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Biodiesel was produced from waste frying oil (WFO) using waste calcareous-onyx as catalyst. The free fatty acids
(FFAs) present in WFO were first esterified with methanol using calcareous-onyx powder calcined at 700 °C
(Onyx-700), and the triglycerides transesterification was catalyzed by waste calcareous-onyx powder calcined at
1100 °C (Onyx-1100). Both catalysts were highly active for 5 consecutive reaction runs. DRX and FTIR analyses
revealed that Onyx-700 was composed of CaCOs, with traces of CaO in calcite pseudomorph, which accelerates

methanol adsorption. Onyx-700 prevents reactions between FFAs and CaO, avoiding calcium soap generation.
Onyx-1100, which was basically CaO, enhanced triglyceride transesterification process.

1. Introduction

To sustain current socio-economic growth, the world has turned to-
wards the generation of energy from renewable sources, not only to
reduce environmental pollution but also to make it accessible at
affordable cost. Utilization of renewable energy for domestic and in-
dustrial purposes can contribute to the depleted fossil fuel reserves,
curbing simultaneously the environmental deterioration due to fossil-
fuel burning, such as global warming and climate change [1-3]. In
this regard, the utilization of biofuels is considered to be a viable
alternative to fossil fuels. However, to meet the world’s energy demand,
the production of biodiesel should be escalated to the industrial level.
Moreover, the processes involved in biofuel production must be sus-
tainable and cost-effective.

Biodiesel is a mixture of fatty acid alkyl esters (FAME) and one of the
most promising biofuels suitable for substituting fossil fuels in the
generation of energy for vehicles and machinery [4]. Biodiesel is a
biodegradable, safe-operating biofuel with a low toxic emission profile
[5] and is is more oxygenated than the conventional diesel. Further-
more, its combustion produces lower emissions of hydrocarbons, SOy,
particulate matter and fossil carbon dioxide compared with diesel en-
gine exhausts [6].

Biodiesel is produced through the transesterification reaction, a
process that converts fats and oils into biodiesel and glycerin (a
coproduct). The transesterification process consists of chemical
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reactions between triglycerides contained in vegetable oils and alcohol
(usually methanol or ethanol) to produce fatty acid alkyl esters and
glycerol [7-11]. To accelerate this process, homogeneous catalysts of
basic nature, such as NaOH or KOH are preferred [12]. Nevertheless,
despite the high yield of biodiesel and short reaction time (30 to 60 min),
utilization of these basic catalysts has some serious drawbacks [13,14].
Only the vegetable oils with low free fatty acids and moisture content
can be used for the process. While the high-quality edible oils meet this
demand, utilizing them in biodiesel production might affect their human
consumption adversely [15]. On the other hand, NaOH and KOH cannot
be used as catalysts for biodiesel production from waste frying oil or
from other non-edible acid oils (e.g., jatropha-curcas oil, pongamia-
pinnata oil, etc.), as they present high content of free fatty acids that
may lead to oil saponification, thus lowering the yield of the produced
biodiesel. Additionally, it is necessary to wash the produced biodiesel
with a considerable amount of water to separate the dissolved catalyst,
which leads to an increase in the production cost, and consequently an
increase in its market price.

To prevent the use of such a large amount of water for removing
those homogeneous catalysts from the produced biodiesel, several
research groups have utilized CaO as a heterogeneous catalyst for
transesterification of triglycerides in edible-grade vegetable oils
[16-23]. The sources of CaO utilized for this purpose were limestone
and waste seashells, which are abundant and inexpensive materials
[11,16-18,20,22,23]. In fact, the utilization of CaO recovered from
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limestone and waste seashells for this purpose was expected to bring
down the biodiesel production cost. However, this has not been the case,
due to the use of expensive edible-grade vegetable oils to perform the
process, which hardly produces biodiesel at an affordable cost. On the
other hand, waste frying oil (WFO), being a waste and renewable
product, is an excellent source for biodiesel production. However, this
oil contains a significant number of undesired components such as free
fatty acids (FFAs), making the CaO-catalyzed biodiesel production
process unviable, unless the FFAs are removed before performing the
triglyceride transesterification process.

It is well-known that FFAs react with CaO during triglycerides
transesterification process, generating calcium soap, which is a solid
mixture of calcium carboxylates. The presence of calcium soap traces
brings down the quality of the produced biodiesel. Therefore, utilization
of CaO, which is abundant and inexpensive, as an industrial catalyst for
biodiesel production from low-quality vegetable oils is hindered by its
high reactivity with FFAs present in vegetable oils. Notwithstanding,
several efforts have been made to apply CaO as a catalyst for biodiesel
production from WFO. In the two-step process utilized for biodiesel
production from WFO, the FFAs esterification process was catalyzed by
an esterification catalyst such as cation-exchange resins [24]. After this
first step, the triglycerides contained in the oil were transesterified using
CaO generated from limestone or from other CaO-containing materials
[24]. However, as far as our knowledge is concerned, esterification of
FFAs has never been performed using Ca compounds such as CaCOs.

A preliminary study of the basic properties of natural minerals
available in the volcanic region of Puebla city, Mexico, revealed that
calcareous-onyx powders are rich in calcium carbonate, with a high
density of surface basic sites. On the other hand, it has been shown that
while calcium carbonate (CaCOs3) is not active in the transesterification
of triglycerides, it reacts with fatty acids, generating calcium compounds
of hydrophobic nature at its surface [25-28]. For example, Osman et al.
[25] reported that coating CaCOs3 with stearic acid produces a mono-
layer of calcium stearate bicarbonate, in which one acid molecule is
attached to every surface Ca®" ion. The authors also reported that CaCO3
can be coated with a monolayer of oleic acid which can be polymerized
under moderate conditions. On the other hand, through XPS analysis,
Frekete et al. [29] suggested the formation of Ca(OH)-(OOCR) during
the reaction of CaCO3 with stearic acid. They also demonstrated that in
presence of excess stearic acid, a monolayer is chemisorbed, while other
layers are physisorbed in a tail-to-tail arrangement.

Considering these interesting observations, we studied the possibility
of esterifying the free fatty acids in WFO with methanol using
calcareous-onyx as a catalyst, which is rich in calcium carbonate. The
effect of calcination temperature on the performance of calcareous-onyx
powder in FFAs esterification with methanol was investigated and
correlated with its composition and specific surface basic-sites density.

It is well known that CaCOj is transformed into CaO at 850 °C ac-
cording to reaction 1 [30]:

CaCOs(s) < CaO(s) + CO,(g) @

Therefore, the esterification of FFAs present in WFO was studied
using calcareous-onyx powders calcined at temperatures lower than
850 °C to avoid the formation of CaO and its reaction with FFAs,
generating calcium soap during the esterification process. Natural
calcareous-onyx powder samples were also calcined at higher temper-
atures (900-1100 °C) for complete oxidation of calcium carbonate to
CaO; however, only for their utilization in the transesterification pro-
cess. The activities of the catalysts were correlated with their physical
and physicochemical characteristics determined by XRD, EDS and FTIR
spectroscopies, by their specific surface areas and their basic-sites spe-
cific densities. The biodiesel process reported in this investigation
comprises a first FFAs esterification step, catalyzed by waste onyx
powder calcined at T < 850 °C, followed by a triglycerides trans-
esterification second step which is catalyzed by waste calcareous-onyx
powder calcined at T > 850 °C.
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2. Experimental
2.1. Waste frying oil (WFO)

WFO was collected from local restaurants of Puebla City, Mexico.
The food debris contained in the WFO were removed by filtration, and
moisture was eliminated by heating the oil at 120 °C for 2 h. The pro-
cessed oil was then stored in hermetically sealed PVC cans before its
utilization in biodiesel production. The chemical composition of the
FFAs present in the processed WFO was analyzed following the certified
standard method, NMX-F-017-SCFI-2005. The method consisted in the
injection of the sample in the HP5 column of a chromatograph-mass
spectrometer HP 6890, provided with a 5973 Network Agilent Tech-
nology detector.

2.2. Catalytic materials

2.2.1. Preparation

Waste calcareous-onyx powders were collected from the carving sites
around Puebla City, Mexico. The collected powders were washed thor-
oughly with tap-water, dried at 120 °C overnight, and labeled the
product as Natural-Onyx. About 100 g of the Natural-Onyx (particle size
ranging 0.3-0.5 cm) was calcined under air flow (100 mL/min) at
different temperatures from 500 °C to 1100 °C, for 4 h. After cooling
down to room temperature, the catalysts were labeled as Onyx-500,
Onyx-600, etc., and stored in dry conditions. For comparison, com-
mercial CaCO3 (Aldrich 99.0%), annealed at different temperatures in
similar conditions as that of onyx catalysts for utilizing as references,
which were labeled as CaCO3-500, CaCO3-600, and so on.

2.2.2. Characterization

The calcined calcareous-onyx powders were characterized by X-ray
diffraction (XRD) spectroscopy using a Bruker D8 Discover diffractom-
eter with a CuKa radiation (A = 1.5406 A) source. The diffraction scans
were recorded in the 5° - 80° 20 range, with 0.02° per step and a
counting time of 0.6 s per point. Fourier-transform infrared (FTIR)
spectra of the catalysts were recorded in a Bruker Vertex 70 spectrom-
eter at room temperature in the 4000-800 cm ™! spectral range with a
resolution of 4 cm ™. For this study, about 1 mg of each of the catalysts
sample was mixed homogeneously with 99 mg of dry KBr powder and
compressed to make a pellet of about 5.0 mm diameter.

A Quantachrome Nova-1000 sorptometer was used to measure the
N, adsorption-desorption isotherms of the onyx catalysts. The BET
analysis method was used to estimate the specific surface area (Sg) of the
catalysts based on their Ny adsorption/desorption isotherms at 77 K. The
elemental analysis of the catalysts surfaces was carried out using energy
dispersive X-Ray spectroscopy (EDS) technique in a JEOL JSM-7800F
field-emission microscope attached with Oxford X-Max analytical
attachment.

The surface acid-sites and basic-sites specific densities (number of
surface acid or basic sites/g catalyst) of the catalysts were determined
according to the process developed and described in a recent work [31].
The described process determines the specific basic- and acid-site den-
sities, by using a pH electrode. In this process, the basic-sites specific
density of the samples was estimated by measuring the pOH value of an
acetic-acid solution before and after the addition of 1 g of catalyst. The
number of basic sites present at the surface of the catalyst was deter-
mined by calculating the [OH™] from the pOH equilibrium value.
Similarly, the acid-site specific density of the samples was determined by
measuring the pH value of a NaOH standard solution before and after the
addition of 1 g of catalyst. The number of acid sites at the catalyst sur-
face was estimated by calculating the [H'] from the pH equilibrium
value.
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2.3. Process for biodiesel production from WFO

The two-step process adapted for biodiesel production was accom-
plished in a high-pressure, high-temperature reactor of 1 L capacity,
which consisted of a stainless-steel reaction vessel provided with a tur-
bine stirrer driven by a high-torque magnetic coupling. The temperature
of the reaction mixture was measured with a K-type thermocouple
placed inside the vessel. The tightness of the reactor allowed the re-
actions to be carried out at higher temperatures (60-100 °C) than the
boiling point of methanol (64.7 °C). For reaction startup, the WFO,
methanol, and the catalyst were loaded into the reaction vessel and
mixed at room temperature for 10 min. The stirring speed was fixed at
800 rpm. The first step, i.e. the FFAs esterification process, was con-
ducted by thermal treatment of CH3OH and WFO mixture (in 12/1 M
ratio), in the presence of Onyx-500, Onyx-600, Onyx-700, Onyx-800, or
reference CaCO3-700 (0-12 wt% of the used WFO). The second step, i.e.
the transesterification of triglycerides, was performed at constant tem-
perature (40-100 °C), utilizing the WFO recovered from the FFAs
esterification step and Onyx-900, Onix-1000, Onyx-1100, or reference
CaCOj3. The chemical reactions occurring during these two steps are
presented in Fig. 1.

2.3.1. Preliminary study of the onyx catalysts chemisorption behavior

2.3.1.1. Estimation of the % FFAs chemisorption on the catalysts surface.

Previous studies have revealed that calcareous-onyx powders are rich in
calcium carbonate and free fatty acids (stearic acid, oleic acid) can be
chemisorbed on CaCO3 surface [25-29]. Based on this information, we
measured the ability of all the prepared catalysts to chemisorb the free
fatty acids present in the WFO. The study was also performed on
reference CaCOj3 calcined samples. For that, about 10 g of natural or
calcined calcareous-onyx powder catalyst and 100 mL WFO were placed
in the reactor and heated under stirring at 100 °C. The mixture was kept
under these conditions for 1 h, after which it was cooled to 25 °C. After
filtrating the mixture, the amounts of FFAs chemisorbed over the
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catalysts were estimated, determining the acid number of the fresh WFO
(initial Naciq) and after its FFAs chemisorption on the catalyst surface
process (final Ny¢iq)-

Nacia was determined according to the ASTM D 664 international
standard method. The method allowed us to potentiometrically deter-
mine the number of mols of KOH required to neutralize the unknown
mols of FFAs present in the WFO and after its FFAs chemisorption on the
catalysts surface. The N,ciq numbers were calculated using Eq. (2):

1%
Necia = 56.1 x CW 2

where C is the concentration (mols ’1) of the standard volumetric KOH
solution used; V is the volume (mL) of the standard volumetric KOH
solution used, W is the mass (g) of the sample; 56.1 is the molecular mass
of KOH. The % chemisorption of FFAs (% Aggas) was calculated from the
Naciq values (determined in Eq. (2)), according to Eq. (3):

Initial N,y — Nacig after chemisorption

100 3
Tnitial Noig % 3

AFFAs =

where initial Nyciq and Nyciq after chemisorption are the acid numbers
measured before and after the FFAs chemisorption process, respectively.

2.3.1.2. Estimation of CH30H chemisorption on the catalysts surface. The
CH3OH chemisorption behavior of natural and calcined calcareous-onyx
powder catalysts with methanol was measured. For this purpose, about
10 g of catalyst and 50 mL CH3OH were mixed and heated under stirring
at 100 °C. After 1 h, the mixture was cooled down to 25 °C. After fil-
trating the mixture, the pH of the methanol was determined with a glass
pH meter.

2.3.2. FFAs esterification with methanol catalyzed by calcined waste onyx
powder

Esterification of the FFAs contained in the WFO was performed with
methanol (Aldrich, 99%) catalyzed by Natural-Onyx, Onyx-500, Onyx-
600, Onyx-700, or Onyx-800 samples. The methanol/WFO molar ratio

(0] (¢}
Onyx-700
R—C—OH H;C-OH _— H;C—O0—C—R + H,O0
Free fatty acid Methanol Fatty acid methyl esther Water
Reaction 1: Free fatty acid esterification
O
| 0
O—C—R, H,C-0—C—R, H,C-OH
H2/C | | Onyx-1100 ?
HC\———O—C—RZ * 3H;C-OH ———> H;C-0—C—R, * HC-OH
H,C @ H,C-OH
0—C—R;, H;C-0—C—R;
(6]
Triglyceride Methanol Fatty acid methyl esthers Glycerol

Reaction 2: Triglyceride transesterification

Fig. 1. Chemical reactions occurring in the esterification and transesterification steps of biodiesel production.
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was maintained at 12/1, which was found to be optimum in our previous
studies [31,32]. The catalyst concentration in the reaction mixture was
10 wt% of the used (100 g) WFO. The experiments were performed at a
constant temperature in the 40-100 °C range. The reaction was left to
proceed for 4 h at a constant stirring speed of 800 rpm. After the desired
reaction time, the mixture was cooled to 25 °C and left to separate into
two layers; the upper layer consisted of unreacted methanol and the
water produced during the esterification process, and the lower layer
consisted of methyl esters generated during esterification of FFAs,
unreacted triglycerides, and the onyx catalyst (Fig. 1, reaction 1). The
lower layer was filtrated to separate the catalyst, and heated at 100 °C to
evaporate traces of methanol and water produced during the esterifi-
cation process. The onyx catalyst was recovered for use in further
esterification runs. The study was also performed on the reference
CaC03-700 sample. The reactions occurring in this first step are sche-
matically presented in Fig. S-1 (Supplementary Material). The stability
and resistance to shattering of the most active catalyst was studied by
using it as a catalyst during further consecutive runs without any
treatment. The study was performed at the optimal FFAs esterification
conditions.

2.3.2.1. Estimation of acid number and % FFAs esterification. The acid
number Ng.q of the fresh WFO and after its FFAs esterification process
were estimated according to the ASTM D 664 international standard
method (Eq. (2)), as described for the estimation of the % FFAs chemi-
sorption on the catalysts surface. The %-conversion of FFAs (%Cpras)
was calculated from the N,q values determined in Eq. (2), according to
the following Eq. (4):

Initial Nu.iq — Nocia after esterification
X

%Crras =
0Crra Initial N i

100 (€3]

where (initial N,¢jq) and (N,¢iq after esterification) are the acid numbers
measured before and after the FFAs esterification process respectively.

To verify that the decrease of FFAs measured by the potentiometric
method is due to FFAs esterification reaction, generating fatty-acids
methyl-esters (FAME) (Fig. 1, reaction 1), and not to FFAs adsorption
on the catalysts’ surfaces, we proceeded to measure the amounts of
FAME which may have been generated, according to the EN 14103 test
method, described in the following Section 2.3.5.

2.3.3. Transesterification of triglycerides with methanol, catalyzed by
calcined onyx powder

After drying under stirring conditions, the mixture composed of
esterified FFAs and the unreacted triglycerides was transferred to the
stainless-steel reactor. A desired amount (0-12 wt% of initial WFO mass)
of Onyx-900, Onyx-1000, Onyx-1100 or CaCO3-1100, along with six
times the stoichiometric amount of methanol, required for the total
conversion of the triglycerides in the mixture, were also incorporated.
The amount of required methanol was in accordance with our previous
optimization results [31-33]. The reactions occurring in this second step
are schematically presented in Fig. S-2 (Supplementary Material).

The triglycerides transesterification experiments were performed at
constant temperatures in the 40-100 °C range. The catalyst concentra-
tion was varied from 0 to 12 wt% of the initial WFO mass. The reaction
was left to run for 1 to 6 h. The stirring speed was fixed at 800 rpm. After
the desired time of reaction, the reaction mixture was cooled to room
temperature and left to settle overnight to separate into two layers. The
upper layer was a mixture of the different fatty acid methyl-esters
(FAME, biodiesel). The lower layer was a mixture of methanol, glyc-
erol, and the precipitated catalyst that was recovered for the next
transesterification cycle. The obtained biodiesel was washed 3 times
with hot water (80 °C) and dried under mild stirring at 120 °C for 2 h to
eliminate suspended water microdroplets.

To determine the stability and the disaggregation resistance of the
onyx catalysts, the recovered samples were used again for further
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triglycerides transesterification cycles. The stability study was con-
ducted at the optimal transesterification conditions determined in the
present investigation. The catalyst separated from the previous reaction
was used for the next run without any treatment or processing.

2.3.4. Analysis of produced biodiesel quality

All the tests were performed in triplicate. The content of the pro-
duced FAME (biodiesel) was determined through gas chromatography
analysis according to the EN 14103 test method. The FAME content (in
wt%) was estimated using Eq. (5):

(ZAI'_AS).CS.VSX
m

FAME (wif) = ~=—
S

100 5)

where ¥A; is the total peak area of fatty acid methyl esters, Ag is the area
of the internal standard, Cgs is the concentration of the internal standard,
Vg is the volume of the internal standard, and m is the weight of the
sample. The contents of mono-, di-, and triglycerides, and free, bound,
and total glycerin in the produced biodiesel were estimated according to
the ASTM D 6584 test method using the EZStart chromatography soft-
ware provided by Shimadzu Co.

2.3.5. Analysis of calcium content

The amounts of calcium content in the reaction media and produced
biodiesel were evaluated according to the UOP 391-09 test procedure,
using a Shimadzu AA-7000 atomic absorption spectrophotometer. The
measurements were performed using a hollow Ca cathode lamp, a
deuterium background corrector, and an air-acetylene flame. The
quantitative evaluations were performed in the integrated absorbance
mode at 422.7 nm. The samples were dissolved in a solution of nitric
acid before the analysis.

3. Results and discussion
3.1. Composition analysis of WFO

Quantitative estimation of FFAs present in the used WFO was per-
formed through gas chromatography-mass spectrometry (GC-MS) and
results are presented in Table S1. As can be seen in Table S1, the total
content of the FFAs in the WFO was about 16.39 wt%.

3.2. Catalysts characterization

The specific surface area and pore characteristics of the catalysts are
summarized in Table 1. As can be seen, both the specific surface area and
average pore size in the onyx catalysts increase with the increase of
calcination temperature. Estimated specific densities of acid and basic
sites in the onyx catalysts are listed in Table 2. As can be noticed,
including the Natural-Onyx powder, all the calcined samples present
only basic sites. It can also be seen that the Natural-Onyx, Onyx-500, and
Onyx-600 samples present similar values of basic-site specific densities.
It is worth noting that CaCOs reference sample revealed a comparable
basic-site specific density value to those of Natural-Onyx, and of the
samples calcined at 500 °C and 600 °C (~10"). A further increase in the

Table 1

Catalysts specific surface area and texture characterization.
Catalyst BET specific surface BET estimated pore BJH pore

area (m?/g) volume (cm®/g) radius (nm)
Natural- 0.0019 0.0011 2.10
Onyx

Onyx-600 0.11 0.0018 3.52
Onyx-700 0.55 0.0058 12.39
Onyx-800 0.66 0.0072 12.39
Onyx-900 2.57 0.0223 1.86
Onyx-1000 2.95 0.0238 1.76
Onyx-1100 2.44 0.0207 1.86




J. Cruz-Mérida et al.

Table 2
Estimated basic-site specific density of catalysts.

Catalyst Acid site-specific density (sites/  Basic-site specific density (sites/
g catalyst) g catalyst)
Natural- 0 1.30 x 103
Onyx
Onyx-500 0 2.51 x 10"3
Onyx-600 0 5.01 x 10%3
Onyx-700 0 1.21 x 10%°
Onyx-800 0 3.72 x 10%°
Onyx-900 0 4.37 x 10%°
Onyx-1000 0 5.79 x 10%°
Onyx-1100 0 5.90 x 10%°
CaCO3 0 9.79 x 10'3
CaC03-700 0 1.94 x 10%°
CaC03-1100 0 4.30 x 10%°
CaO 0 3.71 x 10%°

catalyst calcination temperature increases the basic-site specific density
remarkably. The samples calcined at 700-1100 °C presented very high
values of the basic-site specific density (~102°), comparable to that of
CaO.

FTIR spectra of the catalysts recorded at room temperature are pre-
sented in Fig. 2. The spectra indicated the presence of CaCO3 in Natural-
Onyx, Onyx-500, Onyx-600, Onyx-700, and Onyx-800. The character-
istic absorption IR bands located around 712 cm Y, 881 cm ™}, and the
broad IR band appeared in-between 1330 and 1540 cm ™! with its peak
maximum at around 1408 cm™! correspond to in-plane bending (v4),
out-of-plane bending (v4), and asymmetric stretching (v4) modes of C—O
IR bands in the CO3?2 group of calcite, respectively [34]. The intensity of
these bands decreases as the onyx calcination temperature increases.
However, the spectra corresponding to the Onyx-900, Onyx-1000, and
Onyx-1100 samples did not reveal those absorption IR bands, indicating
the absence of CO3?2 group in their structure. However, the FTIR spectra
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of these two samples revealed a sharp absorption peak at around 3640
em™, corresponding to the OH™ stretching vibration mode, suggesting
the presence of Ca(OH),.

Fig. 3 presents the powder XRD patterns of Natural-Onyx and the
waste onyx powders calcined at different temperatures. The XRD pattern
of Natural-Onyx revealed well-defined diffraction peaks at 27.31, 29.6,
38.49, 41.24, 42.76, 50.29, 52.48, 59.35, 66.02, and 69.07° Bragg an-
gles, which correspond to the (112), (104), (211), (213), (008), (118),
(222), (401), (0012), and (410) lattice planes of CaCO3 in rhombohedral
phase (JCPDS no. 01-085-1108). The diffraction peaks appeared around
31.17, 36.25, 43.04, 48.44, 50.29, 56.36, 60.33, 63.33, and 76.81°
correspond to the (006), (110), (202), (116), (118), (12-1), (214),
(125), and (220) lattice planes of rhombohedral CaCO3 (JCPDS no.
01-085-1108). Finally, the diffraction peaks appeared around 26.30,
33.20, 37.37, 37.95, 45.92, and 53.08° correspond to the (020), (023),
(—=311), (—222), (025), and (—315) lattice planes of monoclinic Ca
(NO3), (JCPDS no. 00-027-0087). However, the diffraction peaks of Ca
(NO3), were not detected in any of the calcined samples, probably due to
the thermal decomposition of calcium nitrate at temperatures >500 °C.

The XRD patterns of the Onyx-500 and Onyx-600 samples revealed
the diffraction peaks corresponding to hexagonal CaCO3 and rhombo-
hedral CaCOs, suggesting that during calcination at 500 or 600 °C, this
calcium compound remained the same as in Natural-Onyx. It can be
noted that the diffraction peaks at 26 corresponding to CaO or Ca(OH)z
were not detected in these catalysts.

On the other hand, the XRD patterns of Onyx-900, Onyx-1000 and
Onyx-1100 samples (Fig. 3) revealed that the solids were composed of
Ca(OH)z and CaO. Both the samples revealed diffraction peaks at 18.08,
28.81, 34.19, 47.12, and 50.77° corresponding to the (001), (100),
(101), (102), (110) lattice planes of Ca(OH), (JCPDS no. 00-044-1481)
along with diffraction peaks around 32.39, 37.52, 53.99, 64.25, 67.45,
and 79.78° corresponding to the (111), (200), (220), (311), (222), (400)

caco,
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Fig. 3. XRD pattern of onyx powder catalysts annealed at different temperatures.

lattice planes of CaO in cubic phase (JCPDS no. 00-037-1497). None of
these catalysts contained CaCOs.

As can be seen in Fig. 3, the XRD pattern of the Onyx-700 sample
revealed diffraction peaks mainly of CaCOs3, with some weak peaks of
CaO and Ca(OH),, indicating the formation of these compounds in low
quantities due to thermal decomposition of calcite. The formation of
CaO pseudomorph nanocrystals on the calcination of calcite at
700-750 °C has been observed by Rodriguez-Navarro et al. [35]. In fact,
the high specific basic-site density measured for the catalyst (Table 2) is
probably due to the formation of CaO and Ca(OH), at the surface of

CaCOs particles. Finally, the XRD pattern of Onyx-800 catalyst is very
similar to that of Onyx-700 catalyst; however, with a higher intensity of
the peak signals corresponding to CaO and Ca(OH),. The results indicate
that a higher calcination temperature induces a higher degree of con-
version of CaCOgs, the principal component of the waste calcareous-onyx
powder. To compare and better visualize the change in intensity of the
principal diffraction peaks, XRD patterns of the Natural-Onyx, Onyx-700
and Onyx 1100 samples are plotted in Fig. S-3 with an amplified in-
tensity scale. It is worth noting the presence of Ca(OH) in the catalysts
annealed at high temperatures (> 800 °C), which indicates that the
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formed CaO is partially hydrated. This result can be explained consid-
ering that the catalysts were characterized by XRD 2 weeks after their
preparation, thus, hydration may have taken place during this time of
contact with the ambient air, as has been reported in previous in-
vestigations [36,37].

The elemental surface composition of the catalysts estimated by EDS
analysis is reported in Table 3.

The EDS analysis revealed that onyx catalysts’ surfaces are composed
mainly of calcium, carbon and oxygen, as expected. All the calcareous-
onyx catalysts presented traces of Na and Sr due to their natural origin.
As can be seen in Table 3, the catalysts contain only a very little quantity
of Na and Sr, without any other impurity.

3.3. Biodiesel production process

3.3.1. Preliminary study of the onyx catalysts chemisorption behavior

The estimated FFAs contents in WFO at the beginning and after 1 h of
contact with the calcareous-onyx catalysts (without CHsOH) at 100 °C
are provided in Table 4. These values indicate that mixing Natural-Onyx,
Onyx-500 or Onyx-600 with WFO resulted in a reduction of % FFA
content in the liquid phase. The observed reduction is probably due to
FFA molecules chemisorption at the catalyst surface [25-29]. The %
chemisorption of FFAs values (%Aggas) reported show low amounts of
FFAs chemisorbed at the surface of these catalysts. We must recall that
these catalysts contain only CaCOs. Therefore, the observed values are
quite reasonable, as they contain relatively low surface basic-site spe-
cific densities (about 103 basic-sites/g cat, Table 2).

Mixing WFO with onyx catalysts calcined at higher temperatures
(700-1100 °C), which present higher basic-sites specific densities (about
10%° basic-sites/g cat, Table 2), resulted in a higher % of reduction of
FFAs in the WFO. However, the Onyx-900, Onyx-1000, and Onyx-1100
catalysts generated high quantities of calcium soap. The result was ex-
pected as these catalysts are composed mainly of CaO (see the XRD and
FTIR results presented in Fig. 2 and Fig. S-3). The Onyx-700 and Onyx-
800 catalysts did not generate calcium soap in these adsorption condi-
tions, despite their high basic-site specific densities, as will be discussed
later.

On the other hand, as shown in Table 4, mixing Natural-Onyx, Onyx-
500 or Onyx-600 with only CH3OH resulted in an increase of its pH
value. The increase of the pH value of methanol was much higher for the
mixtures of CH3OH with Onyx-700, Onyx-800, Onyx-1000 and Onyx-
1100 due to their higher surface basic-site specific density. The in-
crease in pH value can be explained by considering a decrease in
methanol molecules in the liquid phase due to the methanol dissociative
chemisorption at the basic sites of the catalyst. The increase in pH value
could alternatively be due to a dissolved fraction of the catalyst in
methanol, generating dissolved calcium species in the liquid phase after
contact.

In order to unveil the real reason for the increase in pH value, we
determined the Ca species content in methanol, after the experiment (1 h
of contact of the catalyst with methanol at 100 °C). Ca content was
measured using atomic absorption spectroscopy, as described in Section
2.3.6. The results are reported for Natural-Onyx, Onyx-700 and Onyx-
1100 samples in Table S-2 (Supplementary Material). No Ca species
were detected in methanol after 1 h of contact with Natural-Onyx or
Onyx-700. The result confirms that methanol is effectively chemisorbed

Table 3
EDS estimated elemental composition of the pristine and air-annealed calcar-
eous-onyx catalysts.

Catalyst Element (at.%)

Ca C o Na Sr
Natural-Onyx 17.21 19.54 62.91 0.24 0.35
Onyx-700 18.45 15.40 65.57 0.29 0.29
Onyx-1100 21.12 11.31 66.21 0.74 0.62
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Table 4

% FFAs content in WFO and % chemisorption of FFAs (%Agras) determined after
1 h contact with onyx catalysts at 100 °C. Final pH values of CH30H determined
after 1 h contact with onyx catalysts at 100 °C. Initial FFAs content was 16.39%
and initial pH of CH;OH was 5.68.

Catalyst Final % FFAs content %Agppa Final pH value of CH30H
Natural-Onyx 15.96 2.62 7.26
Onyx-500 15.23 7.07 7.54
Onyx-600 15.12 7.74 7.67
Onyx-700 9.42 42.52 9.97
Onyx-800 9.55 41.73 10.12
Onyx-900 8.19 50.03 11.12
Onyx-1000 8.15 50.27 11.15
Onyx-1100 8.11 50.51 11.26
CaCO3 15.52 5.30 7.39
CaCO3-700 9.32 43.13 10.33
CaC03-1100 7.98 51.31 11.30
CaO 8.43 48.56 11.00

at the surface of the catalysts, and the catalysts were not dissolved in
methanol. However, the analysis revealed the presence of 2.0 ppm of Ca
in methanol, after contact with Onyx-1100, indicating that traces of CaO
were dissolved in methanol.

Table 4 summarizes the results of chemisorption behavior of the
reference CaCOs. It can be observed that natural CaCO3, CaCO3-700 and
CaC03-1100 presented similar chemisorption behavior to their onyx-
catalysts counterparts, which present natural impurities (Sr, Na) as
revealed by EDS. The results suggest that the CH30H and FFAs chemi-
sorption behavior of other CaCOs-containing materials (limestone,
eggshells, marble, etc.) could be like that of calcareous-onyx catalysts,
despite the presence or absence of impurities.

3.3.2. First step - FFAs esterification

As the preliminary studies conducted on the natural and calcined
onyx catalysts (Table 4) indicated that FFAs or CH3OH can be chem-
isorbed at the basic sites on the surface of the catalysts, we proceeded to
investigate the reaction probability of FFAs esterification with meth-
anol, in the presence of both the FFAs and CH3OH in the reaction
mixture, considering that both can be adsorbed simultaneously, on the
surface of the catalysts.

The results of XRD and FTIR characterization of the catalysts
revealed that along with the Natural-Onyx, Onyx-500, Onyx-600, Onyx-
700 and Onyx-800 catalysts, these are mainly composed of CaCOs,
which is an active species, capable of chemisorbing FFAs. Therefore, we
determined the %-conversion of FFAs evolution as a function of reaction
temperature using only these catalysts. For this study, a fixed methanol/
WFO mass ratio (12/1 w/w) and a catalyst/WFO mass ratio (1/10 w/w)
were used. These reaction conditions were selected on the basis of the
optimal values established in our previous investigations [31,32].

Fig. 4 shows that the FFAs conversion percentages are quite low for
the Natural-Onyx, Onyx-500 and Onyx-600 catalysts, as well as for
reference CaCOj in the studied temperature range. It can also be
observed that the blank reaction performed without any catalyst led to a
low %FFAs esterification evolution with temperature, corresponding to
the non-catalyzed FFAs esterification, which is slightly lower compared
with that of these catalysts. The low %-conversion of FFAs can be
explained by considering the low basic-site specific densities of the
catalysts (Table 2) that might have resulted in the low number of
available surface sites for the FFAs and CH3OH simultaneous chemi-
sorption (Table 4).

In Fig. 4, it can also be seen that CaCO3; which presented similar
basic- site specific density than Natural-Onyx, Onyx-500 and Onyx-600,
revealed a %-conversion of FFAs comparable with these calcareous-onyx
catalysts. The Onyx-700 catalyst presented a very high activity for the
esterification of FFAs with methanol, attaining 90% FFAs conversion at
100 °C. The high activity presented by this catalyst is due to its high
basic-site specific density. It is worth indicating that no calcium soap
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Fig. 4. Effect of temperature on FFAs esterification, catalyzed by Natural-Onyx, Onyx-500, Onyx-600, Onyx 700, and, Onyx 800. Reaction conditions: methanol/

WFO molar ratio: 12/1 w/w, 4 h.

formation was detected after the reaction. Powder XRD and FTIR anal-
ysis of Onyx-700 revealed the presence of low amounts of CaO, which
should have reacted with FFAs, generating low amounts of calcium
carboxylates (soap). However, this was not the case. The results could be
explained by considering that CaO nanocrystals of calcite pseudomorph
might have been formed at the surface of CaCOg after calcined at 700 °C
[35]. However, as these nanocrystals are embedded in CaCOj3 crystal-
lites, only a very few reaction sites (which are principally located at the
edges and corners of CaO nanocrystals) are exposed to react with FFAs.
Moreover, a fraction of the available reaction sites on the CaO nano-
crystal surface is occupied by methanol adsorbed molecules, which re-
duces the probability of adsorption of FFAs molecules. While using the
Onyx-800 catalyst a FFAs conversion of 98% was attained at 100 °C
(Fig. 4), but calcium soap was formed during the reaction. In fact, the
formation of calcium soap started even at 60 °C for this catalyst. The
formation of calcium soap even at such low reaction temperature is
ascribed to the presence of CaO in the catalyst in high concentrations
[11,24]. It can be observed (Fig. 4) that natural CaCO3 and CaCO3-700
presented similar FFAs esterification to their onyx-catalysts
counterparts.

To evaluate the possible solubilization of the Onyx-700 catalyst in
the reaction medium, which might have generated a homogeneously
catalyzed FFAs esterification contribution, we performed the following
catalyst solubility test. Using the same FFAs esterification conditions, we
determined the FFAs %-conversion evolution at 60 °C. At this reaction
temperature, a 30% conversion of FFAs was attained. The reactor was
then cooled to room temperature, to separate by filtration the catalyst
from the liquid reaction mixture, and restarted the reaction conditions
with the liquid medium only. The FFAs %-conversion was then
measured at 80 and 100 °C. As can be seen in Fig. S-4 (Supplementary
Material), the FFAs %-conversion only increased from 30% FFAs con-
version at 60 °C to about 45% at 100 °C. This slight increase might be
due to the non-catalyzed (without catalyst) FFAs conversion, which
evolves with temperature as shown in Fig. S-4. The catalyzed FFAs
esterification stopped when Onyx-700 was removed from the reaction
medium, indicating that the catalyst was not dissolved in the liquid
phase of the reactant mixture. Therefore, there was no homogeneously
catalyzed FFAs esterification contribution.

The results obtained from the FFAs esterification with methanol
using Onyx-800 catalyst and the preliminary tests of all the catalysts
performed earlier, suggest that the Onyx-900, Onyx-1000 and Onyx-

1100 catalysts are not effective for FFAs esterification process as they
contain CaO in a high concentration, which reacts with FFAs to produce
calcium carboxylates. For this reason, those catalysts were not utilized
for the FFAs esterification process. Instead, we utilized the Onyx-700
catalyst which does not produce calcium soap reacting with FFAs in
the WFO.

3.3.3. Stability tests for the Onyx-700 catalyst

To test the stability of the Onyx-700 catalyst in FFAs esterification
process, the reaction was repeated for 7 consecutive times using the as-
recovered catalyst without any washing process, under the optimized
reaction conditions determined in this investigation e.g. methanol/WFO
mass ratio (12/1 w/w), catalyst/WFO mass ratio (1/10 w/w), reaction
temperature (100 °C), and reaction time of 4 h. As can be noticed in
Table S-3 (Supplementary Material), for the first 5 reaction runs, the
FFAs esterification activity of the catalyst decreased slightly. Never-
theless, after the 5th reaction run, the FFAs %-conversion decrease was
higher.

To unveil the cause of the decrease in FFAs esterification perfor-
mance of Onyx-700 with successive reaction runs, after the 7th run the
catalyst was recovered by filtration and characterized by its basic-site
specific density (as described in Section 2.2) without any treatment.
The value measured for the final basic-site specific density of the used
Onyx-700 was 1.07 x 102, which is slightly lower than that of the fresh
Onyx-700 (1.21 x 1020), as shown in Table 2. The basic-site specific
density remained almost same, suggesting that the decrease in FFAs
esterification activity of Onyx-700 cannot be due to a change in the basic
properties of the catalyst.

In Table S-3, it can be observed that after the first run, the 90% FFAs
conversion was attained. The 10% FFAs molecules might have remained
on CaCOs surface sites, and could have been polymerized under these
conditions, as was reported by Osman et al. [25] in a study of coating
CaCOg3 with stearic acid. The number of occupied CaCOj3 surface sites
may have increased during the following reaction runs, thus the poly-
merized FFAs may also have increased, masking the catalytic surface
sites and preventing further adsorption of reactants, while keeping un-
altered the basic-site specific density.

To demonstrate that the FFAs conversion values determined using
Eq. (4) do not correspond to FFAs chemisorption on the catalyst surface,
but to the FFA esterification reaction, which produces fatty-acids
methyl-ester, the amounts of fatty-acids methyl-esters generated
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during the reaction were measured (Fig. 1, reaction 1). Fig. S-5 (Sup-
plementary Material) shows the FAME percentage evolution measured
as a function of the FFAs %-conversion at different esterification tem-
peratures. It can be observed a linear dependence of generated FAME
with FFAs %-conversion during the reaction. This result shows that the
FFA esterification catalyzed by Onyx-700 takes place effectively.

3.3.4. Second step: transesterification of triglycerides catalyzed by Onyx-
900, Onyx-1000 and Onyx-1100

Once the FFAs of the WFO are converted to fatty acid methyl-esters,
the triglycerides transesterification reaction was performed to produce
corresponding fatty acid methyl-esters (Fig. 1, reaction 2) using CaO-
rich calcinated waste onyx catalysts. For this purpose, the dried WFO
recovered after FFAs esterification catalyzed by Onyx-700 was trans-
ferred to the stainless-steel reactor with either Onyx-900, Onyx-1000,
Onyx-1100 or reference CaCO3-1100 catalyst. The transesterification
reaction conditions were optimized as described below.

First, we examined the evolution of FAME (in wt%) as a function of
reaction temperature estimated using Eq. (4). For the study, a fixed
methanol/WFO molar ratio of 6/1) and a catalyst/WFO mass ratio (1/10
w/w) were used. These reaction conditions were selected considering
the optimal values established in our previous investigations [31,32].

Fig. 5 shows the evolution of FAME (wt%) as a function of reaction
temperature for different catalysts. As can be seen, the three catalysts
present very similar FAME evolution. The activity of all the three cata-
lysts is high at T > 70 °C. It can be observed that reference CaCO3-1100
presented a slightly lower triglycerides transesterificacion activity
behavior than those of Onyx-900, Onyx-1000 and Onyx-1100.

Reaction time affects strongly the FAME evolution rate. A longer
reaction time increases the probability that the triglyceride molecules
reach the active sites at the catalyst surface. Fig. 6 shows the effect of
reaction time on the FAME evolution in the reactions catalyzed by the
Onyx-900, Onyx-1000, Onyx-1100 or reference CaCO3-1100 catalyst. It
can be seen that under the reaction conditions used (100 °C reaction
temperature, methanol/WFO molar ratio 6/1, and catalyst/WFO mass
ratio 1/10), the FAME evolution increases with reaction time up to 4 h,
reaching to about 96%. After 5 h of reaction, only a slight increase in %
FAME was measured.

The effects of catalyst content (wt%) on FAME evolution (wt%) are
presented in Fig. 7. The catalyst/WFO mass ratio was varied from 4 to
12%. All the catalysts presented similar behavior under the used (fixed)
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reaction conditions (reaction temperature: 100 °C, methanol/WFO
molar ratio: 6/1, and reaction time: 4 h). The rate of FAME evolution
increased with the increase of catalyst loading. The FAME evolution
reached its maximum for about 10 wt% of catalyst loading, which
remained almost constant for further increase of the catalyst mass.

The results presented in Figs. 5-7 indicate that Onyx-900, Onyx-1000
and Onyx-1100 present high FAME production yield, and can be used in
biodiesel production from WFO after its FFAs esterification catalyzed by
Onyx-700.

3.3.5. Stability of Onyx-900, Onyx-1000, and Onyx-1100 catalysts

To examine the reusability and operational stability of the prepared
Onyx-900, Onyx-1000 and Onyx-1100 catalysts, these were recovered
by filtrating the reaction mixtures after the completion of the first
transesterification run. Consequently, the recovered catalysts were uti-
lized in the next transesterification runs under the same reaction con-
ditions as of the first run. Fig. 8 shows the FAME evolution performance
of the catalysts in the consecutive transesterification runs. As can be
noticed, none of these catalysts deactivated significantly until the 5th
reaction run. Onyx-900 and Onyx-1000 shattered strongly after the 5th
and 6th run, respectively. Onyx-1100 remained highly active for the
reaction until the 7th run and was easily separated from the liquid re-
action mixture. Reference CaCO3-1100 deactivated during the 1st run
and shattered strongly during the 2nd run.

The cause of the decrease in triglycerides transesterification perfor-
mance of Onyx-1100 with successive reaction runs was investigated in
the following way. After the 7th run, the catalyst was recovered by
filtration and characterized for its basic-site specific density (as
described in Section 2.2) without any treatment. The value estimated for
the final basic-site specific density of the used Onyx-1100 was slightly
lower (4.20 x 10%°) than that of the fresh Onyx-1100 (5.90 x 1020,
Table 2). This gradual catalyst deactivation cannot be explained by its
slight decrease in basic-site specific density. A possible explanation of
the decrease in activity of the catalyst could be the gradual catalyst mass
loss during the successive triglycerides transesterification runs. The
catalyst mass loss could be due, on one hand, to CaO leaching during the
reaction under vigorous magnetic stirring, in which catalyst micro-
crystallites would be dispersed onto the liquid reaction medium. On
the other hand, during the triglycerides transesterification reaction,
glycerol is generated as a byproduct (Fig. 1, reaction 2). It has been
reported that glycerol can react with CaO generating calcium

100
| | —— Onyx-900
80- | —o— Onyx-1000
—a— Onyx-1100
1 | —*- CaCO,-1100
< 60
= )
w
= 40
L
20
04
0 2 40 60 80 100
Temperature / °C

Fig. 5. Effect of temperature on FAME evolution catalyzed by Onyx-900, Onyx-1000, Onyx-1100 or reference CaCO3-1100. Reaction conditions: methanol/WFO

molar ratio: 6/1, catalyst/WFO mass ratio: 1/10, reaction time: 4 h.
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Fig. 7. Effect of catalyst/WFO mass ratio on FAME evolution catalyzed by Onyx-900, Onyx-1000, Onyx-1100 or reference CaCO3-1100. Reaction conditions:
methanol/WFO molar ratio: 6/1, reaction time: 4 h; reaction temperature:100 °C.

diglyceroxide, which is soluble in methanol [38]. Calcium diglyceroxide
would be produced to the detriment of the catalyst, reducing its initial
mass, and reducing the triglycerides transesterification reaction to
produce FAME.

On the other hand, based on Tables 2 and 4, and Figs. 4-7, it can be
concluded that the commercial CaCO3, CaCO3-700 and CaCO3-1100
catalysts, which are reasonably high purity materials, presented similar
FFAs esterification and triglycerides transesterification catalytic be-
haviors to that of their calcareous-onyx counterparts, which contain
impurities such as Na and Sr. The results indicate that other abundant
and inexpensive waste materials such as waste seashells and marble,
which are mainly composed of CaCOs, can be thermally treated to
generate useful catalysts, capable of producing biodiesel from WFO,
although they probably contain impurities.

10

3.3.6. Efficiency performance

In the optimized conditions of FAME evolution reaction, only about
14 wt% FAME conversion occurred in the reaction performed without
any catalyst. This value was considered as the conversion reference (%
Cref) to estimate the catalytic efficiency of the onyx catalysts for the
transesterification reaction. The catalytic efficiency of the catalysts was
calculated using the following Eq. (6):

%Cou — %Cry

100 — %CRfff (6)

Catalyst efficiency =

where %Ccy is the triglycerides %-conversion measured for each cata-
lyst. The calculated values of efficiency for the three catalysts are pre-
sented in Table S-4 (Supplementary Material). These results indicate
that while Onyx-900 and Onyx-1000 resisted only 5 and 6 reaction runs,
respectively, due to shattering, Onyx-1100 resisted 7 reaction runs thus
presenting a high efficiency for the reaction.



J. Cruz-Mérida et al.

Catalysis Communications 172 (2022) 106534

100
i T
\
804
= 07
= |
w
= 40+
w
' —o— Onyx-900
20 —o— Onyx-1000
—a— Onyx-1100
04
T T T
1 2 3

Number reaction run
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WFO mass ratio: 1/10, reaction time: 4 h; reaction temperature: 100 °C.

3.3.7. Biodiesel characterization

The characteristics of the obtained biodiesel and its composition for
the 1st and 7th runs are provided in Table 5. The contents of mono, di,
and triglycerides, as well as free, bound and total glycerin in the pro-
duced biodiesel determined by the ASTM D 6584 test are very low. The
(Ca + Na) content in the produced biodiesel is a bit higher than the
prescribed range, which might hinder its use as a fuel. However, the (Ca
+ Na) content, which is mainly Ca, obtained during the 1st and 7th runs,
is probably due to CaO leaching from onyx-catalysts. The CaO leached in
the reaction medium may homogeneously catalyze the trans-
esterification reaction of triglycerides. Although the Ca content range
detected in the produced biodiesel is in-between 15 and 25 ppm, the
contribution of homogeneous reaction catalyzed by the leached CaO
should indeed be very small. The results are in good agreement with the
previous investigations on triglyceride methanolysis using CaO. The

Table 5

Characteristics of the biodiesel obtained from WFO using Onyx-700 for cata-
lyzing FFAs esterification and Onyx-1100 for catalyzing triglyceride
transesterification.

Characteristics/properties Estimated values Allowed values

Ist run 7th run
Density at 15 °C 880 kg em > 885 kg em > (860-900) kg
om

Kinematic viscosity at 40 °C 4.1 mmZes ! 4.8 mm>Zes ! (3.5-5.0)

mm?Zes !
Acid number 0.34 mg 0.34 mg (0.0-0.5)

KOHeg ! KOHeg ™! mgeg !

Ester content 96.2 wt% 85.0 wt% (96.5-100) wt

%

Esters with >4 double bonds 0.0% wt% 0.0% wt% (0.0-1.0) wt%

Ester content after methanol 98.3 wt% 94.5 wt% (96.5-100) wt
washing %
Esters from linolenic acid 0.01 wt% 0.95 wt% (0.0-12.0) wt%
Monoglyceride 0.40 wt% 0.74 wt% (0.0-0.8) wt%
Diglyceride 0.25 wt% 0.25 wt% (0.0-0.2) wt%
Triglyceride 0.00 wt% 0.25 wt% (0.0-0.2) wt%
Free glycerin 0.01 wt% 0.01 wt% (0.0-0.02) wt%
Bound glycerin 0.20 wt% 0.20 wt% (0.0-0.23) wt%
Total glycerin 0.21 wt% 0.21 wt% (0.0-0.25) wt%
Ca + Na content 15 mgekg ! 25 mgekg (0.0-5.0)
mgekg !
Ca + Na content after 3.0 mgekg ! 5.0 mgekg ! (0.0-5.0)
methanol washing mgekg !
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results reported in this investigation showed that the homogeneous
contribution arising from CaO leached species can be considered
negligible [38].

On the other hand, as discussed in Section 3.3.5, glycerol produced in
the transesterification process might have reacted with the catalyst
(CaO) surface, producing Ca-diglyceroxide [38], which is soluble in
methanol but has not been removed fully during the water-washing
process of the produced biodiesel. To verify this assumption, we per-
formed an additional test by mixing the produced biodiesel with
methanol (in 2:1 vol/vol) to dissolve the possible remaining Ca-
diglyceroxide compound under vigorous magnetic stirring for 10 min
at room temperature. The separated biodiesel from the mixture was
dried at 120 °C and analyzed by atomic absorption spectroscopy. The
(Ca + Na) concentrations determined in the methanol-washed biodiesel
produced in the 1st and 7th cycles were reduced to 3 ppm and 5 ppm,
respectively. Interestingly, washing of biodiesel with methanol at the
same time, resulted in an increase in the ester content to 98.3 wt% and
94.5 wt% for the 1st and 7th run, respectively, as can be observed in
Table 5. Therefore, the biodiesel obtained through the process proposed
in this work has all the characteristics within the prescribed limits of
international standards.

The biodiesel obtained by the process proposed in this study meets
the demands of the international requirements for its use and commer-
cialization. WFO used as feedstock is a renewable waste, therefore, its
use for biodiesel production prevents the additional fossil CO, emissions
from unavoidable oil seeds cultivation [39]. Calcareous-onyx is an
inexpensive and abundant waste, whose thermic process for catalyst
preparation could increase the CO, emissions and the biofuel carbon
footprint, if the electricity used for heating is not obtained by renewable
energy generators, such as solar heat concentrators. The characteristics
of this biodiesel production process suggest that it can be applied at the
industrial level, at low cost and high conversion efficiency, which are
the major obstacles that impede industrial production of enzymatic
biodiesel [40].

4. Conclusions

We have demonstrated the utilization of calcareous-onyx powder, a
waste material of architectural and artistic works, as low-cost esterifi-
cation and transesterification catalyst for producing biodiesel from
WFO. The two-steps process adopted for biodiesel production in this
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work demonstrated that it is possible to use waste onyx, or other waste
materials containing CaCOs for biodiesel production using non-edible
oils containing high contents of FFAs. The FFAs esterification and tri-
glycerides transesterification activities of the waste calcareous-onyx
catalyst can be tuned by controlling its calcination temperature. The
waste calcareous-onyx powder calcined at 700 °C was found to be a very
active catalyst for esterification of FFAs in WFO. On the other hand, the
waste calcareous-onyx powder calcined at 1100 °C performed as an
excellent catalyst for transesterification of triglycerides. The biodiesel
production process presented in this work can open up a viable possi-
bility for producing high quality biodiesel from WFO at industrial level
in economic way.
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