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In this study, we present the ethyl esters biodiesel production from Nannochloropsis oculata and Spirulina
sp. microalgal lipids on 60 wt% CaO on Al,03 catalyst at 50 °C and 1.0 atm. The activity of the catalyst was
studied as a function of ethanol:lipid molar ratios, catalyst amounts and reaction times. It was found that
6 wt% of the lipids as catalyst amount resulted in 59% biodiesel yield in 30 minat 12 of ethanol:lipid
molar ratio whereas 90—99% biodiesel yield was obtained at 24 and 48 of ethanol:lipid molar ratios. In

order to achieve 90—99% yields, the basic strength was found to be weak and to be in the form of bi-
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carbonate, whereas high basicity was not necessary. Besides, pure CaO and Al,03 were not active under
the same reaction conditions. We found that the glycerolysis of triacylglyceride occurred in series with
the reverse of the transesterification of the triacylglyceride when the catalyst amount was 6 wt% of the
lipids and the ethanol:lipid molar ratio was 24 and 48 and the reaction time was 60 min.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The fossils fuels and their derivatives have been the main energy
sources in transportation, industrial and residential operations.
Unfortunately, their usages have increased air pollutant emissions,
such as greenhouse gases, for decades [1,2]. The major contributor
is the transportation sector; for instance 28% of total CO, emission
and ~84% of the transportation related CO, emission comes from
the road transportation [3]. On the other hand, biofuels, which are
CO, neutral fuels, are viable choices to replace fossil fuels but their
most significant drawback was the operating cost of their produc-
tion. For instance, ~80% of the total cost in the biodiesel production
using oil crops was related to its operating cost. Besides, the usage
of the oil crops for fuels production was not desirable due to
increasing demand of oil crops for human consumptions [4].
Therefore, an alternative oil source could be lipid containing aqua-
biomass, such as microalgae or macroalgae.

The usage of microalgae as compared to macroalgae has many
advantages. For instance, microalgae have high growth rates; e.g.
doubling in 24h [5]; 15—300 times more oil production using
microalgae than traditional oil crops on an area basis could be
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possible [6]; microalgal lipid contents could be adjusted with the
change of growth medium composition [7]; multiple times har-
vesting a year are possible [8]; salty or waste water and atmo-
spheric carbon dioxide as the carbon source are used in growing
microalgae; and they are non-toxic and highly biodegradable [8].
Biodiesel can be produced with the transesterification and/or
esterification of variety of microalgal/macroalgal lipids and an
alcohol in the presence of a catalyst. In general, methanol as the
alcohol and sulfuric acid or sodium hydroxide as the homogeneous
catalyst has been used because of their high activities at low tem-
peratures and 1.0 atm. For instance, Miao and Wu [9] reported the
production of methyl esters biodiesel from heterotrophically grown
Chlorella protothecoides microalgae using sulfuric acid and meth-
anol at 30°C whereas Li et al. [10] showed that 98.2% of Chlorella
protothecoides microalgae could be converted to biodiesel using an
immobilized lipase in 12 h. In addition, Hossain et al. [11] showed
that biodiesel could be produced from the lipids of macroalgae
species, Oedigonium and Spirogyra, and methanol using sodium
hydroxide as the catalyst. In contrast, there are few studies and
some patents on the methyl ester biodiesel production from
microalgal lipids and methanol over heterogeneous catalysts in the
literature. For instance, Umdu et al. [12] was the first to report
highly active alumina supported calcium oxide and magnesium
oxide catalysts made with a sol-gel method in the
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transesterification of Nannochloropsis oculata at 50 °C and 1.0 atm.
Carrero et al. [13] showed that 25% of the highest biodiesel yield
was obtained in the esterification of N. gaditana microalgal lipid
with methanol over H-Beta zeolite, ZSM-5, Beta, and H-ZSM-5 ze-
olites at 115 °Cin 4.0 h. Teo et al. [ 14] reported that 92% of biodiesel
yield was achieved using calcium methoxide catalyst and methanol
in the transesterification of Nannochloropsis oculata microalgal oil
at 60 °Cin 30—240 min. Similarly, Carrero et al. [ 15] observed 94% of
the highest biodiesel yield at 100°C in 4.0h from N. gaditana
microalga in the esterification/transesterification using methanol
over Amberlyst-15, CT-269, CT- 275, KSF clay and silica-alumina
catalysts. But they reported very low reusability of the ion-
exchanged resin catalysts. Recently, Guldhe et al. [16] reported
that ~98% of Scenedesmus obliquus microalgal lipid was converted
to methyl ester biodiesel over chromium-aluminum mixed oxide
catalyst, prepared with a precipitation method, in the presence of
methanol in 4.0 h at 80 °C.

The use of ethanol instead of methanol in the production of
biodiesel seems to be a better alternative because ethanol is pro-
duced from biological sources and also, improves cold temperature
issues, such as cloud point, of the biodiesel [17]. There are few
studies on the use of ethanol and vegetable oils over homogeneous
and heterogeneous catalysts in the production of ethyl esters bio-
diesel [18—20]. However, to the best of our knowledge, there are no
studies on the production of ethyl esters biodiesel from microalgal
lipids and ethanol over heterogeneous catalysts at 50°C and
1.0 atm in the literature.

In this study, ethyl esters biodiesel production from Spirulina sp.
(preferred due to commercial availability in large quantities, [4])
and Nannochloropsis oculata (N.oculata) marine microalgae
(preferred due to its high fatty acid content, [4—6]) over an
alumina-calcium oxide catalyst was studied as a function of etha-
nol:lipid molar ratios, the amount of the catalyst and the reaction
time at 50 °C and 1.0 atm.

2. Material and methods
2.1. Catalyst preparation

Alumina-calcium oxide catalyst, 60 wt% CaO on Al,03 was
synthesized using a modified single step sol—gel method [12,21,22].
The single step sol-gel preparation method and the drying pro-
cedure were the same as the procedures given by Yalman [22] but
the calcination temperature and the calcination time used in this
study was 700°C and 6.0h, respectively. Finally, the calcined
catalyst was ground and sieved to less than 325 mesh sizes prior to
be used in the activity measurements.

2.2. Algal lipid extraction and ethyl ester biodiesel production

Freeze dried Spirulina sp. marine microalgae powder, grown
organically and free of additives and irradiation, was purchased
from Optimally Organic Inc. Also, N. oculata marine microalgal
paste, grown in a growth medium and harvested with the method
given in the literature [23], was obtained from Prof. Dr. Durmaz of
Ege University. The paste was dried at 60°C under vacuum of
100 mbar for 12 h. Then, microalgal lipids from dried Spirulina sp.
and N. oculata marine microalgae powders were extracted with
hexane in a Soxhlet extractor operated at 80 °C for 10—24 h using a
similar procedure given by Miao and Wu [9]. The extraction pro-
cedure used in this study was the partial extraction because hexane
was non-polar solvent; thus, eliminating the extraction of non-lipid
and polar-lipid compounds [24—26]. After the extraction, the
excess hexane was evaporated using a rotary evaporator at 50 °C
and 100 mbar to obtain the microalgal lipid.

2.3. Catalyst activity and characterization

In our recent study [22], similar 60 wt% CaO on Al,03 catalyst
whose the calcination temperature was different was used in the
transesterification of canola oil with ethanol and we found that
~100% ethyl ester biodiesel yield was obtained in less than 1.0 h
under the reaction condition of 9:1 ethanol:canola oil molar ratio
and 6.0 wt% of the oil as the catalyst amount at 50 °C. Therefore,
60 wt% CaO on Al,03 catalyst calcined at 700 °C was used in the
production of the ethyl esters biodiesel from Spirulina sp. and
N. oculata microalgal lipids and ethanol in a batch reactor at 50°C
and 1.0 atm under the following reaction conditions: 12:1.0, 24:1.0
and 48:1.0 of ethanol:lipid molar ratios; 6.0 wt%, 12 wt% and 18 wt%
of the lipid as the catalyst amounts; and 30 min, 60 min and
120 min of the reaction times.

All the reaction conditions in the production of ethyl esters
biodiesel from microalgal lipids over the catalyst resulted in a
single liquid phase formation since ethanol:oil molar ratios were in
excess of the stoichiometric molar ratio. In our previous studies [21,
22], we developed a procedure in our lab to separate the single
liquid phase into biodiesel and glycerol rich phases (details are
given in Supplementary Materials). This separation procedure
resulted in the biodiesel rich phase, containing biodiesel amount
greater than 98 wt% as determined by GC analyses (a GC chro-
matogram is also given in Supplementary Material). The analyses
were done using Agilent 6890 N Ga Chromatograph equipped with
a FID detector and a DB-WAX 122—7032 column with a 60 m of
column length, 0.25 mm of column diameter and 0.25 um of film
thickness. The separation in the column was achieved using an
isothermal analysis method: The column was at 225°C and for
injection port and detector, 250 °C was used. Helium flow and split
ratio were set at 32 cm/s and 150, respectively. Biodiesel yield was
calculated using the following equation:

Biodiesel yield (wt%)
_amount of ethyl ester biodiesel (g) in upper phase
N initial amount of microalgal lipid (g)

x100

Crystalline phases present in the catalysts were determined by
X-ray diffraction technique (Philips X'pert Pro XRD, operated at
40 kV and 45 mA) and also average crystallite sizes were calculated
from the peak broadening of the diffraction peaks using Scherrer
equation given below.

KA

(B Cost)

where d was the average crystallite size, K was Scherrer constant
(~0.9), X was the wavelength of the X-ray (A = 0.15406 nm), B was
the peak broadening of a diffraction peak found using the full width
at half maximum (given in radian) of the peak and 6 was the main
diffraction angle of the peak given in degree [27].

The basicity and basic strength of all the catalysts were deter-
mined using FTIR with carbon dioxide as the probe molecule. The
amount of irreversibly adsorbed CO, gave the total amount of basic
sites on solid surfaces and also, its absorption band wavenumber
was the strength of the basic site [28].

3. Results and discussion
3.1. Crystalline phases and basicities of the catalysts
As seen in Fig. 1, the analysis of XRD pattern of 60 wt% CaO/Al,03

catalyst using standard diffraction reference patterns on X'Pert
HighScore Plus software (PANalytic B.V.) showed that the
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Fig. 1. XRD of 60%Ca0/Al,05 calcined at 700°C.

diffraction patterns of 60 wt% CaO/Al,O3 catalyst corresponded to
Ca0, Ca(OH);, CaCO3 and Al,Os3 crystalline phases and also the
hydrated form of the mixture of these crystalline phases, such as
2Ca0.Al,03.8H,0 and 3Ca0.Al;03.3CaC03.3H20 [29]. The diffrac-
tion angles observed on 60 wt% CaO/Al,03 catalyst, their matching
crystalline phases and their matched standard reference card
numbers were listed in Table 1. The average crystallite sizes of CaO,
Ca(OH); and, CaCOj3 using non-overlapping peaks was calculated to
be 43.9 nm, 27.4 nm and 39.59 nm, respectively whereas it was not
possible to calculate the crystallite sizes for Al,03 and the hydrated
forms of the mixed crystalline phases because of their diffraction
peaks overlapping with other peaks. In addition, the crystalline
phases and crystallite sizes of commercial pure CaO, CaCO3; and
Ca(OH), and pure Al,03 made in this study using the same sol-gel
method were determined using the XRD and their patterns are
given in the supplementary materials (Figs. S3—S4). The analyses of
XRD patterns using standard diffraction reference patterns on
X'Pert HighScore Plus software showed that pure CaO had calcium
oxide and also, Ca(OH); (due to adsorption of moisture from air
during XRD measurement) crystalline phases and its average
crystallite size was 77 nm. Pure Al;0O3 contained gamma alumina
crystalline phase and its average crystallite size was 82 nm.

As seen in Table 2, the total basicity of 60 wt% CaO/Al,03 was
determined to be 41 umol CO,/g of catalyst whereas the basicities of
pure Al;03 and pure CaO were 47.1 and 192.6 umol CO,/g of cata-
lyst, respectively. In other words, the basicity of pure alumina was
~1.15 times higher than that of 60 wt% CaO/Al,03 and also the ba-
sicity of pure CaO was 4.7 times higher that of 60 wt% CaO/Al,0s3.
Thus, one may expect to obtain higher biodiesel formation on the
catalysts having high basicities but interestingly, we found that

Table 1

XRD patterns and their corresponding crystalline phases with standard reference cards.

there was no conversion of microalgal lipid to ethyl esters on pure
alumina and pure CaO catalysts. In contrast, the conversion to ethyl
esters biodiesel on 60 wt% CaO/Al,0O3 catalyst that had lower ba-
sicity was higher than 58% which depended on the reaction con-
ditions. This indicated that the basicity alone could not explain high
microalgal lipid conversion over 60 wt% CaO/Al,03 catalyst. This
high conversion could be related to varying basic strengths on
60 wt% Ca0/Al,03, pure CaO and pure Al;03 catalysts.

The absorption band wavenumber of CO; on the catalysts is
related to the strengths of the basic sites [28]. As seen in Table 2, on
pure CaO, we observed two weak CO, absorption bands at 1074 and
1794cm™! and a strong absorption band centered at 1454 cm™!
with a band splitting at 1424 and 1484 cm™! and this strong band
had a weak shoulder at 1653 cm™". In addition, there was a weak
band at 2564 cm ™. These observed bands were in parallel with the
studies on IR bands observed for CO, adsorbed on pure CaO in the
literature. For instance, Gurene et al. [30] assigned the bands at
1630, 1460 and 1213cm™' to bicarbonate species and also, the
bands at 1560, 1390, and 1069 cm™~! were assigned to unidentate
carbonate on pure CaO surface. Also, Zaki et al. [31] reported similar
IR absorption bands of CO, adsorbed on pure CaO obtained by
calcining calcium hydroxide at 700 °C for 3 h. Thus, we assigned the
band at 1074cm~!, the band with the splitting at 1424 and
1484 cm™ ', that had the weak shoulder at 1653 cm™ ), to the
stretching band of C—0 bond and symmetric/asymmetric stretch-
ing bands of 0—C—O0 bonds of unidentate carbonate. In addition to
these bands, the weak bands at 1794 cm™~! and 2564 cm™! were
assigned to the bridging carbonate species and to linearly adsorbed
CO, at a cation site, respectively. These results showed that the
unidentate carbonate species dominated on pure CaO. However, on
60%Ca0/Al,03 catalyst, we observed weak bands located at 1266
and 1798 cm~! and a strong band at 1432 cm~! with shoulders at
1333 and 1635 cm ™. Besides, the band 1432 cm~! did not have the
band splitting. Thus, the band at 1266 cm™~! was assigned to C—OH
bending and bands at 1333, 1432 and 1635 cm™! were assigned to
the symmetric and asymmetric stretching of 0—C—O of bicarbonate
species and the band at 1798 cm™! was assigned to the stretching of
bridging carbonate species. In addition to these bands, we also
observed a weak band at 2513 cm™~! which was due to the linearly
adsorbed CO; at cation site. On 60%Ca0O/Al,03 catalyst, bicarbonate
species dominated and there was no bidentate or unidentate car-
bonate species. These indicated that 60%CaO/Al,03 catalyst had
basic sites having a different chemical environment, represented by
dominated bicarbonate species, than those found on pure CaO,
which led to different basic strengths. Indeed, the absorption
wavenumber of the strongest band on pure CaO occurred at a
center wavenumber of 1454 cm~! with the splitting located at 1424
and 1484 cm~! whereas on 60%Ca0/Al,03 catalyst, the strongest
band was seen at 1432 cm™! without any band splitting. In other
words, the absorption band found on 60%CaO/Al,03; catalyst
occurred at weaker absorption band energy than the band energy
observed on pure CaO. Thus, the basic site strength on 60%Ca0O/
Al;0O3 catalyst as compared to that on pure CaO was weak. This
indicated that the weak basic strength due to formation of

Observed Diffraction Angles in Fig. 1, which match with ones in standard reference card

Crystalline Phases Standard Reference Card Number

18.03, 36.67, 47.09

23.02, 29.41, 35.97, 39.40, 43.15, 47.12, 47.49, 48.51, 57.40, 60.68, 64.68
32.20, 37.34, 53.86, 67.38

27.77,29.70, 32.09, 36.54, 39.49, 46.51, 47.65, 53.85, 57.48, 67.20, 67.25
33.20, 35.89, 37.38, 43.09, 57.71

22.97, 23.42,32.97, 33.17, 34.06, 35.79, 36.69, 37.17, 43.05, 46.94, 47.22, 47.47, 48.35, 55.00, 57.19

Ca(OH), 00-044-1481
CaCos5 00-005-0586
Ca0 00-037-1497
ALO; 00-046-1215
2Ca0.Al,05.8H,0 00-045-0564
3Ca0.A1,05.3CaC03.3H,0  00-041-0215
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Table 2
Total basicity (umol CO,/g of catalyst) using FTIR.

Catalysts calcined
at 700°C

Total Basicity (pmol
CO,/g of catalyst)
using FTIR

FTIR CO; adsorption maximum
wavenumber (1/cm)

60% CaO/Al,03 41.0 1266
1333
1432
1635
1798
2513
Pure CaO 192.6 1074
1424
1484
1653
1794
2564
Pure Al,03 47.1 1404
1533
1637

dominated bicarbonate species, observed on 60%Ca0O/Al,03 cata-
lyst, was the main reason for the high microalgal lipid conversion to
the fatty acid ethyl esters biodiesel.

3.2. The effects of reaction conditions on the ethyl esters biodiesel
yields

Fig. 2 compares the ethyl ester biodiesel yields obtained on the
60 wt% CaO/Al,03 catalyst as a function of ethanol:lipid molar ra-
tios, the catalyst amounts, and the reaction times at a constant
reaction temperature of 50 °C. As seen in the figure, the biodiesel
yield increased as the catalyst amount was increased from 6.0 wt%
to 12 wt%, regardless of ethanol:lipid molar ratios and reaction
times. For instance, biodiesel yield increased from ~59% to 74%
under the ethanol:lipid molar ratio of 12 in 30 min of the reaction
time as the catalyst amount was increased from 6 wt% to 12 wt%. In
contrast, the biodiesel yield did not change as a function of the
reaction time at 24 and 48 of the ethanol:lipid molar ratios when
the catalyst amount was 12 wt% or 18 wt%. The biodiesel yield
increased with the reaction time when the ethanol:lipid molar ratio

I I
30 min.
B 60 min.
120 min.

100 -~

80

60

40

Ethyl Esters Biodiesel Yield (%)

20 |

6.0 12 18 6.0 12 18
wt%  wt% wt% wt%  wt% wt%

Ethanol:Lipid = 24 Ethanol:Lipid = 48

4 18
wt%  wt% wt%
Ethanol:Lipid = 12

Fig. 2. Ethyl esters biodiesel yield as a function of ethanol:oil molar ratio, the catalyst
amount and reaction time at 50 °C and 1.0 atm.

was 12 and the catalyst amount was 6.0 wt% of the lipid amount.
This increase of the biodiesel yield with the time was expected for a
reversible reaction which was away from the equilibrium conver-
sion but once the equilibrium was reached, the conversion should
stay constant with increase of the reaction time. In addition, the
increase of the ethanol:lipid molar ratio resulted in accelerated
forward transesterification reaction rate; hence, higher biodiesel
yields, which was similar to that observed with vegetable oil
transesterification under excess methanol [12,21]. The ethanol:oil
molar ratio used in this study was at least 4 times higher than the
stoichiometric ethanol:oil molar ratio of 3. Thus, 100% of the
equilibrium conversion could be expected at higher ethanol:lipid
molar ratios. However, at 24 and 48 of ethanol:lipid molar ratios,
biodiesel yields higher than 90%, obtained at 30 min, decreased
when the reaction time was increased to 60 min and after that, it
stayed constant at 120 min. As seen in Fig. 3, at 6 wt% of the catalyst
amount and 24 of ethanol:lipid molar ratio, the biodiesel yield
decreased from ~90% to ~71% as the reaction time increased from
30 min to 60 min and then, at 120 min of the reaction time, the
yield stayed constant; thus, indicating that the equilibrium bio-
diesel yield was reached. Similarly, at 6 wt% of the catalyst amount
and 48 of ethanol:lipid molar ratio, the biodiesel yield decreased
from ~98% to ~79% as the reaction time was increased from 30 min
to 60 min and then, the yield stayed constant at ~85% within +4.8%
of the experimental uncertainty of this study at 120 min.
Decreasing and staying constant trend of the biodiesel yield with
the reaction time, observed at 24 and 48 of ethanol:lipid molar
ratios, could be due to the glycerolysis of lipids or oils as shown in
equations (1)—(3) below, occurring in series with the trans-
esterification reaction of the lipids/oils given in equations (4)—(6)
below [32—34].
Glycerolysis of a triacylglyceride:

TAG + 2 Gly « — 3 MAG (1)
TAG + Gly < — MAG + DAG 2)
DAG + Gly < — 2 MAG (3)

1 | T T T
—@— Ethanol/Lipid Molar Ratio: 12
—l— Ethanol/Lipid Molar Ratio: 24
—— Ethanol/Lipid Molar Ratio: 48
- 09 - B
>
i)
v
2
5 08 - -
S
m
b=
2
w)
M 07 - -
=
k=
53]
06 B
05 | 1 1 1 1 1

20 40 60 80 100 120

Reaction Time (min)

Fig. 3. Ethyl esters biodiesel yield as a function of ethanol:oil ratio and reaction time
for a constant catalyst amount, 6 wt% of the microlipid, at 50 °C and 1.0 atm.
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Table 3
The transesterification of N. oculata to fatty acid ethyl esters biodiesel.

Catalyst amount wt% of lipid Ethanol:Lipid (mol:mol)

Reaction Time (min.) Biodiesel Yield (%)

6 24
12 24
12 12
12 24
12 48

30 82.1
30 96.2
120 62.0
120 95.5
120 99.0

Transesterification of a triacylglyceride:

TAG + EtOH « — FAEE + DAG (4)
DAG + EtOH « — FAEE + MAG (5)
MAG + EtOH « — FAEE + Gly (6)

where TAG was triacylglyceride; MAG was monoacylglyceride; DAG
was diacylglyceride; Gly was glycerol; FAEE was fatty acid ethyl
ester and EtOH was ethanol.

Zhong et al. [34] showed the effects of the solvent type, the
catalyst type/amounts on the glycerolysis of oils at various tem-
peratures. They found that the glycerolysis conversion increased
with the increased solvent amount at various temperatures. Simi-
larly, Kore et al. [35] reported that the glycerolysis of oils proceeded
faster in the presence of a base catalyst. Our findings shown in Fig. 3
could be explained in such away that the conversion of microalgal
lipid to the fatty acid ethyl esters (FAEE) in 30 min of the reaction
time was found to be already higher than 90% which meant that
there was enough glycerol formed through the reactions 4—6. Thus,
glycerolysis of triacylglyceride occurred through the reactions 1, 2
or 3 as the reaction time increased to 60 min. As a result, the reverse
reaction of the reactions 4 and 5 consumed FAEE; thus, leading to
the decreased biodiesel yield (i.e. decreased triacylglyceride con-
version), which was observed at 60 min. Unfortunately, TAG, MAG,
DAG and Gly could not be measured using the GC-column in this
study, Thus, the reactions suggested in equations (1)—(3) was
confirmed by measuring FAEE formation as a function of reaction
time, as seen in Fig. 3.

We also studied the transesterification of N. oculata to ethyl
esters biodiesel under selected ethanol:lipid molar ratios, the re-
action times and the amount of the catalyst, that were found to
produce high biodiesel yields. The main reasons of choosing
selected reaction conditions were twofold: 1) they have similar
fatty acid compositions; 2) local supply of N. oculata microalgal
paste was unfortunately limited. As seen in Table 3, ethyl esters
biodiesel yield increased from ~82% to ~96% in 30 min of the re-
action time at ethanol:lipid molar ratio of 24 when the catalyst
amount was increased from 6.0 wt% to 12 wt% at 50 °C. Also, the
biodiesel yield increased from ~62% to ~99% at 12 wt% of the cata-
lyst amount and 120 min of the reaction time as ethanol:lipid molar
ratio was increased from 12 to 48. This was the same trend as we
observed using Spriluna sp. in this study. This was plausible because
Spriluna sp. and N. oculata had similar compositions of fatty acids.
Similarly, we found that pure CaO and pure Al,0j3 catalysts were not
active in the production of ethyl esters biodiesel from N. oculata
microalgal lipid at any ethanol:lipid molar ratio and any catalyst
amount at 50°C. In fact, these findings are in parallel with our
previous study on the transesterification of N. oculata microalgal
lipid using methanol at 50 °C [12].

The ethyl ester biodiesel, produced in this study, contained less
than 12 ppm of the dissolved Ca cations, which was determined
using ICP-MS. This was much lower than the amount of Ca cation,
which was 500 ppm, found in the methyl ester biodiesel in our

previous study [21]. Besides, we checked if 12 ppm Ca ions could
contribute to the homogeneous transesterification of the algal lipid
with ethanol at 50 °C and found that the ethyl ester formation was
zero within the experimental uncertainty of this study.

4. Conclusions

90—99% ethyl esters biodiesel was produced from microalgae
N. oculata and Spirulina sp. lipids over 60%Ca0/Al,03 under 24 and
48 of ethanol:lipid molar ratios in 30 minat 50°C and 1.0 atm
whereas no biodiesel was produced over commercial pure CaO,
CaC0s3 and Ca(OH); catalysts and also pure Al,03 under the same
reaction conditions. Basic strength of 60%Ca0/Al,03 was weaker
than those of pure commercial calcium oxides and pure Al,O3
catalysts even though pure catalysts had higher basicity. At high
ethanol:lipid molar ratios and 60min, glycerolysis of tri-
acylglyceride occurred in series with the reverse of the trans-
esterification of the triacylglyceride.
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