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Abstract
Microalgal	oil	has	been	increasingly	studied	as	a	feedstock	for	biodiesel	production	 through	transesterification	reactions	
using	heterogeneous	catalysts.	This	route	offers	several	benefits,	including	catalyst	reuse,	ease	of	separation,	and	improved	
safety, while addressing environmental and technical issues associated with using homogeneous acids and bases. Most 
studies	use	methanol	for	the	transesterification,	and	few	studies	have	investigated	the	transesterification	of	microalgal	oil	
using	 ethanol.	 Beyond	 the	 environmental	 benefits	 of	microalgae	 compared	 to	 plant-based	 biomass,	 replacing	methanol	
with	bioethanol	 is	advantageous	due	 to	 its	 lower	cost	and	 reduced	 toxicity.	 If	 the	emulsion	 issue	between	 the	produced	
biodiesel and ethanol is resolved, ethanol could be a more environmentally friendly alternative for green fuel production. 
This	 study	 evaluated	 various	metal	 oxides	 as	 catalysts	 for	 the	 transesterification	 of	 rapeseed	 oil	 using	 ethanol	 as	 both	
reagent and solvent to improve miscibility. From catalyst screening, CaO showed the highest fatty acid ethyl esters yield 
and	this	catalyst	was	then	tested	at	different	reaction	times	in	two	systems	(round-bottom	flask	and	autoclave	reactor)	for	
the	 transesterification	of	both	 rapeseed	and	microalgal	 (Scenedesmus	 sp.)	oil.	The	highest	 reaction	yield	was	86.0%	for	
rapeseed	oil	and	81.3%	for	microalgal	oil	using	114:1	ethanol:	oil	molar	ratio	with	CaO	in	an	autoclave	reactor.	This	work	
addresses	the	limited	studies	on	ethanol	in	microalgal	oil	transesterification,	demonstrating	the	effectiveness	of	CaO	as	a	
catalyst.	It	highlights	the	potential	of	ethanol	as	a	greener,	cost-effective	alternative	to	methanol	for	biodiesel	production.

Highlights
 ● Microalgal	oil	for	biodiesel:	greener,	cost-effective	with	CaO	catalyst.
 ● Ethanol reduces toxicity and cost, promising for biodiesel production.
 ● CaO	achieves	high	yield	in	rapeseed	and	microalgal	oil	transesterification.
 ● Ethanol	transesterification	of	microalgae	addresses	environmental	issues.
 ● Emulsion resolved technically; further environmental and economic analysis needed.
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Abbreviations
ANOVA  Analysis of variance
DAD	 	Diode-array	detection
DAG  Diglyceride
DoE  Design of experiments
FAEE  Fatty acid ethyl ester
FID	 	Flame	ionization	detector
GC  Gas chromatograph
HPLC	 	High-performance	liquid	chromatography
ICDD	 	International	Centre	for	Diffraction	Data
ICP-OES	 	Inductively	coupled	plasma	optical	emission	

spectrometry
MAG  Monoglyceride
TAG  Triglyceride
TCD  Thermal conductivity detector
TGA  Thermogravimetric analysis

1 Introduction

Biodiesel production from renewable oils has emerged as a 
significant	and	established	renewable	process	for	replacing	
fossil	fuel	derived	diesel	with	a	non-toxic	and	biodegradable	
alternative. Among the diverse biomass sources explored, 
food	 crops	 (e.g.,	 rapeseed,	 corn,	 soybean,	 and	palm	oils),	
non-conventional	 plants	 (e.g.,	 Jatropha)	 [1],	 macro-	 and	
microalgae	 species	 [2],	 and	waste	 oils	 [3, 4] have gained 
attention.	Key	criteria	for	biomass	selection	include	produc-
tivity, oil and biodiesel yields, socioeconomic impacts, and 
environmental	benefits.	Traditional	biodiesel	synthesis	often	
employs	methanol	with	 homogeneous	 aqueous	 base	 cata-
lysts for high conversions. However, alternative methods 
such	 as	 enzymatic	 routes,	 heterogeneous	 catalysts,	 in-situ	

transesterification	with	 greener	 solvents,	 and	 supercritical	
fluids	have	also	been	extensively	studied	[1].

Solid heterogeneous catalysts are promising alterna-
tives to homogeneous catalysts due to ease of separation 
and	 reuse,	 and	 environmental	 benefits,	 such	 as	 reducing	
aqueous	 waste	 and	 soap	 formation	 issues	 present	 with	
homogeneous base catalysts. However, heterogeneous acid 
catalysts, like zeolites and clays, have lower reaction rates 
[5] and further research on their synthesis, considering eco-
nomic	and	environmental	aspects,	is	required.	On	the	other	
hand,	basic	metal	oxides	show	competitive	conversions	[6] 
and can be improved by enhancing surface area and basic 
site concentration, and overcoming mass transfer limita-
tions	[7, 8]. They can be synthesized from cheap materials 
such	as	biomass	ash	[9],	or	natural	[10]	and	industrial	[11] 
wastes, and are divided into two categories; single metal 
and mixed metal oxides. CaO is widely used due to its low 
cost, minimal environmental impact, and relatively high 
basic	strength	[12].

Regarding	 biomass	 feedstock	 for	 transesterification,	 as	
large-scale	terrestrial	plant	production	has	been	associated	
with	deforestation	and	high	greenhouse	gas	emissions	[13, 
14], substitutes have been investigated. Microalgae are a 
promising alternative for biodiesel production, particularly 
with heterogeneous catalysts as several species have sig-
nificant	amounts	of	free	fatty	acids.	Studies	have	been	con-
ducted	 employing	 in	 situ	 transesterification	of	microalgae	
with	methanol	using	KOH/Al2O3	[15], SrO − C nanoparti-
cles	[16],	or	KF/CaO	assisted	by	ultrasound	and	microwave	
radiation	[17]; or ethanol with H3PMo/Al2O3	[18]. Studies 
have	 also	 investigated	 transesterification	of	 the	 lipid	 frac-
tion from microalgae with methanol catalysed by WO3/
ZrO2	 [19],	NaOH/zeolite	 [20],	CaO-SiO2	 [21],	CaO/dolo-
mite	[22],	or	Ca(OCH3)2	[23]; or with ethanol and Nb2O5/
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SO4	[24], among others. Furthermore, review studies eluci-
date the challenges of this process and their future perspec-
tives	[25–28].

In	this	study,	various	basic	and	acidic	metal	oxides	were	
assessed	as	catalysts	for	the	transesterification	of	rapeseed	
and	microalgal	(Scenedesmus	sp.)	oils	using	ethanol.	Etha-
nol was chosen over methanol for its sustainability advan-
tages, including reduced toxicity and renewable availability. 
Despite ethanol’s challenges, such as emulsion formation 
[29],	the	study	evaluated	its	effectiveness	in	biodiesel	pro-
duction. The reaction conditions were optimized with CaO, 
the	most	effective	catalyst,	and	subsequently	validated	with	
purified	microalgal	oil,	focusing	on	sustainable	and	practi-
cal application improvements.

This work stands apart from previous studies by being the 
first	to	use	ethanol	for	biodiesel	synthesis	from	Scenedesmus 
sp.,	a	promising	microalga	strain	for	biofuel	feedstock	[30]. 
The	 research	highlights	CaO’s	efficacy	 in	overcoming	 the	
unique	challenges	of	ethanol-based	transesterification	while	
achieving high biodiesel yields. Additionally, the study con-
tributes	 to	 the	biofuels	field	by	addressing	both	economic	
feasibility	 and	 environmental	 benefits,	 offering	 a	 scalable	
approach	to	renewable	energy	production	[31].

2 Materials and Methods

2.1 Catalysts Synthesis

2.1.1 Basic Metal Oxide: CaO, La2O3 and MgO

Ca(OH)2 was calcined in a tubular furnace under static air 
for	3	h	at	600	°C	(heating	ramp	10	°C	min−	1).	To	increase	
surface	 area,	 the	 obtained	CaO	 (10	 g)	was	 rehydrated	 by	
refluxing	 in	distilled	water	 (50	mL)	 for	2	h,	filtered,	 then	
dried	(90	°C,	24	h)	and	calcined	for	2	h	at	600	°C	(heating	
ramp	10	°C	min−	1).

La(NO3)3 was calcined in a tubular furnace under static 
air	for	4	h,	at	800	°C	(heating	ramp	5	°C/min).	The	obtained	
La2O3 was stored in a desiccator before use.

Mg(OH)2	or	(MgCO3)4·Mg(OH)2 was calcined in a tubu-
lar	furnace	under	static	air	for	2	h	at	600	°C	(heating	ramp	
10	°C	min−	1).	The	obtained	MgO	(10	g)	was	rehydrated	by	
refluxing	in	distilled	water	(125	mL)	for	3	h,	dried	(90	°C,	
24	h),	 and	 calcined	 at	 again	600	 °C	 (heating	 ramp	10	 °C	
min−	1)	[32].

2.1.2 Acidic Metal Oxide: Nb2O5, SiO2, and WO3

NbCl5	 (5	 g)	 was	 dissolved	 in	 200	 mL	 deionized	 water.	
Immediately	 after	 addition,	 the	 yellow	 powder	 became	
white.	After	stirring	for	3	h	at	room	temperature,	the	white	

precipitate	was	 centrifuged	 (3,000	 rpm)	 and	washed	 four	
times	with	deionized	water	until	 the	filtrate	was	at	neutral	
pH.	The	obtained	solid	was	dried	at	90	°C	for	48	h	[33].

Silica	gel	(SiO2)	was	not	synthesized	but	instead,	it	was	
used as a commercial solid with a high surface area.

Na2WO4·2H2O	(1	g)	was	dissolved	 in	20	mL	of	water	
and	then	20	mL	of	HCl	(6	mol	L−	1)	was	added	under	agita-
tion.	The	precipitate	was	filtered,	washed	with	water	 four	
times,	 dried	 (90	 °C,	 24	 h),	 and	 calcined	 under	 static	 air	
(500	°C,	1	h)	[34].

2.1.3 Mixed Metal Oxides: CaMgO, SrMgAl, and SrO/CaO-
ZnO

CaMgO was prepared by a coprecipitation method, by 
adding	 a	 2	 M	 aqueous	 solution	 of	 the	 metal	 nitrates	
(Ca(NO3)2·4H2O,	Mg(NO3)2·6H2O)	 into	 a	 basic	 aqueous	
solution containing NaOH and Na2CO3	with	a	pH	of	8–9.	
The resulting precipitation was performed under vigorous 
stirring	at	65	°C	for	12	h.	Finally,	the	solid	was	filtered	and	
washed with deionized water. The resultant precursor was 
dried	at	90	°C	for	24	h	and	calcined	in	static	air	at	800	°C	
for	6	h	[35].

Sr-MgAl	was	prepared	by	a	sol-gel	method,	with	an	Mg/
Sr	molar	ratio	of	1.5:1.	Firstly,	0.015	mol	of	Mg(NO3)2·6H2O 
was dissolved in 12 mL of an ethanol solution contain-
ing	0.3	mL	of	HCl	(35%v),	under	magnetic	stirring.	Then	
0.004	mol	of	Al(NO3)3·9H2O	dissolved	in	8	mL	of	ethanol	
was	 added	 dropwise	 followed	 by	 aqueous	 Sr(NO3)2 dis-
solved	 in	 ethanol	 (0.01	mol	 in	 10	mL).	The	 solution	was	
adjusted	 to	pH	10	by	 the	addition	of	NH4OH	(30%v)	and	
left	under	stirring	for	24	h,	the	obtained	gel	was	oven-dried	
at	100	°C	and	calcined	at	600	°C	for	2	h	in	static	air	(heating	
rate	of	5	°C	min−	1)	[36].

SrO/CaO·ZnO	 was	 prepared	 by	 wet	 impregnation.	
CaO·ZnO	 in	 a	 1:1	molar	 ratio	was	prepared	 according	 to	
mechanochemical treatment. A homogenous mixture of 
ZnO	(0.81	g)	and	Ca(OH)2	(0.75	g)	powder	was	grounded	
in a pestle and mortar adding a few drops of acetone, then 
dried	 in	 an	 oven	 at	 100	 °C	 for	 2	 h.	An	 aqueous	 solution	
of	Sr(NO3)2	(2.1	g	in	25	mL	of	water)	was	added	into	the	
prepared	 mixture	 (Ca(OH)2 +	 ZnO),	 hence	 with	 a	 CaO:	
ZnO:	SrO	molar	ratio	of	1:1:1,	and	the	mixture	was	stirred	
at	90	°C	for	6	h.	The	obtained	slurry	was	dried	in	an	oven	
(90	°C),	then	calcined	in	a	muffle	furnace	at	800	°C	for	4	h	
[37].

All catalysts were crushed using a pestle and mortar and 
stored in a desiccator before use.
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Post-reaction,	products	were	separated	by	adding	25	mL	
of	hot	water	(60	°C)	and	5	mL	of	hexane,	followed	by	vor-
tex	mixing	(15	s)	and	centrifugation	(4300	rpm,	5	min).	A	
design	of	experiments	(DoE)	study	was	performed	with	the	
best-performing	catalyst	to	evaluate	the	effects	of	ethanol:	
oil ratio, temperature, and catalyst loading. Experiments 
included	triplicates	at	the	central	point	(Table	1).	Data	were	
analysed	 using	 Statistica	 7	 (Statsoft®),	 and	 reaction	 time	
was optimized and validated through duplicate experiments 
under the determined optimal conditions.

2.3.2 High-severity Reaction Conditions

Biodiesel	 synthesis	 was	 performed	 using	 rapeseed	 oil	 (6	
mL),	ethanol	(21.1	mL),	and	CaO	catalyst	(0.16	g)	in	a	high-
pressure	stainless-steel	autoclave	(Parr	reactor).	The	reactor	
was sealed, purged three times with nitrogen, and heated 
to	150	°C	at	20	bar	for	30–120	min	under	1,000	rpm	agita-
tion. After cooling the system to room temperature in an 
ice water bath, products were separated using the procedure 
described	for	low-severity	reactions.

2.3.3 Product Analysis

FAEEs,	 monoglycerides	 (MAGs),	 diglycerides	 (DAGs),	
and	triglycerides	(TAGs)	were	quantified	using	an	Agilent	
HC-C18	column	 (250	mm	x	4.6	mm)	 coupled	 to	 an	Agi-
lent	1260	Infinity	HPLC	with	diode-array	detection	(DAD).	
Mobile	phases	included	(A)	methanol	(100–0%	elution	over	
60	min)	and	(B)	i-propanol/n-hexane	(5:4	v/v,	0–100%	elu-
tion	over	60	min),	followed	by	10	min	of	isocratic	elution.	
Samples	 (10	µL)	were	 injected	after	dilution	 to	3%	(w/v)	
in	 i-propanol/n-hexane	 (5:4	 v/v).	 Calibration	 was	 per-
formed using methyl oleate, monoolein, diolein, and triolein 
standards.

Residual calcium content in biodiesel was analyed fol-
lowing	Brazilian	standard	ABNT	NBR	15,553	[38], using 
inductively coupled plasma optical emission spectrometry 
(ICP-OES)	 at	 the	Analytical	 Centre,	 Chemistry	 Institute,	
University of Campinas.

2.3.4 Reaction Kinetics

Transesterification	 was	 modelled	 as	 a	 pseudo-first-order	
reaction	due	to	the	use	of	excess	alcohol	(ethanol),	with	a	
molar	 ratio	 far	 exceeding	 the	 stoichiometric	 requirement	
(3:1).	The	 pseudo-first-order	 kinetics	 in	 transesterification	
using	excess	alcohol	is	well-supported	by	literature,	allow-
ing	the	assumption	of	pseudo-first-order	kinetics	to	simplify	
modelling	and	calculations	[39, 40]. Conversion of TAGs at 
different	times	was	used	to	calculate	apparent	first-order	rate	
constants	(kapp)	using	Eq.	(1).

2.2 Catalyst Characterization

2.2.1 Thermogravimetric Analysis

Thermogravimetric	analysis	(TGA)	was	performed	using	a	
Perkin	Elmer	TGA	4000	under	a	nitrogen	(N2)	flow	of	20	
mL min−	1.	The	analysis	was	conducted	from	30	to	800	°C	
with	a	heating	rate	of10°C	min−	1.

2.2.2 Surface Area Measurements

Surface area analysis was carried out using a Quanta-
chrome	 ChemBET	 chemisorption	 analyser	 equipped	with	
a	 thermal	 conductivity	 detector	 (TCD).	 Samples	 (50	mg)	
were	degassed	at	150	°C	for	3	h	prior	 to	analysis	using	a	
Quantachrome FLOVAC Degasser. Nitrogen adsorption 
was assumed to correspond to half a monolayer coverage of 
oxygen for calculation purposes.

2.2.3 X-ray Powder Diffraction

X-ray	powder	diffraction	(XRD)	measurements	were	con-
ducted	using	a	PANalytical	X’pert	Pro	diffractometer	with	
a	Ni-filtered	CuKα	radiation	source	operating	at	40	kV	and	
40	mA.	Diffraction	patterns	were	 recorded	over	 the	 range	
of	10–80°	2θ	with	a	step	size	of	0.0168º.	The	obtained	pat-
terns	were	compared	and	matched	against	the	International	
Centre	for	Diffraction	Data	(ICDD)	database.

2.3 Transesterification Reactions

2.3.1 Low-severity Reaction Conditions

Catalyst	screening	for	fatty	acid	ethyl	ester	(FAEE)	synthe-
sis	 from	rapeseed	oil	 (2	mL)	was	conducted	using	excess	
ethanol	 (11.1	 mL,	 180:1	 alcohol:	 oil	 molar	 ratio)	 and	
5	mol%	metal	oxide	catalyst	(0.09	g).	Reactions	were	car-
ried	out	 in	a	100	mL	 two-neck	 round	bottom	flask	with	a	
vertical condenser, immersed in a water bath. The catalyst 
was	pre-mixed	with	ethanol	and	heated	for	15	min	before	oil	
addition.	The	reaction	conditions	were	60	°C	for	1	h	under	
vigorous magnetic stirring.

Table 1 Levels of the independent variables in the design of experi-
ments

Coded actual levels
Independent	variables	
factor

Unit Code Low 
level 
(-1)

Medium 
level	(0)

High 
value 
(+	1)

Ethanol:	oil	molar	ratio - EtOH:	
oil

48 114 180

Catalyst content %m %cat 3 4 5
Temperature °C T 45 60 75
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mass	 loss	 of	 24%,	La2O3	 of	 50%,	Mg(OH)2	 of	 31%,	 and	
(MgCO3)4·Mg(OH)2	 of	 49%.	Depending	 on	 the	 elements	
present in precursors, the mass loss is due to H2O, CO, CO2, 
and NOx release.

From Fig. 1a,	CaO	formation	from	Ca(OH)2 was nearly 
completed	around	500	°C.	The	additional	decrease	at	higher	
temperature could be due to CO2 poisoning that could form 
CaCO3	in	the	precursor	[45].	The	La(NO3)3 decomposition 
in Fig. 1b showed three stages of thermal decomposition, 
from	room	temperature	to	200	°C,	then	480	°C,	and	finally,	
650	°C.	The	first	could	be	related	to	water	loss	and	the	other	
two to mass losses from the releasing of nitric acid, nitro-
gen	 dioxide,	 water,	 and	 oxygen	 [46]. Figure 1c showed 
typical	 curves	 for	MgO	 from	different	precursors,	 but	 the	
red coloured curve had a higher mass loss than expected, 
which could be associated with interstitial water molecules 
adsorbed	 in	pores	due	 to	 the	size	of	 (MgCO3)4·Mg(OH)2. 
MgO	 is	 obtained	 at	 around	 400	 °C	 from	 Mg(OH)2 and 
around	 500	 °C	 from	 (MgCO3)4·Mg(OH)2. Guided by the 
TGA	experiments	(Fig.	1a	and	c),	both	CaO	and	MgO	calci-
nations	were	performed	at	600	°C.	Despite	showing	a	minor	
mass	 loss	 from	600	 to	 680	 °C,	 the	CaO	catalyst	 calcined	
at	700	°C	was	tested	and	did	not	show	an	improvement	in	
FAEEs	yield,	over	the	material	calcined	at	600	°C.	Accord-
ing to Fig. 1b, La2O3	 requires	 a	 temperature	 higher	 than	
700	°C	for	complete	decomposition	of	La(NO3)3, thus the 
temperature	employed	for	this	calcination	was	800	°C.

Surface area and pore radius were calculated based on 
BET/BJH	methodology.	As	previously	stated,	the	more	crys-
talline a solid, the lower the surface area. However, a high 
surface area material is desired to obtain the most active 
sites possible to increase reaction yield. Table 2 shows the 
results for all catalysts tested in this work. For both CaO 
and MgO catalysts, an increase in surface area was observed 
when the materials underwent a rehydration step between 
calcinations	[47]. Among the basic metal oxides, rehydrated 
MgO	 showed	 the	 highest	 surface	 area,	 73.3	m2 g−	1, with 
the	highest	pore	radius	also	obtained	for	MgO,	32.1	Å,	but	
from	 a	 different	 precursor,	 (MgCO3)4·Mg(OH)2. Among 
acidic metal oxides, Nb2O5 showed a relatively high surface 
area	(65.7	m2 g−	1)	despite	not	being	calcined	but	produced	
from	a	synthesis	strategy.	Finally,	CaMgO	produced	by	co-
precipitation	reached	the	highest	surface	area,	70.7	m2 g−	1, 
which could be an advantage over the other mixed metal 
oxides.

According	 to	 IUPAC,	 adsorbents	 and	 catalysts	 can	 be	
classified	as	macroporous	if	pore	sizes	are	higher	than	50	nm,	
mesoporous	between	2	and	50	nm,	and	microporous	below	
2	nm	[48].	The	produced	metal	oxides	were	either	micro-	
or mesoporous. Nonetheless, no catalyst had a pore radius 
smaller	 than	 1.6	 nm.	 From	 a	 study	 of	 the	 hydrodynamic	
radius of palm oil in various solvent systems, the average 

−ln (1 − −X) =kapp · t	 (1)

where X is the oil conversion to FAEE at time t, and kapp is 
the	apparent	rate	constant	(min−	1).

The activation energy of the reaction was experimentally 
determined	 by	 conducting	 transesterification	 at	 varying	
temperatures	(45,	60,	and	75	°C),	and	applying	the	Arrhe-
nius	equation	(Eq.	2).	A	plot	of	ln	kapp	versus	1/T	yields	a	
straight	line,	with	slope	providing	-Ea/R.

kapp= A · exp (−Ea/RT)	 (2)

where	A	 is	 the	pre-exponential	 factor,	Ea is the activation 
energy	(J	mol−	1),	R	is	the	gas	constant	(8.314	J	mol−	1	K−	1),	
and	T	is	the	absolute	temperature	(K).

2.3.5 Microalgal oil

The	best-performing	catalyst	and	reaction	conditions	were	
tested with Scenedesmus	sp.	LF01	microalgal	oil.	Wet	bio-
mass was grown and donated by Algae Biotecnologia Ltda., 
with inoculum provided by the Federal University of São 
Carlos	 (UFSCar).	Biomass	was	 dried	 using	 a	 spray	 dryer	
(DR-0,4	AIR	SPRAY	PROCESS)	and	 lipids	extracted	via	
ultrasound-assisted	hexane	extraction	(60	°C,	1	h;	solvent-
to-biomass	 ratio	10:1	v/m).	Extracted	 lipids	were	purified	
using silica gel and bentonite in a chromatographic column 
with chloroform as the mobile phase. The resulting oil was 
yellow, extracted from the viscous, dark green lipid fraction 
[41].

Under optimal conditions, the catalyst and reaction setup 
were	 evaluated	 for	microalgal	 oil	 via	ASTM	D6584	 [42] 
and	 and	 EN14105,	 using	 gas	 chromatography	with	 flame	
ionization	detection	(GC-FID,	Agilent	7890	A).

3 Results and Discussion

3.1 Catalyst Characterization

Basic metal oxides were produced by calcination of the 
different	 precursors.	 TGA	 was	 conducted	 to	 evaluate	 the	
required	calcination	 temperature	 for	 the	decomposition	of	
each	catalyst	precursor	(Fig.	1).	Generally,	a	higher	calcina-
tion	temperature	will	result	in	a	more	crystalline	solid	[43] 
and	 an	 intermediate	 temperature	 (e.g.,	 between	 100	 and	
1000	°C)	will	maximize	surface	area	[32, 43, 44]. Thus, these 
two properties should be considered for the optimal condi-
tions.	TGA	can	also	predict	synthesis	efficiency	if	a	simple	
mass	balance	is	used	to	calculate	the	mass	loss	required	by	
the precursor to completely transform into the metal oxide. 
Based	on	the	molecular	masses,	Ca(OH)2	would	require	a	
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molecules. Coupled with a high surface area to increase 
active sites, larger pores allow a better use of both external 
and internal areas of the solid materials.XRD analysis was 
performed to evaluate the catalysts produced and determine 
their crystallinity. As shown in Fig. 2, basic heterogeneous 
catalysts can be unstable under normal ambient conditions, 
being susceptible to reaction with water and CO2 from the 
atmosphere. Comparing fresh CaO to the material stored 
for	24	h,	a	number	of	intense	reflections	assigned	to	CaCO3 
and	Ca(OH)2 were observed, while stored La2O3	reflections	
were	assigned	to	La(OH)3. Previous studies have shown that 
MgO catalysts also deactivate within a few hours of calci-
nation due to water absorption. These oxides were found 
to be unstable, even when stored in a desiccator, and so in 
situ XRD analysis was conducted for CaO to evaluate this 
process. Figure 3	shows	 the	XRD	pattern	of	 the	Ca(OH)2 
precursor	initially	at	50	°C	(a),	after	heating	to	600	°C	for	
2	h	to	form	CaO	(b),	after	cooling	the	calcined	catalyst	to	
50	°C	(c),	after	holding	the	catalyst	at	50	°C	for	12	h	(d).	It	
was observed that a few hours after calcining and cooling 

value	was	calculated	as	0.722	nm	[49]. Although the fatty 
acid	composition	may	influence	TAG	size,	an	overestimated	
value of 1 nm can be considered, thus an appropriate pore 
radius would be key to avoid steric impediment of large 

Table 2 Surface area measurements for the synthesised metal oxide 
catalysts
Catalyst Precursor/method Surface 

area	/	m²	
g−	1

Pore 
radius 
/	Å

Basic CaO Ca(OH)2 13.72 16.14
Rehydrated CaO 22.93 17.39

La2O3 La(NO3)3 9.04 17.41
MgO Mg(OH)2 33.60 18.76

Rehydrated MgO 73.28 20.35
(MgCO3)4·Mg(OH)2 69.32 32.13

Acid Nb2O5 NbCl5 65.73 16.11
SiO2 - - -
WO3 Na₂WO₄·2H2O 8.10 20.33

Mixed CaMgO Co-precipitation 70.71 17.41
Sr-MgAl Sol-gel 28.08 18.79
SrO/CaO-ZnO Wet impregnation 4.15 26.34

Fig. 1 TGA curves of precursors decomposition in N2	 to	 obtain	 basic	 metal	 oxides:	 (a)	 Ca(OH)2,	 (b)	 La(NO3)3,	 and	 (c)	 Mg(OH)2, and 
(MgCO3)4·Mg(OH)2
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down,	 the	peak	width	of	 the	 reflections	 increased	 indicat-
ing this instability, despite the sample being enclosed in the 
in situ XRD holder with less contact with ambient air, and 
a	new	reflection	at	around	2θ	=	30°,	appears	which	can	be	
assigned to CaCO3.

The stability problem was not observed for the acid cata-
lysts, and the XRD patterns did not change after preparation 
(Fig.	4).	The	XRD	patterns	of	 the	mixed	metal	oxides	are	
shown in Fig. 5.	 From	 the	 identified	 peaks,	CaMgO	 syn-
thesis	was	confirmed	by	showing	the	presence	of	CaO	and	
MgO.	Sr-MgAl,	on	the	other	hand,	showed	varying	peaks,	
with the presence of phases containing N and Cl from the 
synthesis	procedure.	Finally,	SrO/CaO-ZnO	had	peaks	that	
corresponded partially to SrZnO2, ZnO, CaO, and SrCO3., 
which	 indicate	 an	 efficient	 synthesis	but	possible	 reaction	
with CO2 from the air.

All	prepared	catalysts	were	tested	for	transesterification	
reaction. To ensure the basic metal oxides had not adsorbed 
water or CO2 prior to testing, these catalysts were tested 

Fig. 3	 XRD	results	 evaluated	during	calcination	of	Ca(OH)2 to pro-
duce	CaO,	in	four	steps:	(a)	initially	at	50	°C,	(b)	after	2	h	calcination	
at	600	°C,	(c)	after	cooling	to	50	°C,	and	(d)	left	for	12	h,	with	peaks	
identified	from	CaCO3	(*)

 

Fig. 2 XRD results for basic metal oxides synthesized and their stan-
dards	 (*):	 (a)	 CaO,	 (b)	 La2O3,	 and	 (c)	MgO.	 Standards	 references:	
CaO	(01-082-1690),	CaCO3	(01-086-2340),	Ca(OH)2	(00-001-1079),	

La2O3	 (00-024-0554),	La(OH)3	 (01-083-2034),	La(NO3)3.4H2O	(00-
047-0888),	and	MgO	(01-087-0651)
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study.	CaO-based	 catalysts	 derived	 from	 synthetic	 chemi-
cals	or	cheap	sources	(e.g.,	residual	biomass)	are	shown	to	
be	 suitable	 for	biodiesel	 synthesis	 [50] and are preferable 
due	to	significantly	lower	costs	but	similar	reaction	yield.

A design of experiments was devised to evaluate the 
effects	of	 temperature,	catalyst	 loading,	and	alcohol	 to	oil	
ratio	on	the	reaction	yield.	The	Pareto-chart	obtained	for	this	
two-level	full	factorial	design	with	triplicates	at	the	centre	
point	(Table	3)	is	shown	in	Fig.	6. The use of triplicates at 
central points allows for an estimation of pure error, which 
can be used to validate the experimental results and ensure 
that	observed	effects	are	due	to	changes	in	the	factors	studied,	
rather than random noise or inherent variability The statisti-
cal	analysis	was	carried	out	considering	a	95%	confidence	
level	(p =	0.05).	The	Analysis	of	Variance	(ANOVA)	for	the	
study is shown in Table 4,	which	passed	both	F-tests.	In	the	
first	F-test,	 the	calculated	F-value	was	91.36,	significantly	

immediately after calcination and were cooled in a desicca-
tor until ambient temperature was reached.

3.2 Transesterification Reaction of Rapeseed oil

All	reaction	yields	for	transesterification	(1	h)	at	low-sever-
ity conditions using basic or acid catalysts were less than 
10%,	 except	 for	 CaO	 that	 achieved	 around	 35%.	 Mixed	
metal	oxides	also	showed	a	very	low	yield	(<	1%),	thus	were	
disregarded and the CaO catalyst was selected for further 

Table 3	 Design	of	experiments	(2³)	for	the	transesterification	reaction	
with ethanol
Run Temperature Catalyst Ethanol:	

oil
Biodiesel 
(FAEE)	
yield	/	%

1 -1 -1 -1 13.5
2 -1 -1 1 15.8
3 -1 1 -1 13.5
4 -1 1 1 14.9
5 1 -1 -1 31.6
6 1 -1 1 36.0
7 1 1 -1 34.7
8 1 1 1 37.3
9 0 0 0 20.2
10 0 0 0 24.7
11 0 0 0 24.3

Fig. 5	 XRD	of	mixed	metal	oxides:	CaMgO,	with	peaks	identified	from	
CaO/Ca(OH)2(✧)	and	MgO(✦);	Sr-MgAl,	with	peaks	identified	from	
AlN(✸),	 Al2O3·3SrO(◊),	 Sr3Al2O6(♦),	 and	 Mg(NH4)Cl3(H2O)6(▲);	
and	 SrO/CaO-ZnO,	 with	 peaks	 identified	 from	 SrO(▼),	 SrCO3(○),	
SrZnO2(●),	CaO/Ca(OH)2(✧),	and	ZnO(✱)

 

Fig. 4	 XRD	results	for	acid	metal	oxides	synthesized	and	their	standards	(*):	(a)	Nb2O5	and	(b)	WO3.	Standards	references:	Nb2O5	(01-071-0336),	
and WO3	(00-024-0747)
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other hand, studies have shown that alternative reaction sys-
tems such as photocatalysis using sunlight as energy source 
can	reach	high	conversions	while	reducing	costs	[52].

Given	that	only	temperature	was	significant,	the	regres-
sion	model	 can	 be	 simplified	 to	 focus	 on	 this	 factor.	The	
model	 is:	Yield	=	24.227	+	20.475(Temperature).	Here,	 the	
intercept	 is	 24.227,	 and	 the	 coefficient	 for	 temperature	 is	
20.475,	 indicating	 a	 strong	 positive	 relationship	 between	
temperature and biodiesel yield. Since the other factors 
(catalyst	and	ethanol:	oil	ratio)	were	not	significant,	they	are	
excluded from the model.

For	the	following	experiments,	3	mol%	of	catalyst	was	
employed,	with	114:1	ethanol	was	chosen.	Catalyst	content	
was	not	significant	within	the	range	considered	in	this	study;	
thus, the lowest value was selected. An intermediate value 
for excess ethanol was chosen because, as visually observed, 
this	solvent/reactant	volume	resulted	in	a	better	miscibility	
with oil as well as the reaction mixture with the catalyst. As 
the	temperature	was	the	only	significant	variable	at	p =	0.05	
with	a	positive	effect,	the	maximum	value	was	maintained,	
which is close to ethanol boiling point.

The	kinetics	for	the	best	conditions	(75	°C,	3	mol%	CaO,	
and	114:1	EtOH:	oil)	was	studied	to	evaluate	when	the	reac-
tion	reaches	equilibrium	i.e.,	yield	is	constant.	From	Fig.	7a, 
it	 is	 possible	 to	 observe	 that	 the	maximum	yield	 (around	
91%)	is	achieved	after	6	h,	a	time	considerably	longer	than	
the	 necessary	 for	 the	 reaction	 at	 high-severity	 conditions	
(Fig.	7b),	which	achieved	86%	yield	after	90	min.

Kinetic	parameters	were	calculated	by	plotting	-ln(1-X)	
versus	 t	 for	 transesterification	 at	 low-severity	 conditions	
from	0	to	6	h	according	to	the	results	in	Fig.	7. The angular 
coefficient	corresponded	to	the	apparent	reaction	rate	con-
stant, kapp =	 0.0131	min−	1,	with	R²	=	 0.996.	This	 shows	
that	the	reaction	follows	the	(pseudo)	first-order	rate	law,	as	
expected when excess ethanol was used. The reported kapp 
value	 is	 consistent	with	 literature	findings	 for	basic	metal	
oxides,	which	commonly	exhibit	values	range	from	0.01	to	
0.02	min−	1;	for	instance,	the	transesterification	of	microal-
gae	oil	using	CaO-Al2O3 catalyst achieved kapp =	0.02	min−	1 
under	optimized	conditions	[26].	The	differences	could	be	
due to factors such as catalyst surface area, ethanol interac-
tion issues, or reaction mass transfer limitations.

Activation energy was estimated by obtaining new reac-
tion	 curves	 under	 different	 temperatures	 as	 previously	
stated,	and	the	following	reaction	points	were	obtained:	kapp 
=	0.0036	min−	1	at	60	°C	and	kapp =	0.0017	min−	1	at	45	°C	
(R2 =	0.97).	The	estimated	value	was	Ea =	62.4	kJ	mol−	1. 
The reported activation energy is higher than most studies 
for	metal	oxides,	which	typically	fall	between	25	and	40	kJ	
mol−	1	 [26].	This	discrepancy	could	 stem	from	differences	
in experimental design, such as temperature ranges or etha-
nol’s complex interaction with the catalyst. The higher Ea 

higher	than	the	tabulated	F-value	(3,7)	=	4.35.	In	the	second	
F-test,	the	calculated	F-value	was	0.76,	lower	than	the	tabu-
lated	F-value	(5,2)	=	19.3.	According	to	the	ANOVA	table,	
the	F-value	for	temperature	was	135.16,	which	is	significant	
at p =	0.05,	 indicating	 that	 temperature	has	a	 strong	effect	
on	the	reaction	yield.	In	contrast,	for	other	factors,	such	as	
catalyst	 content,	 the	 F-value	was	much	 lower,	 suggesting	
these	factors	do	not	significantly	influence	the	yield	under	
the	tested	conditions.	The	R²	value	of	0.98	in	the	ANOVA	
table	indicates	that	the	model	explains	98%	of	the	variance	
in	the	data,	demonstrating	adequate	fit.	The	null	hypothesis	
(H₀)	assumes	no	significant	effect	of	the	independent	vari-
ables	 (temperature,	 catalyst	 content,	 ethanol:	 oil	 ratio)	 on	
the	yield	of	FAEEs.	Since	 the	 calculated	F-value	 exceeds	
the	 tabulated	 F-value	 for	 temperature,	 we	 reject	 the	 null	
hypothesis,	indicating	that	the	variables	significantly	affect	
the reaction yield.

In	 the	 experimental	 range	 studied,	 the	 only	 significant	
variable	 was	 reaction	 temperature.	 Consequently,	 lower	
catalyst	loading	and	ethanol:	oil	molar	ratio	could	be	inves-
tigated to reduce operational costs. Temperature is often a 
major	player	in	biodiesel	production	[51], especially when 
using heterogeneous catalysts, which could increase costs, 
hence the need to optimise this reaction parameter. On the 

Table 4	 ANOVA	 table	 obtained	 from	 transesterification	 design	 of	
experiments	(R²	=	0.98)
Factor SSa DFb MSc F-value p-value
T 838.45 1 838.45 135.16 0.007
%cat 1.53 1 1.53 0.25 0.669
EtOH:	oil 14.31 1 14.31 2.31 0.268
T	and	%cat 3.51 1 3.51 0.57 0.530
T	and	EtOH:	oil 1.36 1 1.36 0.22 0.686
%cat	and	EtOH:	oil 0.91 1 0.91 0.15 0.738
Lack	of	fit 5.66 2 2.83 0.46 0.687
Pure error 12.41 2 6.20
Total SS 878.14 10
aSum	of	Squares,	bDegrees of Freedom, cMean	Squares

Fig. 6	 Pareto	chart	of	low-severity	reaction	using	CaO	as	catalyst
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CaO-based	catalysts	can	be	reused	for	a	few	cycles	when	a	
proper	 regeneration	step	 is	applied	 to	minimize	efficiency	
loss	[53].	However,	a	significant	reduction	in	catalytic	activ-
ity was observed after the third reuse cycle in this study.

Additionally, leaching of the active phase is another 
challenge	 that	 might	 reduce	 the	 catalyst	 efficiency	 [53]. 
The	residual	Ca	in	biodiesel	produced	after	6	h	under	low-
severity	conditions	was	found	to	be	480	±	70	ppm,	which	is	
greater	than	the	specified	limit	of	5	ppm	in	quality	standards	
[54]. Review studies have indicated that despite being an 
efficient	catalyst,	CaO	can	leach	during	the	reaction	[8]. To 
overcome	this	problem,	Kouzu	et	al.	[55]	purified	biodiesel	
by	passing	it	through	a	column	packed	with	cation-exchange	
resin to remove the leached CaO catalyst. They tested dif-
ferent	 process	 conditions	 and	were	 able	 to	 achieve	 100%	
removal	of	Ca	(200	ppm)	by	adding	methanol	 to	 improve	
mass transfer.

3.3 Validation of Microalgal oil

Microalgal oil was tested under the same conditions 
described in Fig. 7 for comparison. Fewer reaction times 
were	conducted	to	trace	these	curves	due	to	feedstock	quan-
tity	 limitations.	 Under	 low-severity	 reaction	 conditions	
(Fig.	9a),	the	ethyl	esters	yield	was	70.2%	after	8	h,	around	
20%	lower	than	the	yield	of	FAEE	from	rapeseed	oil.	Sev-
eral	 process	 parameters	may	 have	 influenced	 this	 inferior	
result, with the microalgal oil purity the main contributing 
factor.	Despite	using	an	efficient	purification	step	by	simple	
adsorption as previously described, which increased the 
TAGs content, the obtained oil was not composed entirely 

suggests	 that	 this	 process	 is	 more	 temperature-sensitive,	
which may hinder scalability without further optimization. 
However, the study’s focus on ethanol as a greener alcohol 
alternative and its application to microalgae oil presents sig-
nificant	environmental	benefits.

The catalyst reusability of CaO was tested in a trans-
esterification	reaction.	After	1	h	of	reaction,	the	catalyst	was	
recovered	through	filtration	and	simple	washing,	then	dried	
and calcined under the same conditions. This procedure 
resulted	 in	 a	 FAEEs	 yield	 of	 10.6%,	 compared	 to	 35.5%	
with the fresh catalyst. By modifying the regeneration pro-
cedure to include a rehydration step before calcination, a 
similar	 yield	 to	 the	 fresh	 catalyst	 (32.9%)	 was	 achieved.	
Further reuse cycles are illustrated in Fig. 8. Although 
these results suggest a feasible method for catalyst reuse, 
additional research is needed. According to review studies, 

Fig. 8	 Catalyst	reusability	of	CaO	in	transesterification

 

Fig. 7	 Transesterification	reaction	of	rapeseed	oil	using	CaO	(3%m)	as	catalyst:	(a)	low-severity	with	excess	ethanol	(114:1),	and	(b)	high-severity	
with	excess	ethanol	(114:1)
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microalgae	oil	reached	48.2%	yield	after	30	min	compared	
to	67.3%	from	rapeseed	oil.

Table 5 shows the results of previous studies investi-
gating	 microalgae	 transesterification	 with	 ethanol	 and	 a	
heterogeneous	 catalyst.	 In	 addition	 to	 the	 weaknesses	 of	
microalgal	 oil	 purification	 discussed,	 the	 superior	 reac-
tion yields from other studies in Table 5 can be attributed 
to process conditions. For the studies using autoclave reac-
tors	higher	ethanol:	oil	molar	ratios,	catalyst	amounts,	tem-
perature,	and	longer	reaction	times	were	applied	[18]. For 
studies using glass reactors, higher temperatures and longer 
reaction	 times	were	applied,	 in	addition	 to	 the	differences	

of acylglycerols. Other minor constituents may include 
waxes, hydrocarbons, residual polar lipids, and free fatty 
acids.	Consequently,	commercial	rapeseed	oil	was	expected	
to achieve a higher yield. Nonetheless, microalgae showed 
a promising result for FAEE production using CaO catalyst, 
which	had	not	previously	been	tested	for	transesterification	
with ethanol.

In	Fig.	9b,	the	comparison	of	the	different	biomass	sources	
was	found	to	be	more	competitive	under	high-severity	con-
ditions,	with	a	reaction	yield	from	microalgal	oil	of	81.3%	
after	2	h	compared	to	86.0%	for	commercial	vegetable	oil.	
The	major	 difference	was	 at	 shorter	 reaction	 times,	when	

Microalgae	/	Catalyst System Reac-
tion rate

Yield Refer-
ence

Chlorella minutissima1

H3PMo/Al2O3

Autoclave-type	reactor	(Parr	3830	Series,	Illi-
nois).	Ethanol:	oil	120:1,	catalyst	20%,	200	°C,	
6	h,	300	rpm

0.805 η	=	96.6%
-1H-NMR

	[18]

Nannochloropsis 
gaditana1

H3PMo/Al2O3

Autoclave-type	reactor	(Parr	3830	Series,	Illi-
nois).	Ethanol:	oil	120:1,	catalyst	20%,	200	°C,	
6	h,	300	rpm

0.808 η	=	96.9%
-1H-NMR

	[18]

Nannochloropsis 
oculata
CaO/Al2O3

Batch	reactor.	Ethanol:	oil	48:1,	catalyst	12%,	
50	°C,	2	h

4.125 η	=	99.0%
-GC-FID

	[56]

Prototheca moriformis
Metallo-stannosilicate

Open	glass	reactor	(100	mL)	equipped	with	
a	reflux	condenser	and	a	magnetic	stirrer,	
immersed	in	a	thermostatic	bath.	Ethanol:	oil	
30:1,	catalyst	3%,	100	°C,	12	h,	900	rpm

2.683 η	=	96.6%
-GC-FID

	[57]

Scenedesmus sp.
CaO

Round	bottom	flask	(100	mL)	equipped	with	a	
condenser and magnetic stirrer in a thermostatic 
bath.	Ethanol:	oil	114:1,	catalyst	3%,	75	°C,	8	h,	
300	rpm

2.925 η	=	70.2%
-GC-FID

This 
study

Autoclave-type	reactor	(100	mL).	Ethanol:	oil	
114:1,	catalyst	3%,	150	°C,	2	h,	1,000	rpm

13.550 η	=	81.3%
-GC-FID

This 
study

Table 5 Literature review for 
the	transesterification	reaction	of	
microalgal oil using ethanol and 
heterogeneous catalysts

1In	situ	transesterification;	Yield	
(η)	in	%m;	Reaction	rate	in	(g	
FAEE)	(g	catalyst)−1 h−	1

 

Fig. 9	 Transesterification	reaction	of	microalgal	oil	using	CaO	(3%m)	as	catalyst:	 (a)	 low-severity	with	excess	ethanol	(114:1),	and	(b)	high-
severity	with	excess	ethanol	(114:1)
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kg)	 within	 the	 range	 expected	 for	 biodiesel,	 as	 outlined	
by	 standards	 like	ASTM	D6751	 [60]	 (3.0–6.0	mm²/s	 and	
~	37–40	MJ/kg,	respectively).	The	oxidative	stability	values	
(4,059	and	5,038	h)	exceed	the	standard	minimum	of	3	h,	
indicating good storage stability. Cetane numbers were cal-
culated to be unrealistically high, as values would typically 
range	between	47	and	60	for	biodiesel.	The	saponification	
and iodine values are consistent with typical biodiesel feed-
stocks, indicating a reasonable balance of fatty acid content. 
The	degree	of	unsaturation	and	long-chain	saturation	factor	
suggest	the	oils	have	significant	unsaturation,	which	could	
affect	fuel	performance,	with	Scenedesmus sp. oil having a 
more	favourable	cold	flow	plugging	point	(96.94	°C),	suit-
able for colder climates. These results show that both oils 
have promising properties for biodiesel production, though 
further adjustments in the Cetane Number calculation 
method are needed to align with typical values.

3.4 Economic and Environmental Perspectives in 
Biodiesel Production

Using ethanol and CaO for biodiesel production presents 
both environmental and economic advantages compared 
to	 traditional	 methanol-based	 transesterification	 with	
homogeneous catalysts. Ethanol, which can be sustainably 
derived	 from	 crops	 like	 corn,	 sugarcane,	 and	wheat	 [61], 
as well as agricultural residues and waste biomass includ-
ing	 food	 waste	 [62], not only lowers the toxicity associ-
ated	with	methanol	but	also	offers	a	renewable	alternative	
that	aligns	with	global	decarbonization	goals	 [63, 64]. By 
adopting ethanol, studies suggest the potential for reducing 
the global warming potential of biodiesel production pro-
cesses, especially when the alcohol is sourced from waste 
biomass	or	surplus	agricultural	produce	[54]. Furthermore, 
recycling	ethanol	during	the	transesterification	process	can	
significantly	lower	raw	material	costs,	improving	the	overall	
economic	feasibility	[65].	In	this	study,	a	high	ethanol-to-oil	
ratio	of	114:1	was	used	to	produce	biodiesel,	which	may	be	
economically impractical. This ratio was selected to over-
come the challenges posed by the highly viscous and poorly 
purified	microalgal	oil,	ensuring	 that	mass	 transfer	 limita-
tions were minimized. However, with the implementation 
of	a	more	efficient	process,	the	ethanol	amount	can	be	opti-
mized to improve the economic feasibility of the process.

The	calcination	of	CaCO₃	to	produce	CaO	is	an	energy-
intensive	process	that	contributes	significantly	to	CO₂	emis-
sions, particularly in cement production, where around 
68%	of	CO₂	 emissions	 arise	 from	 this	 process.	However,	
replacing homogeneous catalysts with CaO in biodiesel 
production enhances sustainability by reducing the need for 
extensive washing steps and minimizing soap formation. 
CaO, sourced from abundant materials such as hydrated 

in	 reactor	 configuration.	When	 these	 differences	 are	 con-
sidered, our reaction results show promise with room for 
improvement. Considering the reaction rate as g of product 
per	catalyst	and	time,	we	had	the	highest	result,	13.55	gFAEE 
gcatalyst

−1 h−	1,	compared	 to	4.125	gFAEE gcatalyst
−1 h−	1 using 

CaO/Al2O3	[56].
The	 study	 highlights	 the	 effectiveness	 of	 using	CaO,	 a	

simpler and abundantly available catalyst, in the transesteri-
fication	process.	Notably,	the	autoclave-type	reactor	system	
with Scenedesmus sp. and CaO achieved the highest reac-
tion	rate,	with	a	yield	of	81.3%.	The	results	emphasize	the	
potential	of	CaO	as	an	efficient	and	cost-effective	catalyst	in	
biofuel	production.	Additionally,	as	purified	lipids	still	had	
5.2%	of	 free	 fatty	 acids,	 a	 prior	 neutralization	 step	 could	
further improve these results.

Literature	 studies	 of	 transesterification	 reactions	 com-
paring methanol and ethanol showed that microalgae oil 
achieved	 one	 of	 the	 lowest	 differences	 between	 FAME	
and	FAEE	yield	[57].	Except	for	sunflower	oil	 that	varied	
from	95.8%	FAMEs	 to	 94.8%	FAEEs	 yield,	 all	 the	 other	
vegetable oils had a higher decrease in yield using etha-
nol	(palm,	soybean,	corn,	and	canola	oils).	Microalgae	oil	
yielded	96.6%	FAEEs	compared	to	98.2%	FAMEs.	In	this	
study,	rapeseed	(canola)	oil	conversion	was	more	efficient	
than microalgal oil, but the microalgal oil yields could be 
improved further by optimizing the reaction conditions or 
improving	purification	of	the	lipids.

Finally, biodiesel properties were roughly estimated 
based	 on	 the	 fatty	 acid	 profiles	 of	 both	 rapeseed	 oil	 and	
microalgal	 described	 in	 previous	 studies	 [58]. Using bio-
diesel	 fuel	 properties	 equations	 described	 elsewhere	 [59], 
viscosity,	 calorific	 value,	 oxidative	 stability,	 cetane	 num-
ber,	saponification	value,	iodine	value,	degree	of	saturation,	
long-chain	saturation	 factor,	and	cold	flow	plugging	point	
were	estimated	based	on	the	fatty	acid	profile.	Table	6 shows 
the estimated values. The calculated biodiesel properties for 
rapeseed oil and Scenedesmus sp. oil generally align with 
typical values found in the literature. Both oils exhibit vis-
cosity	and	calorific	values	 (around	3.7	mm²/s	and	39	MJ/

Table 6 Comparison of key biodiesel properties for rapeseed oil and 
Scenedesmus sp. oil
Property Rapeseed 

oil
Scenedes-
mus sp. oil

Viscosity	(mm²/s) 3.74 3.51
Calorific	Value	(MJ/kg) 39.49 39.3
Oxidative	Stability	(h) 4,059 5038
Cetane	Number	(CN) 1,934 1,976
Saponification	Value	(SV)	(mg	KOH/g) 2.89 2.83
Iodine	Value	(IV)	(g	I₂/100	g) 2.43 3.02
Degree	of	Unsaturation	(DU) 132.60% 118.30%
Long-chain	Saturation	Factor	(LCSF) 47.96% 36.10%
Cold	Flow	Plugging	Point	(CFPP)	(°C) 134.2 96.94
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