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A B S T R A C T   

In this work, a novel supported catalyst was prepared starting from calcium chloride and chitosan flakes using a 
very mild approach in an aqueous medium without final calcination at high temperatures. The as-prepared 
catalyst was fully characterized by thermogravimetric analysis (TGA), attenuated total reflectance Fourier 
transform infrared (ATR-FTIR), and X-ray photoelectron (XPS) spectroscopies, transmission and scanning elec
tron microscopies (TEM, SEM), Energy Dispersive X-ray Spectroscopy (EDS), demonstrating that it consists of 
calcium hydroxide particles of about 200 nm supported on chitosan micrometric structures. The most crucial 
parameters in the transesterification process were investigated. A methanol/oil ratio of 6:1, a reaction time of 6 
h, and a temperature of 60 ◦C were found to lead to complete conversion. A reaction on a gram scale using waste 
oil as a starting material was also tested, and excellent results were achieved. Moreover, the catalyst proved to be 
very robust, since even after the 10th recycle, the conversion rate remained at around 90 %. Spectroscopic 
analyses showed minimal leaching of material without modification of chemical composition. The kinetic 
behavior (activation energy, Ea) of the catalyst was also studied, which resulted in similar outcomes to Ca-based 
systems present in the literature, but without the need for costly preparations and with superior recycling 
resistance. An Ea value of 63.25 kJ⋅mol− 1 was found, which agrees with data reported in the literature.   

1. Introduction 

The encouraged energy transition needs "fuel" to move forward. It 
may seem like a contradiction, but the continued and growing demand 
for fuel from emerging and growing economies such as India, China, and 
African countries, instead of accelerating toward a green energy tran
sition, increases demand for and consumption of fossil fuels, driving up 
prices of conventional energy sources [1]. 

However, the green transition must progress, so much so that the 
European Union has set a target of achieving a renewable energy share 
in transportation of at least 14 percent, including a minimum 3.5 
percent share of advanced biofuels, by 2030 [2,3]. 

In this context, biofuels can be crucial in achieving the right energy 
supply mix. Among them, fatty acid methyl esters (FAMEs) are certainly 
the most studied, being ideal substitutes of petro-diesel as they can be 
used without any engine modification, giving also reduction of 

emissions of SOx, NOx, particulate matter, dangerous aromatic com
pounds, and sulfur derivatives into the environment [4]. The major 
drawbacks of biodiesel production are the threatening of food storages, 
due to the lands use changes, the high energy costs of the trans
esterification process and the use of strongly acidic or alkaline homo
geneous catalysts, often employed under stoichiometric conditions and 
hard to be recycled [5]. 

In this sense, the discovery of heterogeneous, bio-based catalysts 
may be critical to making the whole process feasible and industrially 
attractive. To this end, an impressive number of papers have been 
published in recent years, and a wide variety of catalysts have been used 
[6–11], including titanium [12], zirconium [13] and zinc oxides [14, 
15], alumina [16–18], and also zeolites [19,20], just to cite a few. 

Recently, some of us have published few works on this topic [21–24], 
in which steel slag [22] or multifunctional halloysite and hectorite [21, 
23] were used as efficient catalysts in biodiesel production [25]. 
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However, the Ca-based catalysts still are the most promising, since they 
are robust, inexpensive, safe, and with low solubility in methanol. 
Among them, CaO is the most studied, due to its high basicity, reactivity, 
and very low cost [9,10,26–32]. Calcium oxide is generally obtained 
through the decarbonation of limestone or other sources of CaCO3 [33], 
including various shells [34] and even wasted eggshells [28,35–39]. 
Calcium hydroxide (Ca(OH)2, hydrated lime) can also be used as a 
precursor of CaO [40]. As an example, in 2016, Promarak et al. prepared 
a low-cost CaO catalyst derived from hydrated lime, achieving high 
yields in FAMEs in 2 h. The catalyst was also recycled several times, with 
a loss of activity after 5 runs [41]. The transformation of calcium oxide 
into calcium carbonate, due to the reaction with CO2, and into calcium 
hydroxide, attributable to the presence of water, were two of the iden
tified reasons for the lower reactivity [42]. This last point represents an 
important disadvantage of the use of calcium oxide, specifically its 
sensitivity to moisture, which is often present in wasted oils: a few mi
nutes are sufficient to chemisorb a significant amount of H2O (and also 
CO2) [30]. 

As a matter of fact, starting from calcium hydroxide or carbonate 
[43] always requires a time-consuming, costly, and energy-intensive 
high-temperature calcination process to obtain CaO particles. In an 
attempt to bypass this tedious step, an alternative would be the use of 
calcium hydroxide directly. On the other hand, Granados et al. in 2007 
showed that, in the case of calcium oxide, the surface of the activated 
catalyst is best described as an inner core of CaO particles covered by 
very few layers of Ca(OH)2 [42]. 

Notwithstanding these findings, very few papers dealing with the 
direct application of Ca(OH)2 in the transesterification reaction are re
ported in the literature, despite very good results [44–46]. Among them, 
no paper addressed the use of supported Ca(OH)2 to preserve catalyst 
life and increase the number of recycles. 

Chitosan is an affordable and nontoxic biopolymer obtained by the 
deacetylation of chitin, used in the agrochemical, food, and pharma
ceutical industries. Its use in heterogeneous catalysis is promoted by its 
easy and clean elimination by incineration (or dissolution in acidic 
aqueous solutions), which can permit quantitative metal recovery [47]. 
Due to its strong affinity for calcium [48,49], chitosan has been used as a 
ligand in several composites. Fu et al. in 2011 utilized immobilized CaO 
on chitosan beads cross-linked with glutaraldehyde. The composite 
proved to be effective in biodiesel production (97 % conversion). The 
immobilized catalyst was also reused at least five times [50]. In 2014, 
some authors reported the use of chitosan-cryogel in the (trans)esteri
fication of triolein and soybean oil with methanol, obtaining up to 90 % 
biodiesel (FAMEs) in 8–32 h at 100–150 ◦C. However, the recycling of 
chitosan beads was poor and required washing with tert-butanol and 
methanol to desorb fats and glycerol [51]. 

In addition, chitosan is claimed to have the ability to "bind" water 
and fatty substances (in some papers it is called fat-binding capacity), 
particularly triglycerides and free fatty acids [52], and this property may 
be an advantage to be evaluated in transesterification reactions of 
vegetable oils [53–57]. 

Following these findings, we propose here the synthesis and char
acterization of sub-micrometric particles of calcium hydroxide sup
ported on chitosan, together with their use in the FAMEs production 
from soybean oil and wasted cooking oil (WCO). 

2. Experimental 

2.1. Materials 

Calcium chloride (CaCl2 > 99 % pur. p.a.), Chitosan (average mo
lecular weight, degree of deacetylation 75–85 %), Sodium hydroxide 
(NaOH> 98 % pur. p.a, ACS), and glacial acetic acid were purchased 
from Merck-Sigma Aldrich. Milli-Q water was used for preparing solu
tions (25 ◦C; 18.2 mΩ•cm). Commercial soybean oil was from Valsoia S. 
p.A. Bologna, Italy. The fatty acid composition consists of palmitic acid 

10.35 %, stearic acid 4.45 %, oleic acid 22.60 %, linoleic acid 30.95 %, 
linolenic acid 6.84 %, cis-11-eicosanoic acid 3.1 %, behenic acid 0.36 %, 
arachidic acid 0.36 %, others 1 %. 

Waste cooking oil was a domestic source. Composition is reported in 
Supporting Information. 

2.2. Synthesis of Ca(OH)2/chitosan supported catalyst (Ca@CS) 

Ca(OH)2/chitosan catalyst was prepared following an easy and mild 
one-step protocol developed in our laboratories. Specifically, the alka
line precipitation of Ca(OH)2 sub-micrometric particles was directly 
carried out in a chitosan solution forming a hybrid material consisting of 
the two components. Briefly, chitosan (2%w/v) was solubilized in 50 mL 
of 1%v/v acetic acid at 50 ◦C for 2 h. A proper amount of CaCl2 was then 
added up to a final concentration of 0.2 M. The solution was stirred 
overnight at room temperature. Afterwards, 20 mL of NaOH 2.5 M was 
added dropwise, providing the immediate precipitation of Ca(OH)2 and 
chitosan as Ca@CS. The process was performed at 80 ◦C under contin
uous stirring for 1 h [58]. The precipitate was washed with water under 
vacuum using a Büchner funnel until neutrality of the eluate and kept in 
an oven at 80 ◦C until complete drying. The resulting material in the 
form of chips was then crushed in a mortar obtaining a fine powder for 
further processing and use. 

In a similar way, free Ca(OH)2 submicrometric particles were also 
prepared, starting from a solution of 0.2 M aqueous CaCl2. 

2.3. Catalyst characterization 

The catalyst was analyzed by FTIR, before and after use, in trans
mission mode with ATR diamond crystal with a Perkin Elmer Spectrum 
Two apparatus. 16 scans were acquired in the range 4000–400 cm− 1 

(spectral resolution of 2 cm− 1). Thermogravimetric analyses (TGA) and 
simultaneous differential scanning calorimetry (DSC) measurements 
were performed in nitrogen or air flow (100 mL min− 1) with a TA in
strument SDT Q600 thermal analyzer in the range from 30 ◦C to 1000 ◦C 
with a heating rate of 10 ◦C min− 1. XPS analysis was also performed on 
freshly prepared and used Ca@CS powders using a PHI Versaprobe II 
spectrometer with a monochromatized Al Kα source (200 μm spot size) 
under constant charge neutralization on at least three points per sample. 
Both survey and high-resolution spectra were acquired and then pro
cessed by Multipak software (v. 9.9.3). Binding energy (BE) was cali
brated to the C1s aliphatic component at 284.8 eV. Origin 2021 was 
used for visualizing spectra. Surface morphology was investigated on a 
selected piece of nanocomposite considered to be representative of the 
material. A Field emission- scanning electron microscope (FESEM) Zeiss 
Σigma 300 VP (Zeiss Oberkochen, Germany) equipped with an energy 
dispersive spectrometer (EDS) C-MaxN SDD (Oxford Instruments, Ox
ford, U.K.) with an active area of 20 mm2 (Oxford Instruments, Oxford, 
U.K.) was used to perform analysis on the selected samples. The EDS 
spectrometer was calibrated using MAC standards (Micro-Analysis 
Consultants Ltd., United Kingdom) for elemental and mapping analysis. 

TEM microscopy was performed with a FEI Tecnai 12 instrument 
(120 kV; filament LaB6), by dropping catalyst suspensions on a carbon- 
coated Cu grid (300 mesh, TAAB). The catalyst was dispersed in iso
propanol at 1 gL− 1. 

2.4. Transesterification reaction 

Catalytic tests were carried out in 10 mL glass vials equipped with a 
magnetic bar and sealed with a screw cap. The vial was charged with 
methanol (2 mL), soybean oil (350 µL, 322 mg), and 77 mg of composite 
Ca@CS. 

The vial was then heated under stirring and left to react for the 
proper time. After the reaction time, the mixture was cooled to room 
temperature, transferred into a centrifuge tube, and subjected to 4000 
rpm for 10 min. 
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After centrifugation, the methanolic phase (containing FAMEs and 
glycerol) was removed through a Pasteur pipette. Then the catalyst layer 
was washed with 4 mL of fresh methanol and centrifugated to eliminate 
traces of biodiesel and other organic residues. The operation described 
above is repeated twice. 100 μL of n-hexadecane was added to the 
combined methanolic phases as an internal standard, then the solution 
was evaporated to a small volume, and suspended in 10 mL of ethyl 
acetate. After drying, the ethyl acetate solution was subjected to quali
tative and quantitative analyses by GC-MS to identify FAMEs and 
determine the composition of the biodiesel product. 

2.5. Determination of FAMEs 

FAMEs composition and yields were determined by GC–MS areas 
employing n-hexadecane as an internal standard. In the reacted solution, 
100 μL (77 mg) of standard (hexadecane) were added and after workup, 
the final ethyl acetate solution was analyzed via GC–MS. The total mass 
of methyl esters (mME) was quantified by the following equation: 

mME =
AME

AS
⋅f⋅mS (1)  

where AME is the total GC–MS area of the peaks relevant to various fatty 
acid methyl ester products, AS is the area of the internal standard, f is the 
response factor of the instrument, and mS the added mass of the stan
dard. More details are reported in the Supporting Information. 

2.6. General procedure for recyclability tests of Ca@CS 

The recyclability of the supported catalyst in the transesterification 
reaction of used soybean oil was carefully examined. After each run, the 
reaction tube was centrifugated and the liquid part was separated, 
leaving the catalyst in the vial. Then, fresh methanol was added (2 mL), 
and the operation described above was repeated twice to remove the 
FAMEs and to eliminate the organic residues, eventually present on the 
surface. The recovered catalyst was subsequently used for the next 
round of catalytic tests without further manipulation. 

After the recyclability tests, Ca@CS was subjected to a "stress-test" to 
evaluate the features of an exhausted catalyst. 

For this purpose, since the biodiesel yield was still high after 10 re
cycles (about 90 %, see Fig. 8), the catalyst was heated in methanol for 
20 h at 120 ◦C, then recovered and used in a classical reaction, resulting 
in only a 10 % of conversion. The stressed Ca@CS was then subjected to 
several characterizations (SEM, ATR-FTIR, XPS) to investigate differ
ences with the pristine material (See Section 3.3). 

3. Results and discussion 

3.1. Characterization of Ca(OH)2 supported on chitosan 

Ca@CS catalyst was characterized by ATR-FTIR before and after use, 
as shown in Fig. 1. The IR spectrum of chitosan alone is also presented 
for comparison. 

The characteristic sharp peak at 3642 cm− 1, ascribed to O–H 
stretching in Ca(OH)2, appears in both used and pristine catalysts, 
moreover partial carbonatation can be hypothesized since the band at 
about 1420 cm− 1 (carbonate antisymmetric stretching) and the peak at 
872 cm− 1 (out-of-plane bending of CO3

2− ) are typical of CaCO3 species. 
Signals relevant to the organic matrix are also readily visible, like N–H 
and O–H stretching modes in the 3200–3400 cm− 1 range, aliphatic 
C–H stretching below 3000 cm− 1, and CS characteristic bands between 
1200 and 1000 cm− 1 corresponding to asymmetric stretching of the 
C–O–C bridge and C–O stretching. All assignments are in agreement 
with other works [59]. The catalyst usage does not seem to affect its 
chemical nature, even after several cycles, as demonstrated by the high 
similarity between IR spectra taken before and after the reaction. 

The chemical surface composition of the catalyst and CS alone was 
investigated by XPS and the main elements were identified, as reported 
in Table 1. C, O, and N are mainly ascribed to chitosan, whereas Ca% 
indicates the successful integration of the inorganic component. Traces 
of other elements were found, but below 2 % total. 

It can be noticed how Ca content remains almost constant even after 
ten cycling steps, thus suggesting that creating a hybrid-supported 
catalyst is a successful strategy for improving reusability and process 
yield. Moreover, the synthetic protocol adopted in this work seems to 
preserve the original organic matrix. In fact, the C1s region of pristine 
catalyst matches very well the typical appearance of the C1s region for 
chitosan [60], except for the last component at BE = 289.3 ± 0.3 eV 
attributed to CaCO3 (Fig. S1a, Supporting Information). This finding is 
not surprising since the Ca(OH)2 surface is mainly covered by CaCO3 due 
to the carbonation process [61] (Fig. S1b, Supporting Information). 
Therefore, it was also found that Ca2p3/2 position is compatible with 
CaCO3 speciation [62] in consideration of the XPS sampling depth at the 
nanometer level. The used catalyst presents an increased carbon content 
and lower O/C and N/C ratios quite likely related to the partial 
adsorption of soybean oil on the support, as also corroborated by the C1s 
region showing a higher contribution of the aliphatic component at BE =
284.8 ± 0.2 eV (Fig. S1c, Supporting Information). On the other hand, 
the Ca2p spectrum appears almost identical to the one referred to pris
tine sample (Fig. S1d, Supporting Information), indicating that the 
catalyst overuse due to the transesterification reaction does not modify 
the calcium speciation. 

As shown in Fig. 2, Ca@CS catalyst thermal behavior was analyzed 
by TGA and simultaneous DSC in the temperature range from 30 ◦C to 
1000 ◦C under nitrogen flow. According to TGA, four weight losses were 
observed. The first one of 14.9 % at T lower than 100 ◦C can be ascribed 
to the loss of physiosorbed water from the hydrophilic structure of 
chitosan of the Ca@CS catalyst [63]. 

Fig. 1. ATR-FTIR spectra of the Ca@CS catalyst before (red curve) and after use 
(blue curve), black curve represents ATR-FTIR spectrum for chitosan. 

Table 1 
Surface chemical composition (expressed in terms of element atomic%) as 
determined by XPS analysis. Error calculated on at least three sampling points.  

Sample C% O% N% Ca% Cl% Na% F% 

Ca@CS 
pristine 

42.6 ±
1.6 

43.8 ±
1.0 

2.4 ±
0.2 

9.6 ±
0.7 

0.4 ±
0.2 

1.2 ±
0.3 

/ 

Ca@CS 
used 

51.0 ±
0.6 

37.0 ±
0.5 

2.0 ±
0.3 

8.4 ±
0.5 

/ / 1.6 ±
0.4 

CS 59.6 ±
2.8 

29.1 ±
0.5 

5.2 ±
0.6 

/ 0.3 ±
0.2 

5.8 ±
1.7 

/  
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At these temperatures (T < 100 ◦C) an endothermic peak associated 
with the dehydration process was observed. The second weight loss of 
23.4 % corresponding to an exothermic peak centered at 270.8 ◦C can be 
assigned to the pyrolytic degradation of chitosan [63]. TGA of CS, ac
quired under nitrogen from 30 ◦C to 1000 ◦C and depicted in Figure S3, 
showed that after this first degradation process, CS underwent other 
pyrolytic processes of degradation until 1000 ◦C. The third weight loss 
step of 12.1 % corresponding to the endothermic peak at 431.2 ◦C was 
related to the decomposition of Ca(OH)2 to CaO, while the fourth weight 
loss step of 11.8 % corresponding to the endothermic peak at 678.5 ◦C is 
ascribable to the decomposition of CaCO3 to CaO [64]. The fourth peak 

showed the presence of CaCO3 together with Ca(OH)2 in the Ca@CS 
catalyst. Chitosan decomposition was responsible for the long tail in the 
TGA curve at high temperatures (750 ◦C–1000 ◦C) corresponding to the 
formation of a graphite-like structure of chitosan via dehydrogenation 
mechanism [65]. In Fig. 3, the TGA curve of the Ca@CS catalyst ob
tained carrying out the experiment in nitrogen flow below 800 ◦C and 
under air flow in the range from 800 ◦C to 1000 ◦C, is reported. 

Considering the constant weight loss percentage above 800 ◦C cor
responding to CaO residue after the chitosan combustion, the deter
mined amount of calcium in the Ca@CS catalyst, expressed as CaO 
content, was ca. 27 %. Consequently, we can assume a content of Ca 

Fig. 2. TGA–DSC curves of the Ca@CS catalyst powders from 30 ◦C to 1000 ◦C.  

Fig. 3. TGA curve of the Ca@CS catalyst powders under nitrogen from 30 ◦C to 800 ◦C and in air flow from 800 ◦C to 1000 ◦C.  
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(OH)2 in the composite equals to ca. 35.7 % in weight. 
FESEM together with EDS analyses gave insight into the micro- and 

nano-scale features of the catalyst structure employing a morphological 
and chemical characterization. In Fig. 4 FESEM micrographs of CS alone 
and Ca@CS catalyst powders are reported (panels a, b). CS alone showed 
a compact and smooth macrostructure. This morphology changed after 
the alkaline precipitation of Ca(OH)2 with the formation of the porous 
structure of the calcium hydroxide aggregates. Moreover, in the inset of 
the same panel, a TEM image shows that even at higher magnification 
inorganic particles compatible with calcium hydroxide lay on lower 
contrast flakes associated with chitosan. 

SEM images acquired at higher magnifications (Fig. 4c-d) indicate 
that calcium hydroxide nanostructured aggregates present two kinds of 
morphology: a less abundant flower-like morphology composed of rod- 
like sub-units with lengths ranging between 170 nm and 700 nm 
(Fig. 4c) and a most diffuse hexagonal platelet stack morphology with 
sub-unit sizes which ranged from 160 nm to 2 µm (Fig. 4d). EDS map
ping, performed using the carbon, nitrogen, and calcium elemental an
alyses, were applied to a selected area of a Ca@CS catalyst FESEM 
micrograph (Fig. 5) and revealed that hexagonal platelets were incor
porated into the chitosan matrix. 

3.2. Catalytic activity in biodiesel production 

Different parameters relevant to the transesterification process on 
soybean oil were investigated to evaluate the performance of the pro
posed catalyst and the most appropriate conditions for its use, as 
demonstrated in the following paragraphs. Table 2 and Fig. 6 summarize 
the results of this study. 

3.2.1. Effects of the type of catalyst 
The activity of the as-prepared Ca@CS catalyst in the trans

esterification reaction of commercial soybean oil with methanol was 
compared with unsupported calcium hydroxide catalysts having 
different particle sizes (Table 2). 

At this end, both free calcium hydroxide submicrometric particles 

and bulk Ca(OH)2 powder were used for comparison. As reported in 
Table 2, best results were obtained with Ca@CS composite and free Ca 
(OH)2 submicrometric particles, indicating that the conversion into 
biodiesel is inversely related to particle size (entries 2–3). 

This latter finding is in line with others reported in the literature 
under similar conditions [44,46] and seems to discredit the use of a 
supported catalyst since the yields are quite comparable. As reported 
later in the paper, and as might be expected, the robustness and ease of 
recycling of the proposed supported catalyst does justify its preparation 
and use. Note of mention, blank experiments carried out without cata
lyst and in the presence of the support alone, showed no catalytic ac
tivity (entries 4–5). 

3.2.2. Effect of catalyst loading 
In this study, variable amounts of Ca@CS, ranging between 5 % to 30 

% (catalyst/oil ratio, w/w), were used keeping methanol volume (4 mL) 
and oil mass (322 mg) constant. The reaction was carried out at 60 ◦C for 
6 h. 

In Fig. 6a, we observe the effect of catalyst amount on the resulting 
yield values. According to the graph, yield values reach a plateau once 
the catalyst loading surpasses 25 %. This peculiar behavior can be 
attributed to the quantity of suspended catalyst powder and the ratio of 
reaction volume, which can unpredictably influence the overall surface 
area. As a result, the number of active sites on the heterogeneous cata
lyst can be also impacted. [24]. 

3.2.3. Effect of temperature 
The role of temperature was considered in performing the reaction 

for 6 h and using 4 mL of methanol, 322 mg of oil, 77 mg of Ca@CS. 
As shown in Fig. 6b, the catalyst is active even at temperatures just 

above room temperature (30–40 ◦C), providing satisfactory yields of 
50–60 % in 6 h. However, a good compromise between reaction time 
and conversion was obtained at 60 ◦C, where the maximum yield of 100 
% is reached within the same reaction time. 

Fig. 4. FESEM images of CS (a) and Ca@CS catalyst (b-d) samples. A TEM image in the inset b shows a chitosan flake with nanometric structures on it (scale bar: 
1 µm). 
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3.2.4. Effect of methanol/oil ratio 
In this case, the methanol volume was varied using 322 mg of oil and 

77 mg of Ca@CS. The reaction was carried out at 60 ◦C for 6 h. 
An important parameter to set up in the transesterification reaction is 

the methanol/oil ratio. Stoichiometrically, 3 mol of alcohol are required 
to convert 1 mol of triglyceride. However, the methanol/oil ratio can be 
very different, depending on the reaction conditions, the nature of the 
catalyst and the type of oil. 

Focusing on the use of Ca(OH)2 as a catalyst, Sanchez-Cantù et al., 
using hydrated lime, succeeded in the transesterification of soybean oil 
with a CH3OH/oil ratio of 0.17 (V/V) [46]. Later, the same authors 
employed a ratio of 0.42 (V/V), using castor oil [44], and 0.51 (V/V), 
with the same oil, but with calcium diglyceroxide as the catalyst [66]. 

In 2012, Chen et al. studied the use of calcium hydroxide obtained 
from the hydrolysis of calcium carbide. In this case, with used soybean 
oil, they found 0.54 (12:1 methanol/oil molar ratio) as the best pro
portion [45]. 

More recently, Promarak et al., with palm oil and hydrated lime- 
derived CaO as heterogeneous catalyst, found an optimal ratio equal 
to 1.25 to reach a complete conversion [41]. 

In principle, a large amount of methanol can drive the reaction in 
favor of the products, but some drawbacks have to be considered, such 
as the rise of the costs, due to the alcohol recovery. However, under 
heterogeneous conditions, a methanol excess can be advantageous, since 

glycerol is dissolved in methanol, thus facilitating the removal of by- 
products from the surface of the catalyst, which is promptly available 
for recycling [51]. 

Accordingly, we recently found a best ratio of 12:1 (V/V) in the 
(trans)esterification of soybean oil and free fatty acids with methanol 
when using steel slags [22] or clays [21], confirming the need for an 
excess of alcohol. As shown in Fig. 6c, this ratio can dramatically affect 
the reaction outcome, and an increase from a 4:1 (V/V) to a 6:1 (V/V) 
was sufficient to raise the conversion from 60 % to completion. 

3.2.5. Effect of reaction time 
Considering the best methanol/oil volume ratio estimated for this 

catalyst, 322 mg of oil and 2 mL of methanol were reacted in the pres
ence of 77 mg Ca@CS at 60 ◦C for different times. 

The optimal reaction time was evaluated by studying the reaction in 
a range from 1 h to 6 h, at 60 ◦C. As displayed in Fig. 6d, the conversion 
increased with time, reaching a maximum yield at 6 h. 

For shorter reaction times, a sort of induction period seems to be 
present, since biodiesel yield rapidly rises from 20 % (2 h) to 80 % (3 h) 
in only 1 h. 

This may be typical under heterogeneous conditions due to a change 
in the composition of the active catalyst (reasonably, the formation of a 
coordinated methoxide ion and a protonated catalyst), and/or to the 
initial adsorption of reagents on the composite surface (for the reaction 
mechanism, vide infra). 

3.2.6. Kinetic insight 
To evaluate the Ca@CS catalyst activity, activation energy (Ea) was 

calculated and compared with that of analogous Ca-based materials. In 
the presence of an excess of methanol it is possible to assume that the 
transesterification of triglycerides is a pseudo-first order reaction [67]. 
The rate of transesterification can be expressed by Eq. (2): 

r = −
d[TG]

dt
= k′⋅[TG]⋅[ROH]

3 (2) 

Accordingly, the rate equation can be expressed as: 

Fig. 5. FESEM image of Ca@CS catalyst sample and EDS mapping of carbon, nitrogen, and calcium elemental analyses.  

Table 2 
Transesterification reaction of soybean oil with methanol in the presence of Ca 
(OH)2 based catalysts.  

Entry Catalyst FAMEs yield % 

1 Ca(OH)2 bulk 61 
2 Ca(OH)2 100 
3 Ca@CS 98 
4 none – 
5 Chitosan – 

*General conditions: soybean oil (350 µL, 322 mg), methanol (4 mL), catalyst 
(10 mg for entries 1–2, and 77 mg for entry 3), 60 ◦C, 6 h. Yields based on GC–MS 
data. 
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r = −
d[TG]

dt
= k⋅[TG] (3)  

where⋅k = k′⋅[ROH]
3. In addition: 

r = −
dXr

dt
= k⋅(1 − Xr) (4)  

where Xr is the TG conversion into FAMEs (Xr = 1 − [TG]/[TG]0) and the 
integrated equation is: 

− ln(1 − Xr) = k⋅t (5) 

The plot of -ln (1-Xr) against t was used to determine the rate con
stant k (as the slope). Experiments were carried out in the range of 

Fig. 6. Effect of different parameters on the transesterification process using Ca@CS catalyst: a) catalyst/oil ratio, b) reaction temperature, c) methanol/oil ratio, d) 
reaction time. 

Fig. 7. (a) Plot of -ln(1-Xr) versus reaction time at the studied temperatures; (b) Arrhenius plot of ln k vs 1/T for kinetic parameter Ea evaluation; (c) Plot of yields as 
a function of time at different temperatures. 
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temperatures of 30 – 60 ◦C (Fig. 7a) [41]. 
Rate constant values (k) were found in a similar range as compared to 

the values reported in the literature [24] and were used to calculate 
activation energy (Ea) through Arrhenius equation (Eq. (6)) and from the 
slope of the linear correlation resulting of plotting ln k versus 1/T (Eq. 
(7) and Fig. 7b). 

k = A⋅e− Ea/RT (6)  

ln k = ln A −
Ea

RT
(7) 

The calculated Ea value of 63.25 kJ⋅mol− 1 is in agreement with data 
reported in the literature, which usually reports for transesterification of 
triglycerides an activation energy value ranging in the range 50 – 120 
kJ⋅mol− 1 [41,44,46,66]. From these data it clearly emerged that Ca@CS 
catalyst displays a kinetic behavior quite similar to that of most of the 
analogous Ca-based heterogenous catalytic systems, but without 
requiring tedious and costly preparations (e.g., calcination, 
nano-structuration etc.) and showing simultaneously a superior resis
tance to recycling procedures (see Section 3.3). 

3.3. Catalyst recycle 

The catalyst robustness was evaluated through appropriate recycling 
experiments. This is a crucial point in heterogeneous catalysis since the 
feasibility and economic sustainability of the entire process depend on 
the possibility of reusing the catalyst. After each run, reaction mixture 
was centrifuged and supernatant methanolic solution (containing 
FAMEs and glycerol) was recovered, while catalyst powder was washed 
twice with fresh methanol to remove organic residues. 

The recovered composite was subsequently used for the next round 
of catalytic tests without further manipulations, by adding fresh 

amounts of oil and methanol, while the combined methanolic solutions 
were treated for FAMEs quantification (see Section 2.5 for details). 

Data reported in Fig. 8 show the catalyst’s surprising robustness, as 
many recycles were possible: at the tenth reuse, the composite still 
shows a 90 percent yield. This is the best result among those obtained 
with calcium hydroxide and is comparable to, if not better, than other 
oxide-based catalysts. 

Fluctuations in yields among runs can be considered typical of a 
heterogeneous system in which, unlike in a homogeneous one, factors 
such as heat and mass transfers between phases, particularly with highly 
indented materials, can have an important impact on the final result of 
the reaction [68]. In addition, small variations in surface catalyst par
ticle size or geometry between recycles can lead to a pattern of results 
such as that shown in Fig. 8. 

Furthermore, as stated by other authors, a change in the catalyst 
nature can also occur after the first reuse, leading to a drop in biodiesel 
conversion after a few cycles, and then to a rise, after the catalyst 
modification [44]. 

To evaluate if Ca(OH)2 was altered in size and/or geometry or, on the 
contrary, completely or in part replaced by calcite and/or calcium 
diglyceroxide, SEM-EDS, XPS, ATR-FTIR characterizations were per
formed on the catalyst after the tenth recycle. In order to enhance the 
differences, a comparison was also made with the catalyst previously 
subjected to a specific stress test (See Section 2.5). 

In the FESEM image of the low active Ca@CS (Fig. 9b) calcium hy
droxide structures are noticeably reduced and observed outside the 
chitosan support microparticles in comparison with a used active 
Ca@CS (Fig. 9a). As observed in the FESEM image of the not active 
Ca@CS catalyst sample (Fig. 9b’), Ca(OH)2 particles loose the defined 
hexagonal shape (Fig. 9a’) assuming a quasi-rhombohedral form. 
Moreover, EDS analysis performed on the selected area of the FESEM 
micrographs revealed a decrease in the calcium content of the non- 

Fig. 8. Comparison among commercial Ca(OH)2, unsupported submicrometric particles (Ca(OH)2 NPs), and Ca@CS catalysts in recyclability tests.  
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active Ca@CS catalyst sample with respect to the active Ca@CS. 
Spectroscopic characterization of exhausted catalyst corroborated 

SEM-EDS results. Fig. S2 shows ATR-FTIR spectrum (panel a) and C1s 
(panel b), Ca2p (panel c) XP spectra of the inactive Ca@CS sample. IR 
spectrum indicates unequivocally that calcium hydroxide is absent 
(disappearance of signal at 3642 cm− 1) and only CaCO3 is still present, 
moreover main signals can be associated to the adsorption of FAME 
(diagnostic signal at 1743 cm− 1) on the catalyst surface. Similarly, C1s 
region (Fig. S2b, Supporting Information) confirms that such adsorption 
occurred. Ca2p3/2 position (Fig. S2c, Supporting Information) is also 
slightly shifted at 347.3 eV, which is assigned to CaCO3. Finally, XPS 
quantitative analysis demonstrated a significant reduction of Ca% con
tent below 1.5 %. 

On the contrary, it seems that the used catalyst does not undergo any 
evident alterations when compared with the pristine catalyst, as evi
denced by FESEM pictures and EDS analyses (Fig. 9, images a-a’), which 
suggest that there was no change in the catalytic nature even after 
several cycles. 

3.4. Multigram scale reaction 

To validate this method, we also performed a multigram scale 
experiment. For this purpose, waste cooking oil (WCO) was employed, 
as waste oils are considered a promising alternative in biodiesel syn
thesis due to their low cost and high availability [69]. From a circular 
economy perspective, waste oils are two to three times cheaper than 
refined vegetable oils because they represent a waste, without the costs 
of removal and treatment [70]. In addition, the use of WCO can help to 
reduce competition with food demand. 

The chemical composition of WCO is reported in the Supporting 
Information [21]. 

To this end, 3.15 mL of filtered oil was treated with 36 mL of 
methanol and 693 mg of catalyst, at 60 ◦C. We were favourably sur
prised to find that the reaction occurred to completion even on a larger 
scale and with waste oil. In fact, after 6 h, the WCO produced biodiesel 
with a chromatographic yield of 100 % and an isolated yield of 84 %, 

demonstrating the feasibility of the proposed protocol. 

3.5. Hot filtration test and mechanistic insights 

Some researchers have proposed possible mechanisms for solid- 
based catalysts [26,44,46]. 

To assess the degree of heterogeneity of the whole process, hot 
filtration tests were carried out, and the results are shown in Fig. 10. 

Data in Fig. 10 clearly show that catalytic activity dropped down 
when the Ca@CS composite was removed from the reaction mixture (see 
dashed lines in Fig. 10), thus confirming that catalysis is heterogeneous 
in nature and that the metal leaching or the presence of alkoxide anions 
(methoxide or diglyceroxide) dissolved in the solution can be neglected. 

The available data suggests that the catalytic reaction occurs on the 
surface of calcium hydroxide. In line with the transesterification 

Fig. 9. FESEM images of a-a’) used active and b-b’) exhausted Ca@CS catalyst samples. Corresponding EDS analyses are also reported.  

Fig. 10. Hot filtration test conducted at different reaction times.  
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mechanism of triglycerides reported in the literature for a heteroge
neous catalyst based on Ca(OH)2, [44] it can be hypothesized that when 
methanol and triglyceride molecules encounter adjacent catalytic sites 
(OH− and Ca2+), they react with them: the OH− site present on the 
surface removes an H+ from the methanol molecule, while the Ca2+ site 
absorbs CH3O− . Additionally, chitosan can adsorb triglycerides by 
creating a layer on the surface (vide infra). This layer helps in the 
interaction of the two neighboring species, leading to the generation of 
fatty acid methyl esters and diglycerides. The diglyceride, upon reacting 
with methanol in a similar process on the catalyst surface, creates 
glycerol and biodiesel [44]. 

3.5.1. Role of the chitosan support 
Comparison with other sources of Ca(OH)2 (Fig. 8) clearly shows the 

importance of chitosan support for the robustness and recyclability of 
the composite and of particle size for catalyst activity. In fact, bulk 
calcium hydroxide is poorly active in the transesterification reaction, 
and its performance decays dramatically after the first use. Similarly, 
free Ca(OH)2 nanoparticles are very active, but undergo a rapid loss of 
activity after two cycles. 

Chitosan, which is a poly-cationic biopolymer, can act as an emul
sifier and emulsion stabilizer and can interact directly with soybean oil 
triacylglycerides without the need for additional surfactants. As a 
consequence, because of chitosan’s ability to bind free fatty acids or 
triglycerides, the reactants are closer to the catalytic sites and can react 
more easily (Fig. 11) [71,72]. 

Furthermore, the capacity of chitosan to bind cations such as cal
cium, more than cellulose, is well known and metal ion chelation is 
employed, for example, in drug delivery or in the removal of metal 
pollutants from wastewater [73]. 

This feature can be very important in trapping any free calcium ions 
in the leached solution during the reaction, which has several important 
effects: prolonging catalyst life, preventing soap formation in the pres
ence of free fatty acids, and avoiding the release of calcium cations into 
the final biodiesel. 

4. Conclusions 

In conclusion, we presented here the facile synthesis of a catalyst 
based on calcium hydroxide nanoparticles supported on chitosan. This 
composite is the first example of calcium hydroxide nanoparticles 

supported on chitosan used in biodiesel synthesis. The catalyst has been 
fully characterized and has been used in the synthesis of FAMEs from 
soybean oil and methanol. The most important parameters in the 
transesterification reaction have been investigated, and a methanol/oil 
ratio of 6:1, 6 h reaction, and 60 ◦C allow for complete conversion. The 
reaction was also tested on the gram scale with excellent results, by 
using waste oil as starting material. In addition, the catalyst proved to be 
robust, as after the 10th recycle, the conversion was still around 90 %, 
without any apparent leaching of active species. As proof, SEM-EDS, 
XPS, ATR-FTIR analyses on the recycled catalyst, showed a constant 
Ca content, even after ten cycles, thus suggesting that creating a hybrid- 
supported catalyst is a successful strategy for improving reusability and 
process yield. In comparison, a “stressed” and inactive catalyst, shows 
reduced calcium hydroxide structures located outside the chitosan 
support microparticles. Moreover, even the geometry is different, since 
Ca(OH)2 particles lose the defined hexagonal shape assuming a quasi- 
rhombohedral form. 

The activation energy (Ea) was calculated and compared with that of 
analogous Ca-based materials. An Ea value of 63.25 kJ⋅mol− 1 was found, 
which is in agreement with data reported in the literature. Finally, some 
evidence on the heterogeneous nature of the catalysis was provided with 
the help of the hot filtration test. In addition, it was evaluated that 
chitosan, as a support, has the potential to act as an emulsifier and 
emulsion stabilizer. It can interact directly with soybean oil tri
acylglycerides without requiring additional surfactants. As a result, 
chitosan can bind free fatty acids or triglycerides, which brings the re
actants closer to the catalytic sites, making it easier for them to react. 
Studies are still ongoing to verify the scalability of the proposed proto
col. Moreover, research will prosecute checking the quality of the pro
duced biodiesel according to international standards. 
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