieving the
complete conversion of sunflower oil to methyl esters. Table 4
shows an increase in the conversion of sunflower oil to methyl
esters (Yeave) With increasing concentration of methyl alcohol in
the solution. The maximum conversion of sunflower oil reaches
56.12 +0.32 wt% with Xz =1:9 and X, =3 wt%. This reaction
was also conducted using calcined chitosan without calcium as
catalyst. This leads to a very low conversion (0.74 + 0.12%) for the
same reaction conditions.

In the case of variable X, it is known that excess alcohol in the
transesterification reaction shifts the chemical equilibrium of the
reaction towards the formation of esters, increasing the conver-
sion. However, the use of a high volume of alcohol complicates the
process of gravitational separation between methyl ester and glyc-
erol phases formed, increasing their miscibility and the displace-
ment of the equilibrium favouring the reverse direction (formation
of reagents), towards the formation of mono-, di- and triglycerides,
thus decreasing the production of methyl esters. This is confirmed
by the results obtained for X,z = 1:12. In addition, an increase in

Figure 7. Response surface for the model of calcined calcium/chitosan
spheres.

Table 5. Analysis of variance for the conversion of sunflower oil to
biodiesel

Source of Sum of Degrees of Mean

variation squares freedom square F-value
Regression 1736.23 9 192.91 1.09
Residual 857.53 5 176.50

Total 2593.10 14 Fo5 =477

Xur Makes more complex the process of separation by gravity
between the ester and glycerin phases.

The investigation of the model adjustment was performed by
analysis of variance (ANOVA; Table 5). The calculated F-value (1.09)
is lower than the tabulated Fy 5 (4.77). Therefore, from the quadratic
regression analysis of the results, itis possible to elaborate a model
to describe the response variable, Yuye-

The following equation represents the quadratic model for the
studied variables (Xy,z and X), considering all the regression
coefficients for 95% confidence:

Yeame (Wt%) = 40.69 + 4.18Xyq + 7.39X7 . + 11.08Xxr — 5.68X7 .

)

Equation (2) is valid within the selected experimental range. In
other words, the quadratic model obtained cannot be used for
predictive purposes (out of the tested range of parameter values).

The response surface analysis is plotted in Fig. 7, confirming that
the conversion of the esters decreases at low catalyst concentra-
tions. The most significant factor is Xxr, which has a positive effect
on the transesterification reaction. This is due to the fact that an
increase in catalyst concentration implies a larger number of active
alkaline sites in the reaction medium, which, in turn, increases the
conversion of sunflower oil to methyl esters.

Table 6 summarizes some results for biodiesel production using
various heterogeneous catalysts. The conversions are higher than
those of the present work; however, the reaction conditions are
different (higher catalyst amount and oil/alcohol molar ratio).
Correia et al>® used eggshell and crab shell as catalysts and high
conversions were observed with the same reaction conditions of



Table 6. Comparison of Ygaye for various catalysts used in transesterification reactions
XmR Xcar YEamE

QOil/alcohol Catalyst (mol/mol) (g (100g)~" (Wt%) Ref.
Sunflower oil/methanol Calcined calcium/chitosan spheres 1:9 3 56.12 This work
Sunflower oil/methanol Chitosan spheres 1:12 3 0.74 This work
Soybean oil/methanol Silica-supported tin oxides 1:24 5 81.70 32
Soybean oil/methanol Ca,Mg,_,0, 1:12 6 91.30 33
Soybean oil/methanol Immobilized lipase on magnetic chitosan microspheres 1:4 60 87.00 34
Soybean oil/methanol Calcium-supported tin oxides 1:12 8 89.30 35
Soybean oil/methanol Ca0-Mo0;-SBA-15 1:50 6 83.20 36
Soybean oil/methanol Immobilization of CaO onto chitosan beads 1:13.4 13.78 97.00 12
Sunflower oil/methanol Eggshell 1:6 3 97.75 39
Sunflower oil/methanol Crab shell 1:9 3 83.10 39

this study. Experiments should be conducted based on materials
with a more dispersed reactive phase, in order to increase the
conversion, mechanical resistance and stability.

CONCLUSIONS

Chitosan served as a structural agent in the synthesis of cal-
cium/chitosan spheres. The parameters for the transesterification
reaction were optimized using an experimental design method.
The results showed that the mixed CaCO; and CaO have cat-
alytic activity and chitosan particles without calcium are not active
for biodiesel production. The main disadvantage in using these
materials is in the dispersion of small catalytic particles, which
may involve problems in separating the phases at the end of the
process. It would probably be important to develop similar mate-
rials based on reactive phases. For example, for other applica-
tions the materials have been shaped and structured as porous
foams. Another possibility, currently under consideration, would
be depositing the reactive phases on the surface of structured
porous materials (ceramics, carbon, and so on). The structure of
these materials is also a criterion apparent to be optimized in order
to improve the stability of these supported catalysts, in terms of
mechanical resistance and operability.
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