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ABSTRACT

In this research work a heterogeneous (solid base)
nanocatalyst, originating from calcium waste
materials, was produced. Firstly, calcium oxide (CaO)
obtained by calcination (850 °C for three hours) of
chicken eggshells was used as a benchmark catalyst
in the transesterification reaction of soybean oil.
This catalyst was characterised using several
techniques: Scanning Electron Spectroscopy (SEM),
Infra-Red Spectroscopy (FTIR), and Particle Size
Distribution (PSD), that are adequate for determining
the specific surface area and volume of micro- and
mesopores. The structure of the obtained CaO
consisted of several agglomerates of white granular
solids, with particles ranging from 50 to 332 nm
(average of 117 nm) in size and having a specific
surface area of 15.3 m*/g. Three different catalyst
loadings were tested with regard to catalytic activity
of calcium oxide under the same reaction conditions.
Then, a nanocatalyst precursor, calcium acetate, was
produced from the same eggshells used before.
This precursor was then applied in a supercritical
antisolvent (SAS) precipitation apparatus to control
its particle size. After the precipitation, the precursor
was calcined to convert it into nano-structured calcium
oxide. This Nano-CaO was also characterised by the
techniques used for the earlier referred benchmark
catalyst and by Energy Dispersive X-ray spectroscopy
(EDS) to identify the chemical elements present.

*Corresponding author: jgomes@deq.isel.ipl.pt

The observed structure of this solid very much
resembles the benchmark catalyst. However, the
particle sizes are smaller, ranging from 23 to 453 nm
(average of 77 nm) and have a specific area of
315.7 m*/g, which meant that an increase in specific
surface area was achieved by decreasing the particle
size. Regarding catalyst activity, a small amount
of Nano-CaO was tested at the same conditions as
before, and the best results showed an increase of
9% in transesterification reaction yield.

KEYWORDS: biofuels, calcium oxide, nano-
structured catalysts, solid base heterogeneous catalyst,
transesterification.

1. Introduction

Research on new renewable energy sources as
alternatives to fossil fuels has been increasing in
the last decades due to the non-renewable nature
of these resources, the rapid rise of fossil fuel
prices, and the growing concerns about environment
and health impacts [1-4]. The European Union (EU)
aimed to replace around 10% of all transportation
fuel consumed within the EU from fossil fuels
with biofuels by the year 2020 [5, 6].

Biodiesel is a preferred replacement for petrodiesel
in-vehicle internal combustion engines, bringing
benefits such as renewability, availability, non-toxicity,
greenhouse gas emission reduction, improvement
of lubrification properties of the diesel fuel blend
and superior cetane number, which could be
easily adopted also in developing countries [7-9].
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Compared to fossil fuels, the combustion of biodiesel
results in more than 90% decrease in total unburned
hydrocarbons and a decrease in polycyclic aromatic
hydrocarbon emissions ranging from 75 to 90%
[10, 11]. Biodiesel can be mixed with petrodiesel
at any weight ratio or percentage, and it can be used
without blending with fossil fuels (B100), making
it a successful fuel [12].

Its production from biological sources such as
vegetable oils, microalgae, animal fats and waste
cooking oils has been thoroughly reviewed [13-16].
The most common industrial process to produce
biodiesel from vegetable oils or fats, involves
alkaline homogeneous catalysts.

Nevertheless, the transesterification of triglycerides
using basic homogeneous catalysts presents some
drawbacks like its susceptibility to the oil purity,
since an excess of free fatty acids (FFA) will
promote the formation of water and soap due to
the reaction between the FFA and the basic
catalyst. This saponification reaction is undesired
as the formed soap will contribute to lowering the
transesterification yield and hinder the separation
of the esters from glycerol. Another drawback is
the large amounts of contaminated effluents
generated during the pH neutralisation and Fatty
Acid Methyl-Ester (FAME) purification stages in
the industrial process [17-25].

A good alternative would be the use of solid-base
catalysts. A great variety of basic materials such as
(i) single alkaline earth metal oxides (MgO, BeO,
CaO, SrO, BaO and RaO) and other single metal
oxides (SnO,, ZnO and Ce0,); (ii) supported alkali
metal and alkaline earth metal oxides (CaZrOs,
A1203-Sl’10, Ll/MgO, A1203/KI, KOH/A1203,
KOH/NaY (KOH/ sodium crystal structure Y) and
supported alumina/silica supported K,COs); (iii)
mixed metal oxides; (iv) hydrotalcites; and (v)
anionic ion-exchange resins have been utilised as
heterogeneous catalysts to perform the alcoholysis
process [26-36]. Out of these catalysts, alkaline
earth metal oxides have been widely employed as
solid-base catalysts because of their high basic
strength and relatively low cost. CaO waste materials
have a good potential to be used as solid-base
catalysts in the transesterification of triglycerides
to produce biodiesel since they exhibit high basicity
when compared to alkaline homogeneous catalysts,

amongst other advantages like being cheap, non-
corrosive and economically benign as they originate
from natural sources such as seafood shells and
waste eggs (~95% CaCOs) [37-44]. It should be
noted that the rate of the transesterification process
using heterogeneous catalysts is typically lower than
the process using homogeneous alkali catalysts
which is due to a slow diffusion of reactants
towards the active sites. This phenomenon occurs
in solid catalysts, which are associated with the
existence of a more complex three-phase system
such as this system, consisting of oil-methanol-
solid catalyst [45, 46].

A good approach to solve this problem could be
the use of nanocatalysts. Nanocatalysts have higher
specific surface area and, thus, catalytic activities,
which may solve the above-mentioned problems
[47]. Some of the most used methods for the
production of nanomaterials are gas condensation,
vacuum deposition and evaporation, impregnation,
chemical vapor deposition, precipitation, calcination-
hydration-dehydration, nano-grinding, sol-gel
techniques, and so forth [4, 48-50]. Supercritical
antisolvent precipitation (SAS) has been proposed
as an innovative, environmentally friendly technology
to prepare nanomaterials far more efficiently than
liquid solvent precipitation. Supercritical CO,
(scCO,) as an antisolvent that provides the
controlled precipitation of solids dissolved in
conventional solvents has been applied in the
production of a range of materials, including
polymers, biopolymers, superconductors, explosives,
dyes, active pharmaceutical ingredients (APIs) and
catalysts if the processed compounds are insoluble
in the supercritical medium [51-57].

In this work, the CaO used was obtained from
natural sources, (in this particular case, chicken
eggshells), as a nanocatalyst, by applying the SAS
technique for the catalyst micronization. This
technique uses a solution of CaO in conventional
liquid solvents. Then, the solvents are saturated by
supercritical CO,, resulting in the controlled
precipitation of nanocrystalline CaO through the
anti-solvent effect [58, 59]. The nanocatalysts
thus obtained were fully studied with regard to the
transesterification reaction of soybean oil producing
biodiesel.
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2. Materials and Methods took place, as described by Equation (1):

. 850 °C
2.1. Materials CaC04(s) — Ca0(s) + CO,(g) (1)

The soybean oil was purchased from a local
supermarket in Lisbon, Portugal. Methanol was of
laboratory grade (MeOH, >99% pure), with CAS
number 67-56-1. Gallus gallus domesticus (chicken)
eggshells were collected from several households.
Dimethyl sulfoxide (DMSO) was purchased from
Merck with a purity of 99%, and glacial acetic
acid was from Chem-Lab with CAS numbers 67-
68-5 and 64-19-7.

2.2. Preparation of the catalyst

All the catalysts tested in this work were prepared
from waste materials rich in calcium. Materials
such as eggshells and seafood shells, except for
shrimps, prawns, and barnacles (due to their high
organic matter content), are highly available in
nature, relatively cheaper and can produce calcium
oxide (CaO) through their calcination.

It should be mentioned that among the heterogeneous
catalysts used for transesterification reactions, calcium
oxide (CaO) is widely used as it is cheap, non-
corrosive, easy to handle and has high basicity
compared to homogeneous base catalysts, e.g., NaOH
and KOH. Nevertheless, the use of heterogeneous
catalysts is a time-consuming process, as these
catalysts need high reaction time to achieve high
FAME yields and present some mass transfer
limitations.

A solution to overcome these problems might be
using CaO nanocatalysts, as they present higher
surface area and catalytic activity, thereby
significantly improving transesterification efficiency,
resulting in faster reactions, i.e., shorter reaction
times, low reaction temperatures and lower catalyst
concentration. In this work, chicken eggshells were
used as a precursor for the two types of catalysts:
calcium oxide and calcium oxide nanocatalyst.

2.2.1. Calcium oxide (CaQ) catalyst

In order to prepare this catalyst, eggshells were
repeatedly washed in boiling water and dried in an
oven set to 110 °C overnight. Afterwards, the dried
eggshells were ground into a fine powder until the
particle size achieved the desired diameter (< 500
um). To finally convert the eggshells into calcium
oxide, the calcination of the calcium carbonate

This calcination of calcium carbonate was performed
in a muffle furnace (Heracus K 114) at a
temperature of 850 °C for three hours.

After the calcination, the obtained calcium oxide
was collected and stored inside a desiccator to
ensure the complete absence of humidity, thus
preventing the transformation of the calcium
oxide into calcium hydroxide (Ca(OH),).

2.2.2. Calcium oxide (CaO) nanocatalyst precursor

A nanocatalyst precursor was prepared from the
same batch of eggshells used for the CaO catalyst.
The process started by converting the CaCO;
present in the eggshells into calcium acetate
[(Ca(CH;COO0),) or CaAc,] through the reaction
with an aqueous acetic acid (CH;COOH, 30
%wt). The calcium acetate precursor was later fed
to the supercritical antisolvent (SAS) apparatus
for the micronization process. The following
reaction describes the precursor preparation process:

CaC0;(s) + 2CH;COOH (ag) -
Ca(CH,C00), (aq) + H,0 () + €O, (9)

2

The reaction was deemed as complete when all the
CaCQO; disappeared, and no more CO, was released.

Then, the remaining organic matter was filtered
under vacuum. The filtrate was then processed by
rotary evaporation, removing the solvent mixture.
The obtained solid was collected in order to be
used afterwards in the Supercritical Anti-solvent
(SAS) process.

2.3. Supercritical anti-Solvent (SAS) apparatus

The calcium acetate obtained before was dissolved
in a solution of Dimethyl sulfoxide (DMSO) and
acetic acid (in equal volumetric parts) with a
concentration of 20 mg/mL at room temperature
to allow the micronization process to occur inside
the SAS apparatus. The micronization procedure
is described by Nobre et al. (2020) and Cardoso et al.
(2008) and is schematically represented elsewhere
[60, 61].

The micronized CaAc, was then collected and put
through the same calcination process as the eggshells
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to transform into calcium oxide to be used as a
nanocatalyst in the transesterification of triglycerides
present in the tested soybean oil to obtain FAME,
i.e., biodiesel.

2.4. Catalyst characterization

2.4.1. Fourier Transform InfraRed (FTIR)
spectroscopy

The ATR-FTIR equipment used was an
Interspectrum spectrometer, model Interspec 200-X,
with a maximum and minimum wavenumber of
4000 and 400 cm’, respectively, and with a
spectrum resolution of 4 cm™.

2.4.2. Textural Characterization: N, adsorption/
desorption isotherms, Brunauer-Emmett-Teller
(B.E.T.) surface area and micropore and
mesopore volume

Textural characterisation was performed for the CaO,
which was obtained directly from the calcination
of the eggshells, and the calcium oxide, which was
obtained from the micronization process using SAS.
The surface areas were assessed by application of
the Brunauer—Emmett-Teller (B.E.T.) method using
liquid nitrogen adsorption/ desorption isotherms at
-196 °C (77 K).

The total pore volume was then calculated using
the adsorbed volume of nitrogen at a relative
pressure (p/po) of 0.95. The micropore volume
(calculated as the intercept on the ordinate axis)
and the external surface area (slope) was found by
applying linear regression to the plot. The volume
of mesopores was found by subtracting the total
pore volume from the volume of micropores [62].

The isotherms were obtained using an Autosorb
1Q apparatus from Quantachrome and degassed
under vacuum at 90 °C for 1 hour and then heated
at 350 °C for 5 h.

2.4.3. Scanning Electron Microscopy and Energy
Dispersive X-Ray Spectroscopy (SEM-EDS)

Scanning Electron Microscopy (SEM) images
were observed using an Electron microscope
JEOL 7100F equipped with Oxford light elements
EDS detector and EBDS detector and Thermo
Scientific Phenom Pro X equipped with EDS
detector to characterise the calcium oxide from
eggshell calcination, the nanoscale calcium oxide
and calcium acetate particle size.

2.4.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed to
investigate how the thermal decomposition of the
studied calcium acetate samples into calcium
oxide occurred during the calcination step. The
used equipment was a TG-DSC Netzsch Setsys
Evo 16. For each experiment, 5 mg of CaAc, was
used and heated at 900 °C at a rate of 10 °C/min.
For the TGA runs, blank runs were subtracted to
remove buoyancy effects.

2.4.5. X-ray Diffraction (XRD)

The crystalline nature of the sorbents was investigated
by X-ray diffraction (XRD). Diffractograms were
recorded (at room temperature) using a Bruker
AXS-D8 Advance powder diffractometer with a
Bragg-Brentano geometry [(CuKa radiation
source (A = 0.15406 nm)], operating at 30 mA and
40 kV. The scanning range was set from 20 to 70°
(20) and 5 to 70° (20), with a step size of 0.03°
and a step time of 0.5 s. The DIFFRAC.EVA
software (Bruker) and the crystallography open
database (COD) were used to allow the
identification of the crystalline phases.

2.5. Soybean oil transesterification

The transesterification reaction of the soybean oil
was performed using either the CaO that resulted
from the eggshell calcination or the micronized
CaO. The transesterification reaction was performed
in a 10 mL flask. Soybean oil was weighed (5 g)
and heated in a water bath until the reaction
temperature of 63 °C was achieved. Inside the
reaction flask, methanol and the catalyst were
weighed, and the resulting mixture was placed in
the same water bath as the oil. The mixture was
stirred at high rpm and then heated until the
reaction temperature was achieved. The reaction
temperature was also the methanol boiling point,
and hence the reaction was carried out using
methanol reflux, and for that, a condenser was
placed on top of the flask.

Tests were performed with different reaction times
(one to five hours) and three different catalyst
loadings (1 %wt, 3 %wt and 5 %wt) for preliminary
purposes. A fixed methanol/oil molar ratio of 12:1
was used for these tests.

After the completion of the reaction, the catalyst
was separated by vacuum filtration, and the two
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remaining phases were placed in a separation
funnel and left to settle overnight to ensure a
complete separation between the two phases.

The yield of the transesterification reaction was
then calculated by the following equation:

Real weight of FAME
Theoretical weight of FAME

% 100
3)

The theoretical weight of FAME was then calculated
based on the stoichiometry of the transesterification
reaction.

Biodiesel yield (%) =

3. Results and Discussion
3.1. Catalyst characterization

3.1.1. Fourier Transform InfraRed (FTIR)
Spectroscopy for the Catalysts

An important feature of the SAS precipitation
technique is its ability to obtain a high-purity product
when compared to the starting material. Even though
the CaAc, produced from the eggshells was not
purified during the reaction, the recovered SAS
product did not contain impurities. This is evident
from ref. [60], which displays the FTIR analysis
of the micronized calcium acetate compared to the
commercially available and eggshell-produced
versions.

When analyzing the obtained spectra for the three
types of calcium acetate, one can conclude that

the calcium acetate precipitated from SAS and the
commercial calcium acetate appear very similar,
as both FTIR spectra present transmittance bands
at the same wavenumbers.

As for the calcium acetate obtained from eggshells,
two bands appear uniquely for this species, meaning
that some acetic acid residue might be left in the
sample. The literature describes bands ~1700 cm™
and ~1300 cm™ to be specific to this acid [63].

The same analysis was also made for the CaO
catalysts and compared with the starting material
(eggshells), as shown in Figure 1.

When comparing the three species, one can again
conclude that the SAS technique can alter the
Particle Size Distribution as a purifying step. The
band at 850 cm™ (C-H bending vibration) that
appears for both CaO from eggshells and the
eggshells themselves is absent in the micronized
CaO. This band is specific to calcium carbonate
and is related to out-of-plane deformation of the
COj3  anion [64, 65].

3.1.2. Brunauer-Emmett-Teller (B.E.T.) surface
area, micropore and mesopore volume, and N,
adsorption/desorption isotherms

Another aspect that was also studied for both
catalysts was their textural properties. These
properties can be correlated with the Particle Size
Distribution that was considered before, which
confirmed the success of the CaO micronization
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Figure 1. FTIR spectrum of the prepared catalysts (CaO from eggshells and nano CaO) and the

eggshells used as feedstock.
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by SAS precipitation. It is important to note that
the primary objective of this work was to decrease
the particle size of CaO so as to enhance the
surface area of the catalyst and, consequently, its
catalytic activity.

Firstly, the adsorption/desorption isotherms for
nitrogen (N,) at 77 K were traced for both solids,

as shown in Figure 2 for CaO originating from the
eggshells and Figure 3 for the micronized calcium
oxide (Nano-CaO).

Considering the adsorption/desorption isotherms
for CaO from the eggshells, displayed in Figure 2,
and comparing with the literature, it is possible to
conclude that the isotherm corresponds to an
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Figure 2. N, adsorption/desorption isotherms at 77 K for CaO from eggshells.
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isotherm type 1V, more specifically, an isotherm
of type IV(a), which according to International
Union of Pure and Applied Chemistry (IUPAC), are
characteristic of mesoporous adsorbents. In these
types of isotherms, the capillary condensation is
always accompanied by hysteresis. Regarding the
CaO from eggshells, the observed hysteresis is
of type H1, meaning that this material exhibits
quite a narrow range of uniform mesopores
[66, 67].

Regarding the adsorption/desorption isotherms for
NanoCaO and comparing with the literature and
with Figure 2, it is possible to conclude that the
isotherm is also of type IV(a), and the observed
hysteresis in this case is of type H4,
corresponding to an adsorption branch similar to a
composition of isotherms of type I and type II and
the noticeable uptake at low relative pressure is
associated with the filling of the micropores.
Another typical trait of this type of hysteresis is
the sharp step-down of the desorption branch at
relative pressure values around 0.4 — 0.5 [66].

Afterwards, the specific surface area (Spgt), the
external surface area, and micro- and mesopore
volumes were calculated. Table 1 displays the
obtained results for the textural characterization of
both types of calcium oxide.

When analyzing the contents of the table above,
one can conclude that the micronization of
calcium oxide indeed produced a massive increase
in specific surface area, progressing from 15.257
m?/g to 315.710 m*/g, which is an increase of over
2000%. This also represents an increase in terms
of external surface area, of a similar magnitude.

Considering the pore volume, the analysis of the
adsorption/desorption isotherms for the two types
of solids (Figure 3 and Figure 4) shows that both
are mesoporous, as it is shown in Table 1.

Table 1. Textural characterization of both solids.

3.1.3. Scanning Electron Microscopy and Energy
Dispersive X-Ray Spectroscopy (SEM-EDS)

3.1.3.1. Scanning Electron Microscopy

Scanning Electron Microscopy was executed to
assess calcium oxide and acetate morphology.

The morphology of the CaO obtained from the
calcination of chicken eggshells showed well-
formed and defined particles. The attained CaO
structure showed several agglomerates of white
granular solids with non-regular and unsymmetrical
shapes.

The observed structure is very similar to the one
described before. It was determined by comparing
the obtained morphology with the ones observed
in other studies. The only discernible difference
between the different micrographs is the overall
particle size; all of the micrographs showed white,
non-regular solids.

By analyzing the SEM micrographs of the obtained
CaO (Figure 2 of ref. [37], it was possible to assume
a general particle size smaller than one micron
(<1 pm), which is the most common dimension
for CaO attained from the calcined eggshells.
Even though the particles are smaller than 1 pm,
they are not exactly nanoparticles. According to
IUPAC, the dimensions of these particles must be
within the 1-100 nm range.

As for the calcium oxide obtained from the
calcination of the micronized calcium acetate, the
SEM micrographs show (in Figure 4), just like in
the SEM micrographs of the CaO attained from
direct calcination of the eggshells, agglomerates
of white granular solids having non-regular and
unsymmetrical shape. However, the size of the
micronized particles appears to be smaller.

As for the calcium acetate, its morphology shown
in Figure 5, differs from other metallic acetates

Specific External Total pore Mesopore .
Micropore
Sample Surface Area Surface Area volume volume Volume (cm3 /2)
(Sger) (m*/g) (m’/g) (cm’/g) (cm’/g) &
CaO 15.26 6.99 18.93 18.92 0.018
NanoCaO 315.71 306.93 373.91 373.87 0.042
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Figure 4. SEM images of nanoscale calcium oxide obtained from the calcination of the precipitated
calcium acetate. Magnification and bars: a) 200x, 200 pm; b) 500x, 80 pum; c¢) 1000x, 30 pm;
d) 5000x, 1 um; €)10000x, 1 um; f) 30000x, 100 nm.

obtained by SAS precipitation. Typically, particles
obtained by SAS are spherical due to the explosion
of “balloons” created by the expansion of the
droplets formed in the nozzle.

The SEM micrographs for calcium acetate show
particles bridged or linked between them, mostly

associated with inefficient solvent removal, which
was not the case in this work as solvent drying
was performed for two hours to ensure the complete
dryness of the product. As CaAc, is highly
hygroscopic and is associated with the small
particle size of the particle, increasing hydration
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Figure 5. SEM images of calcium acetate: A) commercial calcium acetate without further
treatment; B) precipitated calcium acetate at 50 °C, 150 bar, 12.5 mg.mL ™" and 0.5 mL.min™'; C)
precipitated calcium acetate at 40 °C, 200 bar, 20.0 mg.mL™" and 0.5 mL.min"'; D) precipitated
calcium acetate at 60 °C, 200 bar, 20.0 mg.mL'1 and 0.5 mL.min™".

of the compound can be an adequate explanation
[60].

3.1.3.2. Energy Dispersive X-Ray Spectroscopy
(EDS)

Energy Dispersive X-ray spectroscopy (EDS) was
performed by using the same microscope and
software employed for the SEM analysis. EDS
provided a route to identify single atoms of chemical
elements in the micronized calcium oxide sample
[68].

Figure 6 depicts the EDS spectrum for the

NanoCaO sample, and Table 2 displays the atomic
composition of the sample.

By analyzing both Figure 6 and the data presented
in Table 2, one can verify that the solid obtained from
the calcination of the micronized CaAc, is CaO.

Carbon atoms on the EDS spectrum are present as
carbon tape is used to place the sample in the
sample holder. This carbon tape is the background
in the SEM micrograph of the selected sample
region where the EDS scan was performed.

3.1.4. Particle size distribution

To confirm the success of the Supercritical Anti-
Solvent (SAS) process, the particle size of CaO from
eggshells and the NanoCaO was assessed. With the
help of a measurement tool of an image processing
software (in particular, the software Fiji), the
assessment of particle size distribution was performed
using the SEM micrographs presented before. The
measurement tool was calibrated by considering
the scale of the selected SEM micrographs.

Afterwards, lines were drawn on top of all the
visible particles for each one of the solids. With
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Figure 6. Left: Energy dispersive X-ray spectrum of micronized calcium oxide; Right: Sample
portion chosen for single-atom identification.
Table 2. Elemental composition of the analyzed Nano-CaO.
Element | Element | Element | Atomic Weight
Number | Symbol | Name Concentration | Concentration
6 C Carbon 13.6 7.7
8 o Oxygen | 62.5 47.1
20 Ca Calcium | 24.9 45.1
the calibration previously performed, the  present in the sample are in the nanoscale form,

measurement of the particles could be carried out,
as shown in Figure 7.

Table 3 presents the statistical results from the Particle
Size Distribution assessment for each solid.

With these results, the Gauss distribution curve
was calculated and is shown in Figure 8.

Analyzing both Gaussian curves, it is possible to
conclude that there are differences in the particle’s
distribution for both solids. In Figure 8, by
comparing curves b) with a), it is possible to
notice that there is a higher counting of particles
below the 100 nm threshold (nanoscale region) in
the NanoCaO sample (b) than in the CaO sample
(a), meaning that there are more nanoparticles in
NanoCaO than in CaO. The peak of the Gaussian
curve (b) is also located below the 100 nm
threshold, meaning that most of the particles

thus confirming the results shown in Table 3.

3.1.5. Thermogravimetric analysis

The thermogravimetric analysis was performed
for three different types of CaAc, (calcium acetate).

Figure 6 of ref. [60] shows the thermogravimetry
of CaAc,. When studying the thermogravimetric
graphic, it is possible to conclude that CaAc,
prepared by SAS and the commercial one present
similar profiles of thermal degradation that are
comparable to the ones reported in the literature
[69]. However, CaAc, produced directly from the
eggshells (curve b, in Figure 6) loses about 10%
of its mass at the end of the process, possibly due
to the presence of water and other remaining
impurities on the first stage of calcination. Between
temperatures ranging from 400 °C to 500 °C, all
the calcium acetate samples show a mass
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Figure 7. Measurement of the visible particles for both types of solids. Left: CaO from eggshells;
Right: Nano-CaO.

Table 3. Statistical results from the particle size distribution assessment.

Catalyst N total Mean Star}dztrd Minimum Median Maximum
Deviation

Ca0O 82.00 113.26 55.48 50.90 99.46 332.66

NanoCaO 147.00 77.44 70.48 23.07 56.33 453.73

100 150
Average particle size (nm)

200 23 300 B

Count (%)
8 8 B 8 g

0 100

Average particle size (nm)

Figure 8. Gaussian distribution is based on the results obtained from the particle size distribution

for both solids: a) CaO; b) NanoCaO.
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Figure 9. Diffractograms obtained for both types of CaO (calcium oxide).

loss between 40 to 50%, resulting from the release
of acetone [(CH3),CO] during the conversion of
calcium acetate into calcium carbonate (CaCOs).
Over the temperature of 700 °C, all the samples
show an additional mass loss between 20-30%,
corresponding to the release of carbon dioxide
(CO,) during the conversion of calcium carbonate
into calcium oxide (CaQ). A total mass loss of
around 70% is expected during the transformation
of calcium acetate into calcium oxide.

3.1.6. X-ray Diffraction (XRD)

To assess if micronization influences the
crystallinity of the calcium oxide, both catalysts
were characterized by X-ray diffraction.

Figure 9 shows the diffractograms for micronized
calcium oxide (NanoCaO) and calcium oxide
obtained from the calcination of eggshells (CaO)
samples. Through the analysis of Figure 9, one
can see that for the CaO sample, the only phase
present is the one associated with lime (calcium
oxide), as confirmed by the Crystallography Open
Database (COD 1011095). With regard to the
NanoCaO sample, the diffractogram is very
similar to the one of CaO, with most of the peaks
associated with lime. However, a peak is visible
that the database identified as calcium carbonate
(CaCOs;) (COD 4502441). It could also mean one
of two things: incomplete calcination, or it began

hydrating and carbonating. The first hypothesis is
not possible since the calcination of the precursor
was performed at 850 °C for three hours, which
should be more than enough to guarantee the total
conversion of carbonate into calcium oxide.

The second hypothesis appears to be more accurate.
The literature mentions that natural calcium oxide
is strongly hygroscopic and an excellent CO,
absorber. Even though utmost care was taken
when handling the sample after the calcination of
the precursor (calcium acetate) to guarantee the
non-hydration of NanoCaO, the fact is that it
eventually happened. Having a higher surface area
than the CaO derived from the calcination of the
eggshells is a unique characteristic that makes
NanoCaO a better catalyst, it is also a curse when
it comes to hygroscopy. The higher volume of
mesopores is perfect for heterogeneous catalysts,
as it allows the reactants to diffuse inside their
pores more easily. It also means that it has increased
the hygroscopy of CaO. When in contact with
water, CaO changes immediately into calcium
hydroxide (Ca(OH),, which consequently reacts
with the atmospheric CO,, thus producing calcium
carbonate [70-73].

3.2. Reaction of transesterification of soybean oil

As stated before, the transesterification reaction of
soybean oil was performed using three different
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catalyst loadings (1 %wt, 3 %wt and 5 %wt) using
a methanol/oil molar ratio of 12:1. Figure 10
shows, for the same molar ratio of methanol/oil
(12:1), that a loading of 5 %wt results in the best
conversion of fatty acid, achieving a maximum of
85.83% conversion for three hours of reaction.

Although the obtained yields of the other two
catalyst loadings are lower than for the 5 %wt
loading, the results for the catalyst loading of 3
%wt show conversion yields close to those. A
yield of 84.53% was obtained for this loading
when the reaction lasted for two hours.

As for the lowest catalyst loading (1 %wt), the
highest yield achieved was 77.27%.

The low yield values might be due to internal
mass transfer limitations from the triglyceride
particle to enter the CaO microporous, which
results in a lower catalytic activity of the CaO
particles. If the size of the CaO particles is
reduced into nanoscale, their surface area would
be higher, weakening the effect of internal mass
transfer limitations, resulting in higher catalytic
activity, higher transesterification yields, and
shorter reaction times.

Yield (%)

After Nobre et al. [60] performed the efficiency
evaluation of the SAS process by implementing
experimental design tools, namely Response
Surface Methodology, this evaluation culminated
in two operating conditions for the SAS process
that presented better precipitation efficiencies,
both at the same temperature (200 °C) and at
different pressures (40 bar and 60 bar).

The calcium acetate obtained from micronization
at those two operating conditions was then calcined
to convert it into calcium oxide. Afterwards, this
calcium oxide was used as a catalyst in trans-
esterifying soybean oil into biodiesel. Figure 10
shows the yield percentage achieved for both
catalysts and how it matched with the ones
reached with the CaO obtained from eggshells.

It is possible to compare the results of
transesterification reaction using the CaO from
the eggshells and the CaO that went through the
entire SAS process preparation. The catalyst
loading used for both micronized catalysts was
1%wt. due to the small amount of precursor that
could be produced. Nonetheless, both micronized
CaO were evaluated.

1%

—4#— Micronized 200_60 1%

o 1 2

Time (h)

Figure 10. Effect of the reaction time on transesterification conversion yield for three different
catalyst loadings and also the effect of micronisation on transesterification conversion.
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Considering the CaO micronized at 200 °C and 40
bar, at the 3 hours reaction time mark, there is a
slight enhancement in the reaction yield when
compared with the CaO from eggshells at 1 %wt.
of catalyst loading, resulting on an increase from
77% to 80%.

On the other hand, the CaO micronized at 200° C
and 60 bar, at the same reaction time mark as the
other micronized catalyst (3 hours), achieved a
yield of around 85%, which translates into an
increase of about 8% when compared with the
same catalyst loading for CaO from eggshells.
This is similar to the transesterification yield
achieved with the CaO from eggshells at a
catalyst loading of 5 %wt. Accordingly, at one
fifth of the necessary amount, the catalyst
micronized at 200 °C and 60 bar is just as capable
as the CaO from eggshells at the maximum
catalyst loading. Then, to assess how fast the
reaction would be with this latter catalyst, the
transesterification of soybean oil was performed
at three different reaction times: thirty minutes,
one hour and two hours. As can be seen in Figure
10, at the end of an hour of reaction time, the
yield was as high as three hours of reaction for the
same catalyst loading of CaO from eggshells,
achieving a maximum yield of around 8§9% at the
end of the second hour of reaction. As explained
before, this could serve as proof of concept for the
theory of decreasing the particle size to eliminate
the diffusional constraints.

4. Conclusions

The scope of this study was to assess the influence
of reducing the particle size of calcium oxide
(CaO) on the efficiency of catalysis of the
transesterification reaction of soybean oil to
produce biodiesel. This reduction transformed the
CaO from waste eggshells into nanocatalysts.

In summary, the micronization resulted in an
enhancement of the specific surface area of the
calcium oxide. Although the micronization was
performed using calcium acetate as a precursor,
chemical analysis of the obtained calcium oxide
shows no contamination of other species. As a
catalyst, the micronized calcium oxide showed
great activity, showing results similar to the CaO
from eggshells, at one fifth of the needed amount.
Thus, it can be said that the micronization was
successful.
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