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HIGHLIGHTS

GRAPHICAL ABSTRACT

« Sulfonic acid catalysts supported on
chitosan were prepared.

« Esterification of fatty acids was
carried out over chitosan with
sulfonic groups.

« High catalytic activity was observed.
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Chitosan, which is an abundant biopolymer, with sulfonic acid groups was used as an efficient, environ-
mentally friendly heterogeneous catalyst for the esterification of free fatty acids with methanol into their
more fatty acid methyl ester. Sulfonic acid catalysts supported on chitosan have been studied in the ester-
ification of palmitic acid with methanol at 60 °C. The sulfonic acid groups were introduced onto chitosan
(CT) through cross-linking with sulfosuccinic acid (SSA). The catalytic activity increased as the amount of
sulfonic acid groups present in chitosan was increased. However, with large amounts of sulfonic acid
groups, the catalytic activity decreased. This behaviour can be explained by the factors that limit the dif-
fusion. The catalytic stability of the CT4 (2.08 mmol sulfonic acid groups/g) sample was evaluated
through consecutive batch runs performed with the same catalyst sample. After the second batch, the
catalytic activity stabilised. The CT4 catalyst was also used as a catalyst in the esterification of oleic
and stearic acids with methanol. A good catalytic activity of CT4 for the different substrates used in
the esterifications was observed.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

low-molecular-weight alcohols in the presence of acid or base cat-
alysts [1-5]. Biodiesel can also be prepared through the esterifica-

Biodiesel is a renewable and biodegradable fuel that can be an
attractive substitute for petrodiesel fuel. It features a lower com-
bustion emission profile (particularly with respect to SOx) and de-
creased greenhouse gas emissions because of the closed CO; cycle.
Biodiesel contains fatty acid alkyl esters (usually methyl esters,
FAME) derived from either the transesterification of triglycerides
(TGs) or the esterification of free fatty acids (FFAs) with

* Corresponding author. Tel.: +351 266745311; fax: +351 266744971.
E-mail address: jefc@uevora.pt (J.E. Castanheiro).

1385-8947/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cej.2013.06.050

tion of the free fatty acids present in animal fats (e.g. lard or tallow)
with methanol over acid catalysts [1,2].

Traditionally, the esterification reactions have been conducted
in the presence of homogeneous acid catalysts (mineral acids).
However, these catalysts are corrosive and must usually be neutra-
lised after the reaction (with consequent salt formation). Therefore,
to qualify such esterification reactions as ‘“‘green” processes,
researchers have replaced homogeneous catalysts with heteroge-
neous ones. The solid acid catalysts are preferred because they
are easily separated from the reactants and products via filtration
[6].
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The esterification of fatty acids has been performed in the pres-
ence of different acid catalysts [7-12]. The esterification of palmitic
acid with methanol has been performed over various solid acids,
including heteropolyacids [13] and heteropolyacids supported on
solids such as zirconium oxide [14], activated carbon [15] and silica
[16,17]. Sulphonic acid catalysts on a range of supports, including
silica [18,19], activated carbon [20], polyvinyl alcohol [21] and
polystyrene [22-25], have also been studied in esterification
reactions.

Chitosan is a natural and low-cost biopolymer that is present in
the exoskeletons of crustaceans, the cuticles of insects and the cell
walls of most fungi. It is a highly abundant polymer obtained via
the alkaline deacetylation of chitin (a polymer that consists of ace-
tylglucosamine units). Chitosan and its derivatives exhibit interest-
ing properties, such as nontoxicity, biocompatibility and
controllable biodegradability [26,27]. These properties make chito-
san an attractive biopolymer for applications in a wide variety of
fields, including biotechnology, pharmaceuticals, wastewater
treatment, cosmetics, agriculture, food science and textiles [28].
Because of the easy modification of its properties, chitosan-based
materials have been used in heterogeneous catalysts for applica-
tions in hydrogenation, oxidation and fine-chemical synthesis
reactions [26,29]. Chitosan has been used as a support for the
immobilisation of calcium oxide [30]. Chitosan crosslinked with
sulfosuccinic acid has also been prepared and used for the pervap-
oration separation of water/alcohol mixtures [31].

In this work, we attempt to develop an efficient heterogeneous
catalytic process for esterification of free fatty acids (palmitic, stea-
ric and oleic acid) in the presence of chitosan with sulfonic acid
groups. Chitosan being natural product has the advantage of green
catalysis. Catalysts with different amount of sulfonic acid groups
are prepared. The catalytic stability of CT4 is also studied.

2. Experimental
2.1. Catalysts preparation

Chitosan was obtained from Sigma-Aldrich, USA. Chitosan
(0.4 g) was dissolved in 50 mL of distilled water that contained
2% acetic acid with constant stirring for approximately 24 h at
room temperature. An appropriate amount of sulfosuccinic acid
solution (70%) (0.25, 0.50, 0.75, 1.0, 1.5 and 2.0 mmol for the
catalysts CT1, CT2, CT3, CT4, CT5 and CT6, respectively) was subse-
quently added to the chitosan solution, which was vigorously stir-
red at room temperature for 24 h. The homogeneous solutions
were poured and cast onto a Teflon plate. The cast polymers were
allowed to dry at 60 °C for 24 h. The dried chitosan matrix was
heated at 100 °C under moderate vacuum for 2 h.

2.2. Catalyst characterisation

The swelling degrees of the polymers were measured by
immersion of the matrix samples in methanol and water at 60 °C
for 24 h. The polymeric samples were subsequently removed,
wiped with tissue paper and weighed. The swelling degree, Q,
was calculated by:

m-—myp
mo

Q= (1)
where m is the mass of swollen sample, and mg is the initial mass.

Acid capacity was measured via the determination of cation-ex-
change capacities. The ion capacities of the sulfonic acid groups in
the functionalised chitosan were quantified using 0.1 M NaCl (aq)
as the ion-exchange agent. One hundred milligrams of the sample
was added to 15 ml of the salt solution, and the mixture was

shaken for 24 h at room temperature. Thereafter, the solution
was titrated via the dropwise addition of 0.025 M NaOH (aq).

The FTIR spectra were recorded in a Bio-Rad FTS 155
instrument.

The sulphur content was determined on a CHNS Elemental Ana-
lyser 1112 series instrument from Thermo Finnigan.

Thermal stability of the chitosan and chitosan with sulfonic
groups was investigated using a Netzsch STA 449F3 thermogravi-
metric analyser. The sample weights ranged from 7 to 10 mg and
were heated from ambient to 700 °C at a heating rate of 10 °C/
min under a nitrogen atmosphere.

Scanning electron microscopy (SEM-FIB) was performed on a
Zeiss Auriga scanning electron microscope operated at 2 kV.

2.3. Catalytic experiments

The catalytic experiments were performed in a stirred batch
reactor at 60 °C. In a typical experiment, the reactor was loaded
with 30 mL of methanol and 0.2 g of polymer that contained sul-
fonic acid groups. The reactions were started by the addition of
8 mmol of free fatty acid. The stirrer speed used to avoid the diffu-
sion limitations was 600 rpm.

Stability tests of the CT4 catalyst were performed by running
five consecutive experiments with the same reaction conditions.
After the esterification reaction, the CT4 catalyst was separated
from the reaction mixture by filtration, washed with methanol
and dried overnight at 80 °C.

A hot-filtration test was conducted for the catalyst sample CT4.
The reaction was performed as previously described; after 3 h (pal-
mitic acid conversion: 65%) the catalyst was removed via hot-fil-
tration. Sampling of the liquid was continued for 30 h after the
beginning of the experiment.

Undecane was used as the internal standard. Samples were
periodically collected and analysed via GC on a Hewlett Packard
instrument equipped with a 15 m x 0.53 mm HP-5 column. He-
lium was used as carrier gas. The injector and detector tempera-
tures were, respectively, 250 and 280 °C. The split ratio was fixed
at 100. The oven temperature program was as follows: start at
80 °C (4 min), ramp at 5 °C/min to 300 °C.

2.4. Calculations

The catalytic activity was calculated from the maximum slope
of the experimental kinetic curve of methyl ester divided by the
amount of catalyst.

The diffusivities of fatty acids were calculated assuming a first-
order irreversible reaction. Specifically, the values of the maximum
reaction rate were calculated from the slopes of the kinetic curves
obtained for two different pellet sizes. Plate geometry was as-
sumed for the pellet, and the following relationships for the Thiele
modulus and the effectiveness factor were used:

K xp,
De (2)

¢=1Lx

__tanh(¢)
=%

3)

where k' is the intrinsic kinetic constant, De is the effective diffusiv-
ity, L is the polymeric matrix half thickness and p the pellet volumic
mass.



C.S. Caetano et al./Chemical Engineering Journal 230 (2013) 567-572 569

14
A
1.2
<
©
E 081
S
»  0.64
=
=
5 04
<
0.2
0 , , , , , ,
CT CTl CT2 CT3 CI4 CT5 CT6
100
@]
B o o@fox%
80 - OCQ A%K
S argl
=~ 60 A A =
ER e
.
% 40 -
o} A8
20
+ + +
4t
0 10 20 30 40
Time (h)

Fig. 1. Esterification of palmitic acid with methanol in the presence of chitosan
with sulfonic acid groups, at 60 °C. (A) Initial activities taken as the maximum
observed reaction rate, calculated from the maximum slope of the methyl palmitate
kinetic curve. (B) Conversion (%) versus time (h). (+) CT; (W) CT1; (x) CT2; (o) CT3;
(®) CT4; (a) CT5; (O) CT6.

3. Results and discussion
3.1. Catalytic experiments

Chitosan with sulfonic acid groups was used as an acid catalyst
in the esterification of palmitic acid with methanol at 60 °C. Fig. 1A

Table 1
Characterisation of chitosan with sulfonic acid groups.

shows the initial catalytic activities of sulfonic-acid-functionalised
chitosan in the esterification of palmitic acid with methanol, as cal-
culated from the maximum slopes of the ester kinetic curves. The
initial catalytic activity increased with the sulfonic acid content
until a maximum was reached, which was obtained with the CT4
catalyst. A greater amount of sulfonic acid on chitosan resulted
in a decrease in the catalytic activity. With low sulfonic acid load-
ings, the increase in the sulfonic acid content led to increased
activity, most likely via a kinetic effect. However, higher sulfonic
acid loadings on chitosan led to diminished catalytic activity. These
results can most likely be explained by an increase in the restric-
tion of molecular mobility in the chitosan matrix. In fact, the diffu-
sivity of palmitic acid decreased with crosslinking degree of the
chitosan catalysts (Table 1).

After 6 h of reaction, the palmitic acid conversion (%) was 51%,
59%, 82%, 89%, 78% and 49% for the CT1, CT2, CT3, CT4, CT5 and CT6
catalysts, respectively (Fig. 1B).

We evaluated the catalytic stability of the CT4 catalyst by per-
forming consecutive batch runs with the same catalyst sample.
After the second batch, the activity was observed to stabilise
(Fig. 2). After the fourth run, the amount of S present on chitosan
was measured by elemental analysis, and the S amount on chitosan
was similar before and after the reaction.

To confirm the catalytic stability of CT4, a hot-filtration experi-
ment was performed with the catalyst sample. After 3 h of reac-
tion, the catalyst was separated from the reaction mixture, and
its composition was then monitored for 30 h. Fig. 3 compares the
conversion obtained for the hot-filtration experiment and that ob-
tained for a normal catalytic experiment. When the catalyst was re-
moved from the reaction mixture, the reaction stopped, whereas it
continued to proceed in the normal experiment.

The chitosan with sulfonic acid groups (sample CT4) was also
used as a catalyst in the esterification of stearic and oleic acids with
methanol at 60 °C. Fig. 4 compares the initial catalytic activities of
CT4 in the esterification of palmitic, stearic and oleic acids, as cal-
culated from the maximum slopes of the ester kinetic curves. A
slight decrease in the catalytic activity was observed with in-
creased chain length of the fatty acids. The CT4 catalytic activity
obtained with stearic acid was also greater than that obtained with
oleic acid. This behaviour can be explained by the stearic acid being
a saturated fatty acid with linear structure, whereas the linearity of
the oleic acid molecules is distorted. Linear fatty acids can easily
pass through the pores and adsorb onto the catalyst surface to be
available for the reaction. In the case of unsaturated fatty acids,
their nonlinearity may decrease the rate of diffusion and leading

Sample Thickness (mm) Acid capacities Methanol swelling® (%) Water swelling? (%) De x 10" (m?/h)
Titration? Scontent®

CT 0.0020 0.41 - 0.094 1.62

CT1 0.0022 0.80 0.83 0.063 1.42 6.6

CT2 0.0026 1.00 1.01 0.051 1.23 5.0

CT3 0.0024 1.51 1.53 0.042 1.11 3.6

CT4 0.0032 2.04 2.08 0.030 1.03 2.2
2.03¢ 2.04¢ 1.18
2.02f 2.01f 0.54"

CT5 0.0028 2.31 2.38 0.025 0.84 1.2

CT6 0.0024 2.40 243 0.021 0.75 0.44

2 Amount of bronsted acid sites was determined by acid-base titration (mmol/g).
Sulphur molar content determined by elemental analysis (mmol/g).

b
¢ Methanol swelling was measured by immersing dried pieces catalysts in methanol, at 60 °C.
4 Water swelling was measured by immersing dried pieces of catalysts in water, at 60 °C.
e
f
g

After second use of CT4 as catalysts.
After four use of CT4 as catalysts.
Diffusivity of stearic acid.

" Diffusivity of oleic acid.
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Fig. 2. Stability studies of the CT4 catalyst on esterification of palmitic acid with
methanol. Catalytic activity calculated as the initial reaction rate of the esterifica-
tion reaction of palmitic acid with methanol, in four consecutive experiments.
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Fig. 3. Esterification of palmitic acid with methanol in the presence of chitosan
with sulfonic acid groups, at 60 °C. Conversion (%) versus time (h) obtained with the
catalyst sample CT4. (O) hot-filtration test; (®) normal experiment.
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Fig. 4. Esterification of free fatty acid with methanol in the presence of CT4 at 60 °C.
Initial activities taken as the maximum observed reaction rate, calculated from the
maximum slope of the methyl ester kinetic curve.

to a decrease in reactivity [32-34]. In fact, the diffusivity of stearic
acid through the chitosan matrix (CT4) was higher than that of the
oleic acid (Table 1).

3.2. Catalyst characterisation

Chitosan with sulfonic acid groups was prepared via the ester-
ification of the sulfosuccinic acid (SSA) on the chitosan -OH groups
according to Fig. 5.

Fig. 6A and B shows the FTIR spectra of chitosan (CT) and chito-
san crosslinked with sulfosuccinic acid (CT4). The appearance of
the absorption band at 1730-1735cm™! in the spectrum of CT4,
which is usually assigned to the ester group (-CO-0-), suggests
that the crosslinking with SSA was successful. The absorption band
at 1255 cm™! in the spectrum of CT4, which does not appear in the
spectrum of CT, indicates the presence of a sulfonic acid group
introduced by SSA [35]. Additionally, the band at 808 cm™!, which
can be attributed to the C-0-S group, indicates that the sulfonic
acid groups were grafted onto chitosan [29]. The peak at
1543 cm™ ! is assigned to the specific absorbance of N-H bonds in
NH; groups [29]. In addition, a broad NHj peak at 2200-
2000 cm~! may indicate the formation of ionic bonds. The sulfonic
groups functioned as proton providers to form intermolecular pro-
tonation [29].

The thermal stability of chitosan and chitosan with sulfonic
groups (CT4 sample) was studied by thermal gravimetric analysis
(TGA), as shown in Fig. 7. Two major weight-loss stages at approx-
imately 40-200 °C and 200-670 °C were observed in the tested
temperature range. The first weight loss at approximately 40-
200 °C is due to the volatilisation of small molecules, such as phys-
ically absorbed water, acetic acid and sulfosuccinic acid. The sec-
ond weight loss is due to the degradation of chitosan and the
CT4 catalyst, which can be assigned to the structural collapse of
the chitosan and the thermal decomposition of the polymeric net-
work [29]. The chitosan with sulfonic groups (CT4 sample)

OH o

0 HO
* OH

HO
RHN n 0 SO4H
NHR
OH
o}
n
o o
SO4H
o) 0
+  H0

RHN

Fig. 5. The preparation pathway of chitosan with sulfonic acid groups (R=-H or -
COCH3).



C.S. Caetano et al./Chemical Engineering Journal 230 (2013) 567-572 571

Transmittance (a.u.)

S I
/*V\NW\
ES

2400 1800 1200 600
Wave number (cm'!)

11
=
=1
s A
Q
Q
s *
‘g
:
= B
*
£
1600 1400 1200 1000 800 600
Wave number (cm!)
Fig. 6. FT-IR spectra of catalysts: (A) chitosan; (B) CT4.
100
‘mv
80 \\
S 60
=
=
g 40
20
0 T T T
20 220 420 620

Temperature (°C)

Fig. 7. TG curves of the pure chitosan (A) and the CT4 catalyst (B).

maintained good thermal stability, similar to the behaviour of pure
chitosan. The CT4 catalyst is therefore stable at the desired operat-
ing temperatures (<60 °C) for the esterification of fatty acids.

Fig. 8A and B show the surface SEM micrographs for chitosan
(CT) and chitosan with sulfonic acid (CT4 sample). The pure chito-
san exhibits a void-free dense structure (Fig. 8A). The CT4 catalyst
exhibits voids and cracks in its structure, which can improve the
reactant$ access to the active sites [29].

The characteristics of polymeric catalysts are shown in Table 1.
The acidity of the catalysts increased as the degree of chitosan

EHT = 2.00 kV Mag= 10.00KX Signal A=SE2
Aperture Size =30.00um WD = 53mm  Zeiss Auriga

Date :25 Jul 2012 Fct

Time :18:37:55 CENIMATI3N

5

Mag= 10.00KX Signal A= SE2
Aperture Size =30.00pym WD = 48mm  Zeiss Auriga
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Time :18:41:39
i

CENIMATA3N

Fig. 8. SEM morphology images of the surface of the chitosan (A) and CT4 catalyst
(B).

cross-linking increased because the number of sulfonic acid groups
introduced was also increased. The sulphur content in the chitosan,
as determined via elemental analysis, is shown in Table 1. The acid
capacities, obtained by acid-base titration and those obtained by
elemental analysis were similar.

The acid capacity of the CT4 catalyst was measured after the
second use (Table 1). It was observed that the acid capacity de-
creased slightly after the first use. This behavior could be explained
due to some leaching of sulfonic acid groups. In fact, the amount of
S decreased slightly after the first use (Table 1).

The swelling degree of chitosan and chitosan with sulfonic acid
groups, for methanol and water, decreased when the sulfosuccinic
acid content was increased (Table 1). This swelling behaviour is
most likely due to the decrease in the free volume, even though
the polymeric matrix contains more hydrophilic functional groups.
Similar behaviour has been observed by Rhim et al. [35], who re-
ported that the swelling degree of PVA cross-linking with SSA,
for methanol, decreased as the SSA content increased.

Table 1 shows also the palmitic acid diffusivity through chito-
san matrix. A decrease of palmitic acid diffusivity from the CT1
to CT6 catalyst was observed. This behaviour can probably be ex-
plained due to the increase in the restrictions to molecules motion,
which are expected to occur with the increase of crosslinking. In a
previous work [36], we observed that the o-pinene diffusivity de-
creases with the increases of crosslinking degree.

4. Conclusions

Chitosan functionalised with sulfonic acid was used as a cata-
lyst in the esterification of palmitic acid with methanol at 60 °C.
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The catalytic activity of chitosan increased as the amount of sul-
fonic acid catalyst increased until a maximum was reached, which
was obtained with the CT4 sample. When the sulfonic acid loading
was high, decreased catalytic activity was observed.

The catalytic stability of the CT4 sample was evaluated through
different consecutive batch runs with the same catalyst. The activ-
ity stabilised after the second batch.

The CT4 catalyst was also used in the esterification of stearic
and oleic acids with methanol at 60 °C. The catalytic activity de-
creased slightly as the length of the carbon chain of the fatty acid
increased.
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