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RESUMEN (en espaiiol)

La incorporacion de fuentes bioldgicas en los procesos industriales significa un cambio
revolucionario hacia practicas mas sostenibles y conscientes del medio ambiente. Al utilizar
materiales bioldgicos como las microalgas, la industria puede reducir su dependencia de fuentes
fosiles, minimizar las emisiones de gases de efecto invernadero e incentivar una economia
circular. Este enfoque sirve para mitigar el impacto ambiental al mismo tiempo que estimula la
innovacion dentro de los sectores energético y quimico. La adopcion de fuentes biologicas es
imperativa para lograr la sostenibilidad a largo plazo, mejorar la eficiencia de los recursos y
estimular el crecimiento econémico, garantizando al mismo tiempo la proteccion del planeta
para las generaciones futuras. Las microalgas se han convertido en una fuente prometedora para
la produccidn industrial, ofreciendo diversidad de ventajas sobre las materias primas
tradicionales como los aceites vegetales y las grasas animales. Estas incluyen un mayor
contenido lipidico, rapidas tasas de crecimiento, uso de tierras no cultivables, mayor captura de
CO,, escalabilidad y potencial, y una gran versatilidad de subproductos cuando se aplican en el
contexto de la economia circular. La presente tesis doctoral se centra en la produccion de ésteres
metilicos de acidos grasos (FAMEs) a partir de aceites derivados de las microalgas
Nannochloropsis gaditana y Haematococcus pluvialis, asi como de su caracterizacion
fisicoquimica y tribologica, y su aplicacion como aditivos lubricantes.

Para este fin, inicialmente se optimiz6 la reaccion de transesterificacion en medio basico
del aceite obtenido, tanto de la microalga N. gaditana como de la H. pluvialis, mediante el
empleo de la metodologia de superficie de respuesta (RSM). Los FAMEs resultantes fueron
identificados mediante una caracterizacion de sus estructuras moleculares. Ademas, fueron
determinadas sus propiedades fisicoquimicas tales como la densidad, viscosidad, punto de
inflamacion, punto de congelacion, humedad, acidez, poder calorifico superior e inferior, y
estabilidad térmica. A continuacion, se realizo la caracterizacion tribologica donde se determind
el coeficiente de friccion y los regimenes de lubricacion a diferentes temperaturas a través de
ensayos de deslizamiento alternativo y ensayos de rodadura/deslizamiento. Esta caracterizacion
triboldgica fue complementada con un andlisis de la huella de desgaste generada durante los
ensayos de deslizamiento alternativo mediante el uso de microscopia confocal e interferometro,
asi como el analisis del mecanismo de desgaste con microscopia electronica de barrido (SEM).

Una vez evaluadas las propiedades tribologicas de ambos FAMEs, se decidio continuar la
investigacion con la microalga H. pluvialis ya que present6 los mejores resultados de
estabilidad, desgaste y friccion. La mezcla de FAMEs obtenida a partir de la H. pluvialis fue
purificada con bentonita para la eliminacion del pigmento caracteristico de la microalga.
Posteriormente, esta mezcla de FAMESs fue usada como aditivo a diferentes concentraciones en
un diésel estandar. Tanto el diésel y la mezcla de FAMESs puros como las mezclas diésel —
FAME:s se caracterizaron fisicoquimica y triboldgicamente. El test tribologico seleccionado fue
el método de prueba estandar para la evaluacion de la lubricidad de combustibles diésel
mediante movimiento alternativo de alta frecuencia (HFRR). La finalidad de este estudio es
evaluar la habilidad del aceite modificado de H. pluvialis como potencial aditivo reductor de la
friccién y el desgaste en combustibles.




Adicionalmente, se realizé un analisis preliminar técnico—econdémico de la produccion de
FAME:s a partir de desechos de la microalga H. pluvialis del sector cosmético/nutricional.
Mediante el uso de las condiciones de laboratorio previamente obtenidas y el empleo del
simulador de procesos SuperPro Designer v.9, se evaluaron cuatro posibles escenarios a escala
industrial. Parametros como la produccion anual de FAMEs, el coste unitario de produccion, o
el analisis de rentabilidad, fueron importantes para la seleccion del escenario con la maxima
valorizacion de residuos y viabilidad de los procesos a medio y largo plazo, gracias a la
implantacion de estrategias de economia circular.

RESUMEN (en inglés)

The incorporation of biological sources in industrial processes signifies a revolutionary
shift towards more sustainable and environmentally conscious practices. By exploiting
biological materials such as microalgae, industries can diminish their reliance on fossil sources,
minimize greenhouse gas emissions, and incentivize a circular economy. This approach serves
to mitigate environmental impact while simultaneously stimulating innovation within the energy
and chemical sectors. The adoption of bio-based sources is imperative for the realization of
long-term sustainability, enhanced resource efficiency, and the stimulation of economic growth,
while ensuring the protection of the planet for future generations. Microalgae have emerged as a
promising and sustainable source to produce industrial products, offering several advantages
over traditional raw materials such as vegetable oils and animal fats. These advantages include a
higher lipid content, rapid growth rates, the use of non-arable land, greater CO, fixation,
scalability and potential, and great versatility of byproducts when applied within the context of
the circular economy. The objective of this dissertation is to study the production of fatty acid
methyl esters (FAME) derived from the microalgae Nannochloropsis gaditana and
Haematococcus pluvialis, and to evaluate their tribological and physicochemical characteristics
and their application as additives.

For this purpose, the basic transesterification reaction of the microalgae N. gaditana and H.
pluvialis bio-oils were first optimized using the Response Surface Methodology (RSM). The
resulting FAMEs were identified through a characterization of their molecular structures. In
addition, physicochemical properties such as density, viscosity, flash point, pour point,
moisture, acidity, lower and higher heating value, and thermal stability were determined. A
tribological study was then carried out to evaluate the coefficient of friction and the regime of
lubrication at different temperatures through reciprocating sliding tests and rolling/sliding tests.
This tribological characterization was complemented by an analysis of the wear volume
generated during the reciprocating sliding tests using confocal microscopy and interferometry,
as well as an analysis of the wear mechanism using scanning electron microscopy (SEM).

After evaluating the tribological properties of both FAMEs, it was decided to continue the
research with the microalgae H. pluvialis, since it showed the best results in terms of stability,
wear and friction. The FAME produced from H. pluvialis was purified with bentonite to remove
the characteristic pigment of the microalgae. The FAME was then used as an additive in
different concentrations in a standard diesel fuel. The pure diesel and FAMEs, and their
mixtures were characterized physicochemically and tribologically. The tribological test selected
was the standard high frequency reciprocating rig (HFRR) test method for evaluating the
lubricity of diesel fuel. The purpose of this study is to evaluate the ability of the H. pluvialis
bio-oil derived FAME as a potential friction and wear reducing additive in fuels.

In addition, a preliminary techno—economic analysis of the production of FAME from H.
pluvialis microalgae waste from the cosmetic/nutritional sector was carried out. Using the
previously obtained laboratory scale conditions and the SuperPro Designer v.9 process
simulator, four possible industrial scale scenarios were evaluated. Parameters such as the annual
production of FAME, the unit cost of production or the profitability analysis were critical for
the selection of the scenario with the maximum valorizations of waste and profitability of the
processes in the medium and long term, by implementing circular economy strategies.
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Capitulo 1

CAPITULO

1

1 Introduccion

Los gases de efecto invernadero (GEI) han sido fundamentales para mantener
un clima habitable en la superficie de la Tierra durante millones de afios. Sin
embargo, el aumento desmedido de sus emisiones esta poniendo en riesgo la vida
tal como se conoce. En la actualidad, los niveles de CO, en la atmoésfera son los
mas altos jamas registrados y siguen en aumento, alcanzando un total de 40,5
toneladas de emisiones en 2022 [1].

Los GEI tienen un impacto significativo en el entorno y en la salud de las
personas. Son responsables del cambio climatico y estan relacionados con
problemas de salud, como las enfermedades respiratorias provocadas por el esmog
y la contaminacion del aire. El cambio climatico no solo se refiere al aumento de
las temperaturas medias de la Tierra, sino que también incluye fendomenos
meteoroldgicos extremos, alteraciones en las poblaciones y habitats de la fauna y
flora, aumento del nivel del mar, cambios en la disponibilidad de alimentos y un
incremento en la frecuencia de incendios forestales, entre otros.

El CO; es el GEI mas peligroso y prevalente, y es responsable de
aproximadamente el 75% de las emisiones totales. La industria petrolera se ha
establecido como la principal fuente de emisiones, atribuyéndose a esta el 90,47%
de las emisiones totales. Dentro de este contexto, se estima que el 25% de dichas
emisiones proviene de pérdidas energéticas [1].

La tribologia es una de las ciencias clave para afrontar los desafios globales
ambientales. La reduccion de la friccion y el desgaste a través del uso de
lubricantes adecuados para cada aplicacion implicaria la disminucion y/o
eliminacion de factores como el ruido ambiental, generacion de residuos, pérdidas
de energia y de materiales, entre otros. Esta practica, implicaria importantes
ahorros econdémicos y reducciones en las emisiones de COs.

Sin embargo, la mayoria de los aceites base empleados en la formulacion de
lubricantes son producidos durante el procesamiento del petréleo crudo. Los
aceites minerales se caracterizan por tener una composicion diversificada que
puede incluir hidrocarburos alifaticos y aliciclicos de cadena ramificada,
hidrocarburos aromaticos, principalmente derivados del benceno, pero también
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bifenilo, difenilmetano, trifenilmetano, naftaleno, antraceno, fenantreno y
derivados del criseno [2].

Para cumplir con su funcion, los lubricantes necesitan satisfacer una serie de
requerimientos minimos dentro de las cuales se encuentran [3]: a) reducir las
pérdidas de energia; b) proteger las superficies del desgaste por friccion; c)
proteger contra la corrosion; d) reducir los efectos de la oxidacion; e) enfriar las
superficies; f) disminuir las pérdidas de calor por contacto entre superficies; g)
aumentar la hermeticidad y evitar fugas de contaminantes y sedimentos. Ademas
de ciertos requerimientos dependiendo de la aplicacion.

La constante lucha contra el cambio climatico, asi como el aumento del
precio del crudo y el agotamiento de las reservas, han fomentado el interés en el
desarrollo y uso de nuevos materiales biodegradables y mas sostenibles con el
medio ambiente, buscando sustitutos de origen vegetal y/o animal para el
desarrollo de biolubricantes.

1.1. Biolubricantes

Se entiende por biolubricante todo aquel lubricante considerado bueno para
el medio ambiente, con la capacidad para degradarse en un cierto periodo de
tiempo a través de procesos de descomposicion natural [4]. Como lubricantes,
estos materiales deben cumplir con las propiedades generales descritas
anteriormente. Sin embargo, los biolubricantes presentan importantes ventajas
atractivas tales como [5]: a) alta biodegradabilidad; b) baja toxicidad; c)
naturaleza sostenible (respetuoso con el medio ambiente); d) mayor seguridad
laboral; e) vida til de maquinaria mejorada; f) menores costes laborales; g)
menores consumos energéticos; h) mayor lubricidad; i) indices de viscosidad
mayores; j) puntos de ebullicion mas altos; k) y menor volatilidad. Sin embargo,
su caracter biodegradable hace de ellos propensos a la degradacion (menor vida
util) resultado de una mala estabilidad hidrolitica, térmica y oxidativa, asi como
baja inhibicion a la corrosion y puntos de fluidez altos.

1.1.1. Clasificacion de los biolubricantes

Un aspecto importante de los biolubricantes es el origen de la materia prima
empleada para su produccion. En funcion de esto, los biolubricantes pueden ser
clasificados en cuatro grandes generaciones ilustradas en la Figura 1 [6]. Estas
cuatro generaciones siguen el esquema existente para la clasificacion de biodiesel.
Dentro de la primera generacion se encuentran todas aquellas materias primas
procedentes de cultivos comestibles, como el girasol, la oliva o la soja. Estas
fuentes se caracterizan por tener una baja produccion de aceite y fomentar la
deforestacion y la destruccion de ecosistemas para su cultivo [7]. Ademas, el uso
de cultivos comestibles para una aplicacion industrial compite con la produccion
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de alimento y aumenta los costes finales de los comestibles, lo que es
contraproducente en el contexto de la escasez de alimentos a nivel mundial.

1° Generacion o

2 Girasol
|~ Soja
Cultivos Uso de tierras = Coco

comestibles arables — Palma
[~ Oliva

Q Ricino

Canola

2° Generacién

| Materia prima | | » Jatropha

i A |+ Semillas de algodon
— Semillas de caucho

arables
| Jojoba
[™ Semillas de tabaco
| Cultivos no \ Nim
comestibles Aceites usados

3° Generacion
| » Microalga

No uso de — Macroalga
tierras arables [~ Bacteria

™ Hongos

4" Generacién
Microalgas geneticamente
modificadas

Figura 1. Generaciones de biolubricantes.

La segunda generacion de biolubricantes incluiria materias primas de origen
no comestible que necesitan de tierras de cultivo para su crecimiento. Por ejemplo,
las semillas de algodon, jatropha y jojoba [7,8]. Ademas, en esta categoria, varios
autores incluyen también los aceites de cocina usados [9]. Estos cultivos estan
mas disponibles que los de primera generacion, pero el uso de terrenos de cultivo
para su crecimiento implica una disputa con los cultivos comestibles por las
tierras.

En la tercera generacion se encuentran todos aquellos biolubricantes
derivados de microorganismos como hongos, bacterias, macroalgas y microalgas
[7]. Estas tltimas estan generando gran expectacion por sus innumerables ventajas
frente a los cultivos de primera y segunda generacion.

Las microalgas son microorganismos capaces de realizar la fotosintesis tanto
en agua dulces /saladas como en aguas contaminadas, por lo que no necesitan
tierras de cultivo para su crecimiento. Estos microorganismos se caracterizan por
la influencia que tienen las condiciones de cultivo en su desarrollo, ya que son
organismos facilmente maleables cuando se cambian parametros de cultivo. Entre
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sus ventajas destacan [S5]: a) alta tasa de crecimiento; b) alta produccion de
biomasa; c¢) alta produccion de aceite; d) cultivables todo el afio; ¢) mayor
captacion de CO, durante la fotosintesis; f) y eliminacion efectiva de fosfatos y
nitratos en aguas residuales (biorremediacion).

Por tltimo, puede considerarse una cuarta generacion procedente de biomasa
de microalgas genéticamente modificadas. La posibilidad de manipular el genoma
de estos microorganismos podria servir para resolver problemas relacionados con
estructuras moleculares no deseadas.

1.2. Produccion de biolubricantes a partir de microalgas

De forma general, el proceso de produccion de biolubricantes se compone
principalmente de cuatro etapas destinadas a la obtencion del bioaceite (Figura 2):
cultivo de la cepa seleccionada, recoleccion de la biomasa, secado de la biomasa
(opcional) y extraccion del bioaceite.

Cultivo Recoleccion Secado Extraccion  Modificaciéon
de biomasa (Liofilizado) de bioaceite  del bioaceite

Figura 2. Etapas del proceso de obtencion de biolubricantes a partir de microalgas.

La etapa de cultivo es la fase clave del ciclo, ya que sera la encargada de
definir la composicion de la biomasa, asi como la estructura molecular de los
diferentes activos. Como ya se ha comentado previamente, durante su fase de
crecimiento estos microorganismos son muy sensibles a parametros tales como el
tipo de biorreactor (sistemas abiertos, sistemas cerrados o fotobiorreactores),
grado de agitacion, concentracion de O,, temperatura, intensidad de la luz, CO,
disuelto, ciclos luz/oscuridad y disponibilidad de nutrientes (C, N, P, entre otros)
[5]- Una caracteristica ya destacada de las microalgas es su capacidad de crecer
en diversidad de medios siendo posible su cultivo en agua dulce, agua salda o
aguas contaminadas.

Una vez finalizado la fase de crecimiento, la biomasa es separada del medio
mediante un proceso de recoleccion. Debido al pequefio tamarfio real de las células
(3-30 pm) esta etapa se define como de alto coste, adjudicandose el 90% de los
costes de instrumentacion en el ciclo de produccion de biomasa [10]. De forma
general, se pueden encontrar métodos de recoleccion fisicos (centrifugacion,
sedimentacion, filtracion o flotacion), quimicos (floculacion), bioldgicos
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(biofloculacion/autofloculacion) y/o separacion electromagnética, que pueden ser
combinados entre ellos para obtener mejores resultados.

Una vez separada la biomasa, es habitual aplicar un proceso de secado para
la obtencion de biomasa seca. Esta etapa suele ser necesaria cuando se pretende
realizar alglin tipo de reaccion quimica aguas abajo que sea sensible o se vea
afectada de alguna forma por la presencia de humedad. Destaca la técnica de
liofilizacion, la cual permite eliminar el agua a través de un proceso de
congelacion y posterior sublimacion del hielo. Se caracteriza por ser una técnica
no invasiva que no altera la estructura de la muestra.

La extraccion del bioaceite es otra etapa de gran importancia que busca
substraer la mayor cantidad de lipidos posible. Dentro de los lipidos se contemplan
estructuras como los fosfolipidos, esteroles o triglicéridos, siendo este ultimo el
de mayor interés en la produccion de biolubricantes. En el caso de las microalgas,
que presentan unas matrices complejas, suele requerirse un pretratamiento de
disrupcion celular previo a la extraccion. Técnicas de extraccion comunes pueden
ser la extraccion con solventes organicos, el empleo de liquidos idnicos o fluidos
supercriticos.

1.2.1. Triglicéridos como biolubricantes

Los triglicéridos son estructuras moleculares formadas por la union de tres
acidos grasos a través de un glicerol. Los acidos grasos presentes en bioaceites se
caracterizan por una longitud de cadena entre 4 a 26 atomos de carbono, asi como
la posibilidad de presentar insaturaciones. Cuando el acido graso no presenta
ningun enlace doble, se denomina SFA. En caso de presentar un solo enlace doble,
se denominara MUFA, y si presenta dos o mas enlaces dobles serd PUFA. Los
acidos grasos presentes en los aceites derivados de microalgas se caracterizan por
tener mayor contenido de insaturaciones. En esta linea, es comun la presencia de
PUFAs con 5 y 6 enlaces dobles en su estructura.

Debido a su alto peso molecular, los triglicéridos poseen una alta viscosidad
e indice de viscosidad. Aceites vegetales como el derivado de jatropha ha sido
ampliamente estudiado como aditivo modificador de la viscosidad en aceite base
mineral [11,12]. Mas recientemente, se verifico la viabilidad del aceite de cocina
usado como aditivo antidesgaste y antioxidante [13].

Debido a la naturaleza general de los aceites derivados de microalgas, estos
no son empleados como biolubricantes y/o aditivos en esta forma. Los aceites
derivados de microalgas se caracterizan por una fuerte pigmentacion y un estado
a temperatura ambiente semisolido y no homogéneo, como se muestra en la Figura
3. Este aspecto se debe a que, a diferencia de los aceites vegetales convencionales
(90 — 100% triglicéridos), los aceites de microalgas presentan entre un 15% — 60%
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en peso de triglicéridos [14]. El resto de la materia estaria compuesta por otros
activos como por ejemplo pigmentos que aportan un color caracteristico a cada
microalga. Es por ello que, en el caso de las microalgas, es necesaria una cuarta
fase para la ruptura del triglicérido y la disminucion del peso molecular.

Figura 3. Aceite derivado de la microalga de N. gaditana.

1.2.2. Aceites modificados como biolubricantes

La transesterificacion es la técnica mas empleada en la ruptura del triglicérido
y obtencion de los acidos grasos constituyentes (Figura 4). Esta via se basa en la
reaccion del triglicérido con un alcohol (normalmente metanol o etanol) en
presencia de un catalizador y bajo condiciones de calor, para dar como resultado
FAME (o FAEE si se emplea etanol) y glicerol [6]. La produccion de FAME
mediante transesterificacion es la técnica por excelencia en la obtencion de
biodiesel a nivel industrial. Es por ello por lo que se trata de una via ampliamente
estudiada en el campo de los biocombustibles derivados de fuentes vegetales de
primera y segunda generacion. En cuanto al catalizador, su naturaleza puede ser
acida, basica o enzimatica, asi como homogénea o heterogénea.

g Cem L
0 R CH ;e
o Cat. 7 ot

OH
O)OI\RZ + 3CH;~0OH <—>CH3_0*R2
AT
O)I\Ra CH,—0 R,

Triglicérido FAME

Figura 4. Reaccion de transesterificacion.

+ OH

OH

Esta reaccion es sensible a la presencia de humedad y FFA, los cuales
fomentan el desarrollo de reacciones secundarias como la saponificacion. De
acuerdo con esto, es comun el empleo de catalizadores acidos cuando el TAN
supera los 2 — 4 mg KOH/g muestra [15].
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El grupo de Investigacion de Ingenieria Quimica y Quimica—Fisica de la
Universidad de Extremadura, ha estudiado en profundidad en los ultimos afios la
produccion de biodiesel y biolubricantes a partir de aceites vegetales como el
girasol, el cardo o el aceite de ricino, empleando esta técnica de transesterificacion
[16-20]. De sus investigaciones, se ha observado que para este tipo de aceites las
condiciones de ensayo mas efectivas se encontrarian en un ratio molar
bioaceite:alcohol de 1:6 (0,35 mL/g muestra aproximadamente), durante 60 — 150
min (dependiendo de las caracteristicas del aceite), y bajo una temperatura de 60
— 65 °C. Siempre empleando CH3ONa como catalizador basico a una
concentracion entre 0,5 — 1,5%.

Buscando ir un paso mas alla, la investigacion en la produccion de
biolubricantes a partir de fuentes vegetales ha intentado en los ultimos afios
modificar la estructura molecular de los FAME para dar solucion a problemas
relacionados con la presencia de enlaces dobles y/o mejorar sus propiedades
fisicoquimicas y tribologicas. Como se muestra en la Figura 5, en esta linea se
encontrarian las técnicas de doble transesterificacion con alcoholes complejos
para la formacion de FAAE, o técnicas de epoxidacion para la eliminacion de los
dobles enlaces y mejora de la estabilidad del compuesto.

Acido graso
: o ANANANAANAAA | Clicerol

Triglicerido

/ /8\/\/\/\/’3\/\/\/\
CH, _0/%\/\/\/\/\/\/\/\

> ° 2 O
Ester metilico de 4cido graso ~ ¢«— % o
Ester etilico de acido graso ©

I \ Triglicérido epoxidado

[ Transesterificacion ]

Segunda -
[ transesterificacion [ Trans +QOXI ]
. ) 0
R0 AN A CH,—0
Ester alquilico de acido graso Ester metilico/etilico de acido graso

epoxidado

Figura 5. Principales rutas para la produccion de biolubricantes a partir de aceites
vegetales.
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El grupo de investigacion extremefio es uno de los pioneros en la aplicacion
de las técnicas de doble transesterificacion en aceites vegetales tradicionales. La
doble transesterificacion se basa en hacer reaccionar el FAME con un alcohol
complejo (mayor longitud de cadena y/o presencia de ramificaciones) para dar
como producto FAAE y metanol. La ventaja de este modelo de refineria es la
diversidad de productos principales (biodiesel, biolubricantes) y el ahorro
econdmico y energético con la recuperacion de productos secundarios como el
glicerol o el metanol.

Por otro lado, la neutralizacion de los enlaces dobles mediante técnicas de
epoxidacion se basa en propiciar la interaccion de los alquenos de la muestra con
un peroxidcido para formar lo que se conoce como epdxido (compuesto de éter
ciclico). Esta modificacion ha sido verificada como una via alternativa para la
mejora de las propiedades anticorrosivas y de lubricidad, asi como un gran aliado
en la lucha contra las malas propiedades oxidativas de estos materiales [21,22].
Una de las mayores ventajas de esta reaccion es la posibilidad de ser aplicada tanto
en triglicéridos (antes de la reaccion de transesterificacién) como en FAME o
derivados (después de la reaccion de transesterificacion o similares).

Sin embargo, la aplicacion de materias primas novedosas como las
microalgas en este campo supone una novedad desafiante, ya que los aceites
derivados de estos microorganismos presentan unas propiedades totalmente
diferentes a los aceites vegetales convencionales estudiados hasta la fecha.

Casi la totalidad de estudios existentes en el campo de la transesterificacion
de aceites derivados de microalgas basan sus investigaciones en la produccion y
caracterizacion de biodiesel, no contemplando por ende su potencial como
biolubricante. C. protothecoides, C. vulgaris, S. limacinum o N. gaditana, son
algunas de las cepas mas estudiadas en la produccion de biocombustibles [23—26].

Las dificultades a la hora de manipular los aceites derivados de microalgas
resultaron en el estudio de nuevas variantes a la reaccion de transesterificacion.
De esta forma nacio la modalidad de transesterificacion directa o in situ, la cual
combina la extraccion del bioaceite y la reaccion de transesterificacion en un tnico
proceso. Estas reacciones necesitan ser catalizadas en medio acido, por lo que el
contenido de agua deja de ser un parametro critico, ya que favorece la estabilidad
hidrolitica de los compuestos. Sin embargo, la aplicacion de esta tecnologia
requiere de configuracion de ensayo complejas. Esto implica condiciones
supercriticas con mayores tiempos de reaccion, elevadas temperaturas e incluso
condiciones de vacio. En la Tabla 1 se resumen algunas de las configuraciones
mas usadas en esta linea. Como se puede observar, debido a la baja homogeneidad
de los aceites y al bajo contenido en triglicéridos, la cantidad de alcohol pasa a
expresarse en mL de metanol por g de muestra. Esta cantidad es bastante mas
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elevada que las usadas con aceites convencionales. Las temperaturas y tiempos de
reaccion también se ven fuertemente afectados, llegando a alcanzar en algunos
casos los 300 °C y 360 min.

Tabla 1. Configuraciones de ensayos realizadas en estudios sobre la transesterificacion
directa de microalgas.

Ca;tcl(()llf:(()ll de caf:lll)i‘;:(;eor Temperatura  Tiempo  Ref.
2,5-9,3mL/g CH;COCl 80 105 [27]

9,1 mL/g H>SO4 100 120 [28]

NG 30-120 mL/g HCl 60 —90 30-150 [29]
6—12mL/g - 245 -290 10-50  [30]
2,5-9,3mL/g H,SO4 100 105 [31]

1:56 molar H>S04 30 240 [32]

cp 1:56 molar H>S04 50 300 [23]
79,4 mL/g CH3COCl 100 120 [33]

SL 6,8 —8,5mL/g H,SO4 40 90 [26]
DS 1:180 molar H3PM012040/Nb205 250 360 [34]
SP 4-12mL/g - 200 -300 10-50  [35]

*NG: Nannochloropsis gaditana; CP: Chlorella protothecoides; SL: Schizochytrium limacinum;
DS: Dunaliella salina; SP: Spirulina platensis

Es importante destacar que el uso de estos microorganismos en el campo de
la tribologia vagamente ha sido estudiado. Escasos articulos se pueden encontrar
sobre la transesterificacion para la produccion de biolubricantes, pero menos aun
sobre la caracterizacion desde el punto de vista tribologico. Estudios como el de
Savienne [34] o Da Silva [36] evaluaron el potencial de especies como D. salina
en la produccion de FAME para su uso como biolubricante, pero sin
caracterizacion tribologica. Sin embargo, pueden encontrarse algunos estudios
como el de Cheah [37] donde se investigd la produccion de FAME vy el perfil
lipidico del aceite derivado de Chlorella sp., asi como su aplicacion a bajas
concentraciones en un aceite lubricante sintético PAO. Este estudio evalud el
comportamiento tribologico a través de ensayos de deslizamiento alternativo a alta
frecuencia (HFRR). Finalmente se pudo demostrar las capacidades antifriccion y
antidesgaste de los aceites modificados de microalgas a bajas contracciones.

Mas recientemente en 2024, Khan [38] evalu6 el potencial de ocho cepas en
la produccion de biolubricantes. Coelastrella sp., Chlorocystis sp., Ceatocerous
sp., Neochloris sp., Picochlorum sp., Tisochrysis sp., Tetraselmis sp. y
Synechococcus sp., fueron las seleccionadas. Sin embargo, solo la Colaestrella sp.
paso el corte para la sintesis de biolubricantes. Este estudio es el primero en aplicar
las dobles transesterificaciones en bioaceites derivados de microalgas. En él
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realizan una transesterificacion acida con H.SO4 y metanol para la neutralizacion
de los FFA y produccion de FAME. A continuacion, someten al FAME a una
segunda reaccion con trimetilpropano a 100 °C durante 120 min. A pesar de que
esta tecnologia es novedosa en el campo de las microalgas, seria aun necesario
completar esta investigacion con una caracterizacion tribologica en profundidad
que verifique las propiedades del producto.

1.3. Nannochloropsis gaditana y Haematococcus pluvialis

Nannochloropsis gaditana es un alga unicelular miembro de la clase
Eustigmatophyceae, derivada de un evento endosimbiotico secundario, lo que la
hace estar mas relacionada con algas pardas y las diatomeas que con las algas
verdes [39]. Sin embargo, se caracteriza por tener tonalidades que van desde el
amarillo al verde como se observa en la Figura 6 (derecha).

b %e OO

Figura 6. Cepa de H. pluvialis (Algatex Biotechnology), izquierda; y cepa de N.
gaditana, derecha.

En la ultima década, esta microalga ha suscitado cierto interés en el sector
energético por su alto contenido de lipidos, el cual varia entre el 25% y el 45%.
Se trata de una fuente rica en omega 3, principalmente en forma de EPA (4cido
graso eicosapentaenoico, C20:5) [40]. Ademas, ha sido demostrado que sometida
a las condiciones de cultivo adecuadas, esta cepa es capaz de aumentar su
contenido lipidico hasta en un 75% (mayoritariamente lipidos neutros —
triglicéridos) [41].

Como ya se ha discutido en la Tabla 1, esta microalga ha sido ampliamente
estudiada en la produccion de biodiesel a través de transesterificaciones directas.
Estas reacciones, atn eliminando la etapa de extraccion del bioaceite, requieren
de condiciones de ensayo complejas. Seria de interés la optimizacion de la
reaccion de transesterificacion a partir de su bioaceite, intentando implementar
configuraciones de ensayo mas asequibles que no impliquen tener que llegar a
condiciones supercriticas.

10
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La segunda cepa de interés seria la Haematococcus pluvialis, siendo esta una
de las especies mas cultivadas en la industria junto con la Spirulina, Chlorella y
Dunaliella. Se trata de un alga verde unicelular perteneciente a la familia de las
Haematococcaceae [42]. Es la fuente por excelencia del antioxidante natural
astaxantina, causante de la pigmentacion rojiza caracteristica de esta microalga
(Figura 6, izquierda). Este microorganismo tiene la capacidad de acumular hasta
un 5% en peso de astaxantina, siendo esta su principal explotacion en la industria
[43]. A pesar de que existen numerosos estudios destacando el potencial de esta
microalga en el campo de los biocombustibles, vagamente ha sido estudiada en la
produccion de biodiesel [43—45]. Se trata de una gran candidata tanto en la
produccion de biodiesel como en la de biolubricante, debido al alto contenido
lipidico de su bioaceite. Ademas, la combinacion de estos procesos junto con la
extraccion de astaxantina a nivel industrial supondria un gran avance en la
valorizacion de residuos, asi como una reduccion en los costes de produccion
gracias a la implantacion de estrategias de economia circular.

11
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CAPITULO

2

2 Objetivos

En base a lo expuesto en la introduccion, el objetivo general de la presente
tesis doctoral es estudiar la factibilidad del uso de bioaceites modificados de
tercera generacion, derivados de microalgas, como mejoradores de la lubricidad
en un combustible diésel. Para este propdsito se seleccionaron las cepas de
microalgas de Nannochloropsis gaditana 'y Haematococcus pluvialis.

Para conseguir el objetivo general antes planteado, se definieron los
siguientes objetivos especificos:

1)

2)

3)

4)

5)

Optimizar las reacciones de transesterificacion de los bioaceites
derivados de N. gaditana y H. pluvialis con la finalidad de obtener el
mayor rendimiento en la obtencion de FAMEs.

Caracterizar desde el punto de vista fisicoquimico los FAMEs derivados
de N. gaditana y H. pluvialis.

Caracterizar desde el punto de vista tribologico los FAMEs derivados de
N. gaditana y H. pluvialis, asi como las mezclas de esta ltima con un
combustible diésel.

Determinar la necesidad de optimizacion e implantacion de un proceso
de purificacion de la mezcla de FAMEs derivada de la H. pluvialis para
su aplicacion como aditivo.

Estudiar la factibilidad técnico-econdmica de la produccion de FAMEs
a partir de la microalga de H. pluvialis a escala industrial.

13
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CAPITULO

3

3 Optimizacion de la reaccion de
transesterificacion de V. gaditana y H. pluvialis

En este capitulo se exponen los resultados obtenidos durante el proceso de
optimizacion de la reaccion de transesterificacion para la produccion de FAMEs
a partir de los bioaceites derivados de las microalgas N. gaditana y H. pluvialis,
publicados en los articulos cientificos:

» Claudia Sanjurjo, Oulego P, Rodriguez E, Battez AH. Biodiesel
production from the microalgae Nannochloropsis gaditana: Optimization
of the transesterification reaction and physicochemical characterization.
Biomass and Bioenergy 2024;185:107240.
https://doi.org/10.1016/i.biombioe.2024.107240.

» Claudia Sanjurjo, Rodriguez E, Bartolomé M, Gonzalez R, Hernandez
A. Optimizing the Conversion of Bio-Oil from Haematococcus pluvialis
to Fatty Acid Methyl Esters. BioEnergy Research 2024.
https://doi.org/10.1007/s12155-024-10794-9.

3.1. Caracterizacion del bioaceite y obtencion del perfil lipidico de V.
gaditana 'y H. pluvialis

Los bioaceites fueron sometidos a un analisis del contenido en agua y TAN
para evaluar la necesidad de implantacion de un proceso previo de esterificacion
con catalizador acido y/o secado. Los resultados de N. gaditana fueron 1583,7
ppm de humedad y 1,11 mg KOH/g, mientras que para H. pluvialis fueron 1826,4
ppm y 0 mg KOH/g. A la vista de estos resultados, se verifico que no era necesario
ningln pretratamiento.

Para la obtencion del contenido de lipidos saponificables totales y del perfil
lipidico, se sometiéo a ambas muestras a una reaccion de transesterificacion con
metanol en presencia del catalizador acido CH3COCI. Tras este proceso se
concluy6 que el contenido de lipidos saponificables era del 35% y 50% para M.
gaditana y H. pluvialis, respectivamente.

En cuanto a la distribucion de acidos grasos, en la Figura 7 se muestras los
cromatogramas correspondientes al perfil lipidico de cada uno de los bioaceites
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derivados de microalgas. N. gaditana presento tres acidos grasos predominantes:
C16:0 (acido palmitico), C16:1 (acido palmitoleico) y C20:5 (acido
eicosapentanoico). Como ya se comentd en el Capitulo 1, esta cepa de microalga
es famosa por su alto contenido en C20:5 (EPA), de gran valor en la industria
farmacéutica. Los picos mayoritarios en el caso de H. pluvialis fueron el C16:0,
C18:1 (4cido oleico) y C18:2 (4cido linolénico). La composicion completa de
acidos grasos se muestra en la Tabla 2.

_Cl6:1
C16:0 €205
C14:0 . C20:4
C18:1 C18-2 —J ‘
| B . M\JLL__. .|,_JUJ I .
C16:0 C18:2
C18:1
C18:3 n3
C17:1 C20:5
—_— N L- A J\_]L_._LJ L \J\J_Jl‘g‘_.___km
Figura 7. Cromatograma del perfil lipidico de N. gaditana (arriba) y H. pluvialis
(abajo).

Tabla 2. Composicion de acidos grasos de N. gaditana y H. pluvialis.
Acido graso N. gaditana H. pluvialis
Cl14:0 5,35 -
C16:0 25,2 20,38
Cl6:1 24,5 -
Cl17:1 - 2,92
C18:1 5,88 15,89
C18:2 2,79 29,92
Cl18:3 1,17 15,21
C20:4 3,84 -
C20:5 28,5 3,52

*Los acidos grasos con concentraciones por debajo de 1% no han sido
incluidos en la tabla.
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N. gaditana exhibi6 una distribucion equitativa entre SFA, MUFAs y PUFAs,
con porcentajes del 30,55%, 31,91% y 37,54%, respectivamente. El bioaceite de
H. pluviales se caracteriz6 por un contenido de PUFAs del 59,96%. Es importante
recordar que la presencia de acidos grasos insaturados, especialmente PUFAs,
tienden a favorecer la oxidacion del material y, por ende, este tipo de estructuras
no son deseadas.

Con el propoésito de confirmar los resultados del GC-FID y observar las
colecciones de enlaces presentes antes y después de la reaccién de
transesterificacion, las muestras fueron sometidas a un analisis por FTIR. Los
resultados de estos andlisis estan representados en la Figura 8.

— Bioaceite N. gaditana

Bioaceite H. pluvialis
—— FAME N. gaditana  ——— FAME H. pluvialis

=

.
B

4000 3500 3000 2500 2000 1500 1000 500
Longitud de onda (em™)

Figura 8. Espectros FTIR de los bioaceites y los FAMEs derivados de las microalgas V.
gaditana'y H. pluvialis.

Transmitancia (u.a.)

El aumento en todas las muestras de FAME de las bandas caracteristicas a
2921,63 cm™ y 28522 cm! corresponde al incremento de alcanos (-CHs),
resultado de la ruptura de los triglicéridos en sus constituyentes acidos grasos,
verificando asi la formacién de FAME durante la reaccion. La disminucion, tras
la reaccion de transesterificacion, de las bandas a 715 cm™ y 725 cm! se debe a la
pérdida de alcanos (-CH>) presentes en el triglicérido.

Puede apreciarse en las muestras una banda constante a 3012,27 cm’!
atribuida a dobles enlaces (-C=C-). Ademas, los ésteres (-C=0) a 1739,48 cm!,
los compuestos de acetato de metilo ((CO)-O-C) a 1434,78 cm-1 y otros
compuestos de metilo (-C-C(0)-C) a 1166,72 cm™, estan presentes de forma




Claudia Sanjurjo Muriiz

constante antes y después de la reaccion. De forma puntual, se aprecia una amplia
banda a 3342,03 cm™ en el bioaceite derivado de H. pluvialis, indicando la
presencia de compuestos de alcohol (-OH), correspondientes a restos de etanol
utilizados en el proceso de extraccion del bioaceite.

3.2. Diseifio de experimentos

Para proceder con el disefio de experimentos, se empled la misma
metodologia de superficie de respuesta en ambos bioaceites. Para ello, fue
necesario definir las variables independientes de entrada, la variable de salida, asi
como los niveles de ensayo (Tabla 3).

Tabla 3. Variables de entrada, variable de salida y niveles para la optimizacion de la
reaccion de transesterificacion.

Variables Niveles
. Factor
Independientes -2 (-0) -1 0 1 +2 (+a)
Ratio A 13 16 19 L2 LIS

bioaceite:alcohol (g)
Temperatura de

o B 30 50 70 90 110
reaccion (°C)
Tiempo de reaccion 30 675 105 1425 180
(min)
Variable de salida Y Conversion de FAME (%)

En la Tabla 4 se muestran los resultados obtenidos para N. gaditana y H.
pluvialis. El andlisis de estos resultados con el software Design Expert v.9 se
resumio en la generacion de un modelo empirico que correlaciona las diferentes
variables de entrada con la variable de salida a través de un modelo de regresion
cuadratica. Para el caso de N. gaditana, el modelo se ajustd de acuerdo con la
Ecuacion 1, mientras que para H. pluvialis se ajust6 a la Ecuacion 2.

Y =7890+8,114A—-7,44B + 1,17C + 09217AB — 6,77AC 0
+ 4,39BC — 6,31A4% — 2,40B? — 5,94C*

Y = 55,77 — 6,94A + 2,70B — 3,90C + 0,8588AB + 2,45AC @
—2,73BC + 6,96A4% + 6,88B% + 0,5278C?
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Tabla 4. Disefio de experimento y resultados para la produccion de FAME a partir de N.

gaditana 'y H. pluvialis.
Variable Respuesta (%)
Orden N° entrada N. gaditana H. pluvialis
std. test A B C Real Modelo Real Modelo

Y Y Error Y Y Error

11 1 0 -2 0 81,81 84,18 290 80,48 77,89 3,21
18 2 0 0 0 7852 7890 049 56,89 5577 1,96
2 3 1 -1 -1 8699 88,87 2,16 57,65 5837 1,25
6 4 I -1 1 72,69 68,89 524 6094 6091 0,04
10 5 2 0 0 7035 69,88 0,67 67,84 69,73 2,78
4 6 1 1 -1 7037 67,05 4,72 74,01 70,93 4,16
9 7 -2 0 0 3344 3744 11,95 9723 9749 0,27
13 8 0 0 -2 5090 52,80 3,74 6523 65,69 0,71
9 0 0 0 3521 3545 0,66 49,12 5577 13,55

10 -1 1 -1 6208 64,63 4,11 90,12 88,00 2,36

11 1 1 1 67,09 6095 9,15 66,12 62,57 5,37

7 12 -1 1 -1 6557 60,11 833 7747 7887 1,81
14 13 0 0 5580 5748 3,02 56,93 55,77 2,03
12 4 -1 1 5322 5442 225 72,71 69,84 3,95
5 I5 0 0 2 6831 6805 037 4839 50,08 3,48
15 16 0 2 0 7744 7890 1,88 83,94 88,68 5,64
17 7 -1 -1 1 77,72 7890 1,52 70,69 71,62 1,31
16 18 0 0 O 7835 7890 0,70 5536 55,77 0,75
19 19 0 0 O - - - 58,42 55,77 4,53

Observando ambas ecuaciones, se puede percibir una diferencia de
comportamiento entre los bioaceites. La reaccion de transesterificacion de H.
pluvialis se ve beneficiada por ratios bioaceite:alcohol y tiempos de reaccion
menores, mientras que la reaccion con N. gaditana se ve potenciada por un
aumento en ambos parametros. Para el caso de la temperatura, también parecen
tener comportamientos opuestos, siendo la respuesta Y en H. pluvialis
directamente proporcional al aumento da la temperatura.

Los resultados de los analisis finales de ANOVA para la evaluacion del ajuste
demostraron en ambos casos que los modelos son adecuados para su aplicacion
con estos bioaceites. En la Tabla 5 se muestra un resumen de dichos resultados,
los cuales pueden ser consultados en su totalidad en las publicaciones
correspondientes.
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Tabla 5. Analisis de ANOVA para la adecuacion de los modelos matematicos.

B N. gaditana H. pluvialis
Parametro
Valor F Valor p Valor F Valor p
Modelo 2428 <0,0001 24,95 <0,0001
A 61,52 <0,0001 54,19 <0,0001
B 51,75 0,2891 8,17 0,0188
C 1,29 0,5461 17,15 0,0025
AB 0,3973 0,0017 0,4148 0,5355
AC 21,44 <0,0001 3,37 0,0995
BC 9,02 0,0170 4,18 0,0712
A? 50,70 <0,0001 80,62 <0,0001
B? 7,35 0,0266 78,75 <0,0001
C? 45,03 0,0002 0,4637 0,5130
R: 0,9647 R? 0,9614
Resumen del Rl 0.9250 Rl 0.9228
modelo
R%prea 0,7366 RPprea 0,7884

Los valores de F y p representan la significancia de los modelos,
considerando los parametros significativos para valores de p < 0,05. Los modelos
presentaron un valor de p < 0.0001, siendo estos significativos. Sin embargo, N.
gaditana exhibié un mejor ajuste de los parametros individuales. Este hecho se ve
reflejado en un mayor coeficiente de determinacion R? de 0,9647 frente al 0,9614
de H. pluvialis.

En la Figura 9a se muestra la comparacion de los valores predichos mediante
la aplicacion de las Ecuaciones 1 y 2, frente a los valores reales experimentales.
Las diferencias entre los valores generados y los actuales resultaron menores del
10% para todos ensayos a excepcion de la presencia de dos valores atipicos. El
primero se encontré en la prueba n°7 para N. gaditana con un error del 11,95%
(Tabla 4), mientras que el segundo correspondio6 a la prueba n°9 de H. pluvialis
con un error del 13,55%. La exclusion de estos valores atipicos permitiria alcanzar
un error medio de prediccion de los modelos del 2,8%.

Otro diagnostico de interés es el analisis de los residuos estudentizados frente
a los valores predichos, que se muestra en la Figura 9b. Esta representacion tiene
como finalidad comprobar la adecuacion de los modelos para su aplicacion, y
verificar si es necesaria la modificacion de dichos modelos para la reduccion de
la dispersion. Los resultados de ambos andlisis presentaron una distribucion
aleatoria de puntos dentro de los limites establecidos de £+ 5, lo que indica una
discrepancia constante y que, en los dos casos a estudiar, no es necesario reducir
la dispersion para su aplicacion.
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Figura 9. Resultados N. gaditana (izquierda) y H. pluvialis (derecha): a) Comparacion
de los valores predichos frente a los actuales; b) Valores residuales frente a los
predichos.

La interaccion entre las diferentes variables independientes (A, By C) y la
respuesta (Y) se examind mediante un analisis de graficos de superficie 3D
proporcionados en la Figura 10. Como ya se observo en la Tabla 5 del analisis de
ANOVA, el factor determinante en la reaccion de transesterificacion con NV.
gaditana es el ratio bioaceite:alcohol. La conversion de FAME tiende a aumentar
con el incremento del ratio de forma general, comportamiento apreciable en las
Figuras 10a y 10b. Por otro lado, se ve negativamente afectada por el aumento de
la temperatura. El tiempo de reaccion no guarda una relacion directa con la
conversion, sino que se encuentra fuertemente influenciada por las otras dos
variables de entrada.
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Figura 10. Interaccion entre las variables independientes y la respuesta Y. Resultados V.
gaditana (izquierda) y H. pluvialis (derecha): a) Interaccion entre la temperatura y el
ratio bioaceite:alcohol; b) Interaccion entre el tiempo de reaccion y el ratio
bioaceite:alcohol; c) Interaccion entre el tiempo de reaccion y la temperatura.
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En la Figura 10b el rendimiento mas alto de conversion de FAME se
encuentra para tiempos de reaccion bajos siempre y cuando el ratio
bioaceite:alcohol sea alto. En la Figura 10c este punto de conversion maxima se
desplaza a tiempos de reaccion mayores debido a la interaccion temperatura—
tiempo (desplazamiento del punto de equilibrio).

La conversion de FAME a partir de H. pluviales presenté un comportamiento
opuesto al caso anterior. La variable de entrada mas definida seria el tiempo de
reaccion, ya que a menores tiempos de reaccion se obtienen las maximas
conversiones de FAME, independientemente de la configuracion del resto de
variables (Figura 10b y 10c). Esta afirmacion respalda los resultados del analisis
de ANOVA presentados en la Tabla 5, donde los factores AC y BC presentaron
valores de p mayor de 0,05 y, por ende, no son factores significativos. Por el
contrario, la relacion entre el ratio bioaceite:alcohol y la temperatura (Figura 10a)
indica un punto estacionario minimo entorno al [0, 0], presentando valores de
conversion maximos en los extremos.

3.3. Condiciones éptimas de ensayo

Los modelos validados por el analisis de ANOVA se emplearon en la
determinacion de las condiciones Optimas de reaccion para la obtencion de la
maxima conversion de FAME (Tabla 6).

Tabla 6.Valores codificados y reales de para la obtencion de conversiones de FAME
maximas con N. gaditana 'y H. pluvialis.

Variable de entrada Valor codificado Valor real
N. gaditana

Ratio bioaceite:metanol 0,99 1:12
Temperatura (°C) -1 50
Tiempo (min) —0,84 75
Respuesta, Y Tedrico Real Error (%)
Conversion de FAME (%) 89,02 87,25 2,00

H. pluvialis

Ratio bioaceite:metanol -1,61 1:4,17
Temperatura (°C) 0,53 80
Tiempo (min) -1,54 47
Respuesta, Y Tedrico Real Error (%)
Conversion de FAME (%) 103,32 98,44 2,26

Los limites establecidos para encontrar el punto 6ptimo fueron: variables de
entrada dentro del rango de estudio [-2, 2] y variable de salida maximizada al
100%. En consonancia con todo lo descrito anteriormente, las configuraciones
optimas de ensayo difirieron en gran medida de un aceite de microalga a otro. El
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aceite de V. gaditana resulto tener un punto 6ptimo de ensayo a un ratio bioaceite:
metanol de 1:12, durante 75 min y bajo una temperatura de 50 °C. Por otro lado,
para H. pluvialis se encontr6 la configuracion optima a un ratio de 1:4,17, durante
un tiempo de 47 min y bajo una temperatura de 80 °C. Ademas, la conversion de
FAME méxima exhibida por H. pluvialis resulté en mas de un 10% superior al de
N. gaditana.

Estas condiciones de ensayo demuestran que la implantacion de
metodologias para la optimizacion de la reaccidon de transesterificacion en aceites
derivados de microalgas permite alcanzar condiciones de ensayo comparables a
las empleadas con los aceites vegetales tradicionales, sin tener que llegar a
condiciones supercriticas como en la técnica de transesterificacion directa.
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CAPITULO

4

4 Caracterizacion fisicoquimica de los aceites
modificados de microalga (FAME)

En este capitulo se exponen los resultados obtenidos durante Ia
caracterizacion fisicoquimica llevada a cabo a los FAME derivados de las
microalgas N. gaditana y H. pluvialis, publicados en los articulos cientificos:

» Claudia Sanjurjo, Oulego P, Rodriguez E, Battez AH. Biodiesel
production from the microalgae Nannochloropsis gaditana: Optimization
of the transesterification reaction and physicochemical characterization.
Biomass and Bioenergy 2024;185:107240.
https://doi.org/10.1016/i.biombioe.2024.107240.

» Claudia Sanjurjo, Rodriguez E, Bartolomé M, Gonzalez R, Hernandez
A. Optimizing the Conversion of Bio-Oil from Haematococcus pluvialis
to Fatty Acid Methyl Esters. BioEnergy Research 2024.
https://doi.org/10.1007/s12155-024-10794-9.

Propiedades tales como humedad, TAN, densidad, viscosidad, PP, FP, y
estabilidad térmica, fueron las seleccionadas para caracterizar los FAME.

Las mediciones de humedad y TAN de las muestras de FAME demostraron
una reduccién del contenido en agua y FFA de las muestras tras el proceso
completo de sintesis (reaccion de transesterificacion + limpieza), con valores
inferiores a los 1.000 ppm y 0,45 mg KOH/g en ambos casos, respectivamente.

Los resultados de densidad y viscosidad se muestran en la Figura 11. Como
se puede observar, la muestra de H. pluvialis present6 unos valores de densidad
superiores a N. gaditana, llegando a alcanzar los 900 kg/m* a 20 °C. Este valor es
notablemente superior al reportado para FAME derivado de aceites vegetales
como el aceite de palma o S. oleosa con valores de densidad de 879 kg/m?[46,47].
En términos de viscosidad, N. gaditana exhibi6 unos valores a temperatura
ambiente muy elevados, por encima de los 20 mm?/s. Sin embargo, disminuye
rapidamente con el aumento de la temperatura alcanzando valores inferiores a H.
pluvialis una vez sobrepasados los 50 °C. Este suceso sugiere que la viscosidad se
ve mas influenciada por el peso molecular con el aumento de la temperatura.
Longitudes de cadena mas largas propician mayores grados de interacciones
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intermoleculares y, en este caso, H. pluvialis exhibid la longitud de cadena media
de acidos grasos mayor, con predominio de cadenas de 18 atomos de carbono [48].
Ademas, esta propiedad también se ve afectada por la presencia de insaturaciones.
Concretamente, la presencia de MUFAs favorece el aumento de la viscosidad,
mientras que los PUFAs tienden a disminuirla. De forma general, ambas muestras
de microalga presentan valores de viscosidad también notablemente elevados en
comparacion con los derivados de aceites de primera y segunda generacion. Por
ejemplo, para 40 °C, las viscosidades reportadas son inferiores a 5 mm?s [47].
Estas diferencias de densidad y viscosidad se deben principalmente a las
diferencias en las estructuras moleculares entre unas materias primas y otras.
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Figura 11. Variacion de la densidad y la viscosidad con la temperatura de los FAME
derivados de N. gaditana y H. pluvialis.

Durante la determinacion del PP ambos bioaceites presentaron bandas de
congelacion exotérmicas sin ningin pico definido. Por otro lado, las muestras de
FAME si exhibieron picos perfectamente definidos mostrados en la Figura 12
(izquierda). Los valores del PP fueron de —7,2 y —5,1 para N. gaditana y H.
pluvialis. Los FAME derivados de primera y segunda generacion tienden a
presentar valores del PP por encima de 0 °C [46,47]. La reduccion del PP en los
derivados de microalgas se atribuye al mayor contenido de PUFAs, ya que la
presencia de enlaces dobles cis en compuestos insaturados dificulta el
empaquetamiento de los cristales, lo que da como resultado valores del PP mas
bajo [49]. El 4cido graso C20:5 en N. gaditana es un claro ejemplo de enlaces
dobles cis, aportandole al fluido un PP menor que el exhibido por H. pluvialis.
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Figura 12. Curvas de DSC para la estimacion del PP de los FAME (izquierda) y curvas
de TGA para el estudio de la estabilidad térmica de los FAME (derecha).

Las curvas de TGA para el estudio de la estabilidad térmica se presentan de
nuevo en la Figura 12 (derecha). Las medidas fueron realizadas bajo una
atmosfera de Na, por lo tanto, no pueden ser empleados en discusiones en términos
de estabilidad oxidativa. Si pueden ser utilizadas para conocer ¢l comportamiento
de estos FAME cuando estan sometidos a variaciones de temperatura. La muestra
de H. pluvialis presentd una temperatura de inicio de degradacion mas temprana,
a 211 °C frente a los 244,8 °C de la muestra de N. gaditana. Ademas, H. pluvialis
exhibi6 una pérdida de masa mas acelerada a partir de los 220 °C, asi como una
degradacion completa a 515 °C. N. gaditana consiguié degradarse en un 98,12%
a la temperatura maxima de la prueba.

Comparando los resultados con pruebas realizadas en otros estudios bajo las
mismas condiciones, puede concluirse que la estabilidad térmica de los FAME
derivados de N. gaditana y H. pluviales son favorablemente superiores a los
FAME derivados de vegetales como la colza o jatropha [50,51].

En cuanto a las medidas del FP, la muestra de N. gaditana no presentd
ninguna anomalia durante la prueba, exhibiendo un valor del FP entre 140 — 150
°C. Sin embargo, la muestra de H. pluvialis presentd una formacion de espuma al
alcanzar los 100 °C durante la prueba. Este suceso puede deberse a presencia de
pequefios contaminantes, como otra clase de lipidos (pigmento), que se
descomponen a esa temperatura y tienden a formar una fina capa de espuma en
presencia de aire [52]. La presencia de espuma en la superficie dificulta la
dispersion de los gases de combustion, provocando la expansion de la muestra.
Finalmente, alcanzo6 su FP a 150 °C.
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CAPITULO

S

5 Caracterizacion tribologica de los aceites
modificados de microalgas (FAME)

5.1. Ensayo rodadura/deslizamiento

13.

En este capitulo se exponen los resultados obtenidos durante Ia
caracterizacion tribologica llevaba a cabo a los FAME derivados de las microalgas
N. gaditana y H. pluvialis, publicado en el articulo cientifico:

» Claudia Sanjurjo, Rivera N, Rodriguez E, Fernandez-Gonzilez A,
Battez AH. Biodiesel derived from the microalgae Nannochloropsis
gaditana and Haematococcus pluvialis: Physicochemical and tribological

properties.

Journal

of Molecular

Liquids

https://doi.org/10.1016/j.molliq.2024.125391.

2024;408:125391.

Los resultados del ensayo de rodadura/deslizamiento se muestran en la Figura
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H. pluvialis a 5% de SRR; d) H. pluvialis a 50% de SRR.
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Los coeficientes de friccion se han mantenido generalmente dentro del rango
0,01 — 0,1, valores tipicos de la lubricacion mixta—EHL (elastohidrodinamica).
Los resultados indican que la friccion disminuy6 con la temperatura debido a una
reduccion de la viscosidad por parte de las muestras de FAME.

Por el contrario, se observo un aumento de la friccion con el incremento de
la componente deslizante en el contacto bola — disco. Es importante destacar que
la muestra derivada de H. pluvialis presentd mejores resultados que la de M.
gaditana. Como ya se observo en el Capitulo 3, la longitud de cadena media del
FAME derivado de H. pluvialis es mayor, resultando en valores del COF mas
bajos. Esto se debe a la presencia de enlaces moleculares mas fuertes y peliculas
de adsorcion mas gruesas [5].

5.2. Ensayo deslizamiento alternativo

A continuacion, se muestran en la Figura 14c los resultados de la variacion
del COF medio con la temperatura durante los ensayos de deslizamiento
alternativo. Ademas, en la Figura 14a y 14b se encuentra representado la
evolucion del COF frente al tiempo.
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Figura 14. Resultados de COF del ensayo de deslizamiento alternativo: a) 40 °C; b) 80
°C; ¢) COF medio y desviacion estandar a 40 °C y 80 °C; d) volumen de desgaste en la
huella del disco.
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Analizando los resultados, se puede observar que los valores exhibidos del
COF son tipicos del régimen de lubricacion mixta, a excepcion de la muestra de
FAME derivada de N. gaditana a 80 °C que present6 un valor tipico del régimen
de lubricacion limite por encima del 0, 1.

Durante los ensayos a 40 °C la friccion se mantuvo relativamente constante
para ambas muestras de FAME. Sin embargo, la muestra derivada de H. pluvialis
presento el mejor comportamiento antifriccion, asi como una mejor estabilidad
frente al aumento de la temperatura. En contraste, el FAME derivado de M.
gaditana exhibi6 valores de COF mas elevados, que se vieron agravados por el
aumento de la temperatura. Estos resultados pueden atribuirse a la adsorcion de
moléculas polares organicas en la superficie metalica que reducen la friccion, asi
como a los enlaces moleculares mas fuertes y tribocapas adsorbidas méas gruesas
por parte de la muestra de H. pluvialis. Este tipo de compuestos tienden a tener
una fuerte polaridad debido a la presencia de oxigeno en el grupo carbonilo del
éster.

En este estudio se determiné la polaridad a través del calculo del NPI [53].
Los acidos grasos no identificados no fueron tenidos en cuenta para el célculo,
obteniendo asi unos valores para H. pluvialis y N. gaditana de 49,12 y 50,15. Un
NPI bajo indica una alta polaridad (NPI = 50 para ésteres sintéticos), mientras que
un NPI alto indica que se trata de una molécula/compuesto no polar (NPI = 300
para polialfaolefinas).

A pesar de que ambas muestras presentaron polaridades similares, sus
moléculas pueden estar adsorbiéndose de diferentes formas, ya sea a través de
adsorcion fisica (fisisorcion) o adsorcion quimica (quimisorcion). La primera
tiene lugar a temperatura ambiente mediante la formacion de enlaces de hidrogeno
con los oxidos superficiales de los hidroxidos. Este proceso suele tener una
temperatura limite maxima [54,55]. En este caso, el mecanismo de adsorcion
durante las pruebas a 40 °C es principalmente de fisisorcion, mientras que a 80 °C
es de quimisorcion.

Las diferencias en los resultados de la friccion podrian estar relacionados con
la fuerza de los enlaces quimicos formados por las moléculas de los acidos grasos
con la superficie metalica, ya que ambos compuestos presentan perfiles de acidos
grasos muy diferentes.

Otros autores han reportado que la longitud de cadena, el grado de
insaturacion y la distribucion de dichas insaturaciones a lo largo de la cadena
carbonada, pueden afectar a su adsorcion en la superficie del metal [56,57]. En
base a estos estudios, longitudes de cadena de entre 17—18 atomos de carbono
favorecen valores de AGags (energia libre de adsorcion) mas bajos, resultando en
una fuerte adsorcidn en la superficie metalica. Por otro lado, el aumento del grado
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de insaturacion genera el efecto inverso, valores de AGags més altos y, por ende,
una adsorcion mas débil. Esto mismo estaria ocurriendo en el caso actual, donde
la alta presencia de C20:5 en FAME derivado de N. gaditana contribuirian a
valores de AGags mas altos, y por consiguiente una adsorcion mas débil y peor
comportamiento antifriccion.

5.3. Analisis superficial

La Figura 15 muestra las imagenes del SEM de la superficie de desgaste del
disco después de los ensayos de deslizamiento alternativo. Se apreciaron
mecanismos de desgaste por adhesion y deformacion plastica en ambos casos. Se
encontraron picaduras, particularmente en las probetas de los ensayos a 40 °C con
el FAME derivado N. gaditana, lo que explica el mayor volumen de desgaste en
la Figura 14d.

40 °C 80°C

N. gaditana

H. pluvialis

Figura 15. Imagenes del SEM de las superficies del disco tras los ensayos de
deslizamiento alternativo para el FAME derivado de N. gaditana y H. pluvialis.

En la Figura 16 se muestra el ajuste de curva tentativo para el espectro Fe
2p3/2, que emplea cuatro curvas distintas asociadas a Fe (0). Las formas de curva
seleccionadas se basaron en el trabajo de Mangolini [58]. Los resultados muestran
la formacion de una tribocapa de 6xido, aunque las diferencias entre las muestras
de N. gaditana y H. pluvialis son sutiles, siendo no significativas.

El ajuste de C1 es un desafio, en particular con muestras organicas complejas
como es el caso de las microalgas. Sin embargo, parece evidente que N. gaditana
a 40 °C exhibe un mayor pico con la energia de enlace mas baja (Figura 17), lo
que es particularmente destacable ya que esta muestra presentd los
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comportamientos de friccion y desgaste mas desfavorables. Estas posiciones bajas
son asociadas a compuestos con bajo grado de oxidacion. En cuanto a las posibles
asignaciones de las posiciones ajustadas, coinciden con las que se asignan
habitualmente a C — C (284,9 e¢V), C = O (287,6 ¢V), —CO-H (288,7 eV) y
carburos metalicos (283,0 eV) [59,60].

Los espectros Ols de las cuatro muestras (Figura 18) no mostraron
diferencias apreciables, con una combinacion de tres curvas a 530,3 eV, 531,9 eV
y 533,0 eV, con una relacion de area aproximada de 10:5:2. Estas caracteristicas
se atribuyen habitualmente a 6xidos metalicos, C— Oy C=0 [61].

Por ultimo, los espectros de N1s (Figura 19) exhiben un valor de pico entre
399,5-399,9 eV.

La Tabla 7 presenta la relacion molar de Fe, O, C y N en las diferentes
muestras. Se observa una mayor cantidad de materia organica (C) en la superficie
en las muestras de N. gaditana. Esto concuerda con el mayor desgaste observado
en la Figura 14d. De igual forma la cantidad de materia organica presente en las
muestras de H. pluvialis coincide con los resultados de desgaste, al presentar
cantidades de C similares a 40 °C y 80 °C.

Tabla 7. Ratios molares en el analisis superficial XPS.

Fe C (0] N

40°C H. pluvialis 1 27,3 12,2 0,4
H. pluvialis 1 24,8 10,3 0,5

80 °C N. gaditana 1 41,1 10,6 0,8
N. gaditana 1 19,9 10,1 0,4
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Figura 16. Ajuste de curvas para espectros de alta resolucion de Fe 2p3/2 para las
muestras: a) N. gaditana a 40 °C; b) N. gaditana a 80 °C; c¢) H. pluvialis a 40 °C; d) H.

pluvialis a 80 °C.
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Figura 17. Ajuste de curvas para espectros de alta resolucion de Cls para las muestras:
a) N. gaditana a 40 °C; b) N. gaditana a 80 °C; ¢) H. pluvialis a 40 °C; d) H. pluvialis a
80 °C
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Figura 19. Ajuste de curvas para espectros de alta resolucion de N1s para las muestras:
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CAPITULO

6

6 Purificacion de FAME derivado de H. pluvialis y
su uso como aditivo lubricante en diésel

En base a los resultados obtenidos en los capitulos anteriores, se tomo la
decision de continuar la investigacion solo con la muestra de FAME derivada de
la microalga de H. pluvialis. Esta cepa de microalga present6 ventajas destacadas
tales como:

e Mayor contenido de triglicéridos en la muestra del bioaceite de partida.
e Mejor comportamiento frente a la friccion y el desgaste.
e Propiedades tribologicas mas estables con la temperatura.

6.1. Purificacion de FAME con bentonitas

Para continuar con la investigacion y emplear los FAME como aditivo
lubricante en un combustible diésel, era necesario realizar un proceso de
purificacion con la finalidad de reducir la pigmentacion de la muestra. La técnica
seleccionada fue la adsorcion con bentonitas, ya que se trata de un método 6ptimo
para el tratamiento de pigmentos, que ya habia sido empleada con anterioridad por
otros autores en el tratamiento de aceites vegetales y derivados de microalgas
[27,62]. El uso de bentonitas presenta una serie de ventajas donde se incluyen un
bajo coste, alta eficiencia, de facil manejo y alta estabilidad del adsorbente [63].

En la Figura 20 se muestra una composicion de imagenes donde se puede
apreciar la intensidad del pigmento en la muestra inicial de FAME debido al alto
contenido de astaxantina. Ademas, se incluyen instantaneas de los diferentes
resultados y como las muestras van clareando con el aumento de la concentracion
de bentonitas.

Para llevar a cabo este proceso, se mezcldo 1 g de muestra con 10 mL de
hexano y la concentracion correspondiente de bentonitas. Las mezclas se agitaron
a 250 rpm durante 24 horas [27]. Finalizado el tiempo de mezcla, la fase de
hexano—FAME se separ6 de la fase bentonita—pigmento mediante centrifugacion
a 7.000 rpm durante 10 min. A continuacion, la fase hexano—FAME se llevo a un
evaporador rotativo para la eliminacion del hexano a 50 °C y 150 mbar durante 20
min.
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Contenido de FAME
Relacion FAME:bentonitas (g)

69.1% 77.23% 84.32% 89.51%
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FAME FAME FAME

Purificacion con bentonitas
|

Figura 20. Muestras de FAME tras el proceso de purificacion con bentonitas y mezclas
con un combustible diésel.

El proceso de purificacion con bentonitas demostro ser una técnica eficiente
en la eliminacion de astaxantina. Como se puede observar en la Tabla 8, se alcanzo
una contraccion de FAME de 89,51% para la relacion de bentonitas 1:6, lo que
supone una reduccion de impurezas del 29,54%. Sin embargo, ademas de adsorber
pigmento la bentonita arrastraba gran parte del FAME. Se verificd que un aumento
en la concentracion de bentonitas producia un aumento en las pérdidas de FAME.
Para la relacion 1:6, la pérdida de FAME ascendia al 30% de la muestra, un 10%
mayor que la exhibida por la relacion 1:3.

Tabla 8. Caracterizacion fisicoquimica del proceso de purificacion con bentonitas.
Relacion FAME: bentonitas (g)

Propiedad

1:0 1:3 1:5 1:6
Contenido de FAME (%) 69,10 77,23 84,32 89,51
PP (°C) -5,1 -43 -4,93 -5,15
Tonset (°C) 211 232,42 233,74 289,16
Toftset (°C) 286 325 321 322

*Tonset: temperatura de inicio de degradacion; Tomset: temperatura final de degradacion
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El analisis de FTIR de las cuatro muestras se puede ver en la Figura 21. A
primera vista, no se observaron diferencias discernibles entre las muestras. Esto
se debe al hecho de que la estructura molecular de la astaxantina también esta
compuesta principalmente de largas cadenas carbonadas con dobles enlaces y
ésteres en su estructura. Los picos presentes a 3006 cm™, 2923 cm™! y 2854 cm™!
corresponderian a las vibraciones de tension de los grupos funcionales de (-CH),
(-CH2) y (-CH3). El pico caracteristico de la vibracion de tension del grupo
carbonilo (-C=0) se encontré a 1739 cm’, mientras que el grupo funcional
C(C=0)-O- fue identificado a 1168 cm™.

1:0 1:3 1:5 1:6

——n

4000 3500 3000 2500 2000 1500 1000 500

Tramsmitancia (u.a.)

Longitud de onda (em™)
Figura 21. Espectros FTIR de las muestras de FAME purificadas con bentonitas.

En lo referente a la estabilidad térmica de las muestras, se han presentado en
la Figura 22 (derecha) las curvas de TGA representativas. Las muestras tratadas
con bentonitas exhibieron unas temperaturas de inicio y fin de degradacion
notablemente mas elevadas en comparacion con la muestra de FAME sin tratar
(Tabla 8). Sin embargo, entre las diferentes muestras tratadas con bentonitas no se
apreciaron diferencias destacables.

Por otro lado, en la Figura 22 (izquierda) se ha representado la curva de DSC
para la estimacion del PP. De forma general, el aumento de la pureza se asocia con
una leve mejora en los valores del PP. El mejor resultado fue el presentado por la
muestra con relacion FAME:bentonitas de 1:6.
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Figura 22. Curvas de DSC para la estimacion del PP (izquierda); Curva de TGA para el
estudio de la estabilidad térmica (derecha) de las muestras de FAME purificadas con
bentonitas.

A la luz de las consideraciones antes mencionadas, se concluyé que la
muestra purificada con la relacion de FAME:bentonitas de 1:3 representaba la
mejor opcion para su aplicacion como aditivo en un combustible diésel. La
decision se tomo en base a las minimas diferencias observadas entre las
propiedades fisicoquimicas de las muestras tratadas. Ademas, se optd por la
opcion mas sostenible, que implicaba un menor consumo de bentonitas y menor
pérdida de FAME durante el proceso.

6.2. Mezclas FAME — diésel

La muestra seleccionada de FAME purificado de H. pluvialis se empled a tres
concentraciones diferentes como aditivo en un combustible diésel. Estas mezclas
se prepararon teniendo en cuenta las concentraciones empleadas en estudios
previos FAME—diésel [64,65]. En la Figura 20 se muestran las diferentes
concentraciones estudiadas, asi como imagenes de las mezclas.

6.2.1. Caracterizacion fisicoquimica de las mezclas FAME—diésel

Tanto las mezclas como los compuestos puros fueron sometidas a una
caracterizacion fisicoquimica, incluyendo las principales propiedades incluidas en
la norma para mezclas biodiesel-diésel [66].

Los cambios en la densidad/viscosidad con la temperatura de las mezclas
FAME-diésel y los compuestos puros se muestran en la Figura 23. Como se puede
observar, la muestra de FAME present6 valores de densidad y viscosidad muy por
encima del diésel. Este fenomeno se atribuye a las diferencias en las estructuras
moleculares de ambos compuestos. Las cadenas de los acidos grasos modificados
en el derivado de H. pluvialis aparecen como largas cadenas lineales de atomos
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de carbono con un éster. Esta estructura se caracteriza por tener un peso molecular
mas alto que el del diésel, lo que tiende a duplicar su viscosidad cinematica [67].
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Figura 23. Variacion de la densidad y la viscosidad con la temperatura de las mezclas
FAME—diésel.

Volviendo a los valores de la Figura 11 del FAME derivado de H. pluvialis
sin purificar, se observa que tanto la densidad como la viscosidad disminuyeron
tras purificar la muestra con bentonitas. La densidad varié de 900 kg/m> a 881,4
kg/m?® a 20 °C, mientras que la viscosidad de 7,02 mm?/s a 4,53 mm?/s. Esto es
debido de nuevo a las diferencias en las estructuras moleculares, ya que la
astaxantina presenta un peso molecular muy superior al de los FAME.

En la Tabla 9 se presenta un resumen de la caracterizacion fisicoquimica
realizada, donde se incluyen propiedades de interés para el diésel Los valores
observados para dichas propiedades cumplieron con la normativa ASTD D7467
para diésel y mezclas biodiesel-diésel (viscosidad entre 1,9 — 4,1 mm?/s; FP > 52
°C) [66]. Los valores de LHV y HHV de la muestra de FAME pura resultaron en
un 12,28% y 12,45% inferiores a las del diésel. Este hecho se atribuye a un menor
contenido de moléculas de hidrégeno y carbono en el FAME, lo que deriva en un
menor contenido energético [67]. Las mayores diferencias se encontraron en las
medidas del PP, donde la muestra de FAME mostré valor 19 °C por encima del
diésel. En cuanto a la estabilidad térmica, esta se vio beneficiada por el aumento
de la concentracion de FAME. Por el contrario, las medidas de FP mostraron un
comportamiento anémalo. El aumento de la concertacion de FAME resulto
inicialmente en una reduccion del FP, estabilizandose con las adicciones de FAME
sucesivas. Esto implica que el FP no se comporta como una propiedad aditiva, y
que lideran las caracteristicas del diésel.
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Tabla 9. Propiedades fisicoquimicas de las mezclas FAME—diésel.

. ., Porcentaje de FAME
Propiedad Diésel FAME
+5% +10% +20%

Densidad 20 °C (kg/m?) 827,31 829,7 832,4 838,1 881,4
Viscosidad 40 °C (mm?/s) 2,407 2,477 2,551 2,743 4,526
FP (°C) 98 90 83-87 87 180-190
PP (°C) -23,35 -22,36 21,76 —18,44 -4,30
LHV (MJ/kg) 43,44 43,20 42,72 42,45 38,03
HHV (°C) 46,03 45,66 4531 44,83 40,38
Tonset (°C) 114 128 132 138 231
Totset (°C) 229 257 263 276 325
&‘gmdad HFRR 60°C 453 251 239 240 276

6.2.2. Caracterizacion tribologica de las mezclas FAME—diésel

Las propiedades tribologicas de los compuestos puros y las mezclas se
evaluaron mediante el ensayo HFRR. La configuracién del ensayo se establecio
de acuerdo con las condiciones de la norma para combustible diésel ASTM
D6079, mostradas en la Tabla 10 [68].

Tabla 10. Condiciones de ensayo para HFRR segtin la norma ASTM D6079.

Configuracion

Volumen de muestra (mL) 24+0,2
Longitud de carrera (mm) 1+0,02
Frecuencia (Hz) 50+ 1
Temperatura (°C) 60 +2
Humedad relativa (%) 30-85
Carga (g) 200 + 1
Duracion (min) 75+0,1

Los resultados obtenidos mostrados en la Tabla 9 demuestran que todas las
muestras cumplen con el requisito de la norma de lubricidad (WSD < 520 pum).
En la Figura 24 se muestran las imagenes de la huella de desgaste generada tanto
en la bola como en el disco tras los ensayos. La Figura 25a muestra la variacion
del COF con la adicion de FAME, donde se puede apreciar una reduccion del 50%
del COF en la muestra + 5% FAME respecto del diésel puro. El valor del COF de
la muestra de diésel es tipico de un régimen de lubricacion limite, mientras que el
resto de las muestras presentan valores de lubricacion mixta. Un fendmeno similar
se observa en el volumen de desgaste del disco en la Figura 25c. La adicion del
FAME como aditivo a bajas concentraciones provoca una reduccion considerable
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del desgaste, mostrando la eficacia del FAME derivado de H. pluvialis como un
excelente aditivo antifriccion y antidesgaste.
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Figura 25. Efecto de la adicion de FAME derivado de H. pluvialis en un diésel puro en
el: a) COF medio; b) desgaste en la bola WSD; ¢) volumen de desgaste en el disco VD.

La muestra de 5% FAME exhibié una gran reduccién del WSD frente al
diésel, manteniendo después los valores de WSD constantes para el resto de las
mezclas. Este gran comportamiento antidesgaste es atribuible a la presencia de
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acidos grasos de cadena larga y grupos polares que exhiben un comportamiento
anfifilico y una excelente relacion pelicula/fuerza [69]. Los ésteres metilicos
presentes en los aceites modificados son compuestos activos que tienden a
concentrarse en la superficie metalica formando finas capas que son adsorbidas.
Su adicion en el diésel se traduce en un aumento de las moléculas de oxigeno en
la mezcla, lo que a su vez facilita los procesos triboquimicos y los cambios en la
composicion quimica. Este proceso resulta en la formacion de 6xidos metalicos
en la superficie [70]. Bajas concentraciones de oxigeno facilitan la formacion de
peliculas delgadas de 6xidos antiadherentes que sirven para reducir el desgaste y
la friccion. Sin embargo, concentraciones elevadas pueden resultar en el efecto
opuesto, promoviendo una oxidacion excesiva y un mayor desgaste [71]. Este
fenémeno podria dar explicacion al aumento del WSD para el FAME puro.

Tras los ensayos tribologicos las superficies de los discos fueron analizadas
mediante SEM/EDX. Los resultados (Figura 26) mostraron una deformacion
plastica en la marca de desgaste de los discos, que disminuyé con el aumento de
la concentracion de FAME. El andlisis de EDX de la Tabla 11 también indico que
las muestras con FAME presentaban mayor concentracion de oxigeno en las
superficies. Estos resultados apoyan la teoria de formacion de peliculas de o6xido,
ayudando a la reduccion de la friccion y el desgaste.

Tabla 11. Resultados del analisis de EDX sobre las huellas de desgaste de los discos.

Muestra Localizacion C (0] Cr Mn Fe
- Spectrum 1 5,0 5,4 2,5 0,5 86,5

Diésel
Spectrum 2 7,0 6,3 2,1 0,7 83,9
+ 5% Spectrum 1 5,5 7,2 2,3 0,8 84,2
FAME Spectrum 2 11,9 9.4 2.2 0,6 75,9
+10% Spectrum 1 6,5 6,6 2,7 0,7 83,5
FAME Spectrum 2 20,1 6,1 2,6 0,5 70,7
+20% Spectrum 1 7,1 7,3 2,9 0,6 82,1
FAME Spectrum 2 6,2 54 3.1 0,5 84.8
Spectrum 1 5,1 7,2 2,1 0,6 85,0

FAME
Spectrum 2 7,2 7,5 2,0 0,6 82,7

En base a todos los resultados expuestos, la adicion de FAME al diésel supuso
una notable mejora en términos de friccion para todas las mezclas. Sin embargo,
la muestra con 10% FAME exhibi6 el mejor comportamiento frente al desgaste.
Superada esta concentracion aumenta el desgaste en la bola (Figura 24) y las
deposiciones en el disco (Figura 26).
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Spectrum 2

Diésel
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FAME

+10%
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FAME

Figura 26. Imagenes del SEM sobre las huellas de desgaste de los discos.
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CAPITULO

7

7 Analisis técnico-economico del uso de aceites
modificados de microalgas

En capitulos anteriores ha sido demostrado el potencial del aceite derivado
de H. pluvialis como materia prima para la produccion de FAME. También han
sido verificadas sus propiedades antifriccion y antidesgaste tanto puro como en
forma de aditivo en mezcla con un combustible di¢sel. En este capitulo, se
evaluara la factibilidad de producir FAME derivado de H. pluvialis a escala
industrial.

El estudio se basa en un analisis preliminar técnico—econéomico mediante el
empleo del software SuperPro Designer v.9, tomando como referencia las
condiciones de ensayo Optimas verificadas en el Capitulo 3.

7.1. Descripcion del proceso

En la Figura 27 se muestra el diagrama de flujo disefiado para llevar a cabo
el analisis. La base de calculo empleada fue de 30.000 toneladas/afio de biomasa
residual, procedente del proceso de extraccion de astaxantina de H. pluvialis,
como materia prima.

El proceso se dividio en tres bloques principales: 1) extraccion de los lipidos
presentes en la biomasa de entrada; 2) produccion de FAME de acuerdo con las
condiciones Optimas descritas en el Capitulo 3; 3) purificacion del flujo de glicerol
resultante de la reaccion de transesterificacion como producto secundario.
Ademas, fueron evaluados cuatro escenarios posibles, descritos en la Tabla 12.

Tabla 12. Escenarios evaluados en el estudio técnico—econdémico.

Descripcion Abrev.
Produccion de FAME y purificacion de glicerol empleando

Escenario 1 . L ., GPC
centrifugacion en las etapas de separacion

Escenario 2 Producmf),n de FAME y purlﬁcamon'(’ie glicerol empleando GPD
decantacion en las etapas de separacion

Escenario 3 Produccion de FAME sin purificacion de glicerol, 5 NGPC
empleando centrifugacién en las etapas de separacion

Escenario 4 Produccion de FAME sin purificacion de glicerol, NGPD

empleando decantacion en las etapas de separacion
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pluvialis y posterior purificacion de glicerol.
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Para la extraccion del aceite de la biomasa de entrada se selecciond la
extraccion con hexano, ya que ha sido reportado como un solvente eficiente en la
extraccion de lipidos a escala industrial en biomasa derivada de la microalga
Tetraselmis sp. [72]. Ademas, se trata de una via més sostenible en comparacion
con las extracciones tradicionales con cloroformo.

A continuacion, la fase hexano—aceite es separada del resto de la biomasa por
diferencia de densidad, y dirigida al tanque de reaccion para proceder con la
reaccion de transesterificacion.

Una vez transcurrido el tiempo de reaccion, los productos resultantes se
separan por diferencia de densidad. El flujo principal (FAME, metanol en exceso,
hexano y trazas de catalizador) se deriva a un tanque de lavado donde sera lavado
con agua hasta alcanzar un pH neutro. Esta etapa elimina los restos de metanol y
trazas de catalizador. Finalmente, el hexano sera eliminado en una etapa de
evaporacion.

Por otro lado, la corriente de glicerol residual es purificada en varias etapas:
1) separacion de restos de aceite; 2) acidificacion con HCI (aq.); 3) neutralizacion
con NaOH; 4) eliminacion de agua y metanol por evaporacion.

Las principales configuraciones de los procesos y reacciones se encuentran
resumidos en la Tabla 13.

Tabla 13. Configuracion de los equipos de operacion de los procesos incluidos en el
diagrama de flujo.

Extraccion de aceite
Extraccion con hexano 1,5% (w/v),2 h
Produccion de FAME

TRI + 3MeOH < 3FAME + Glicerol

R ion de tr terificacio
eaccion de transesterificacion 80 °C, 47 min, CH;ONa 1,5% (w/w)

Purificacion de FAME
Lavado con agua Hasta pH neutro
Evaporacion hexano Capacidad 0,275 ton/h

Purificacién glicerol
CH;0Na + HCl (aq) = MeOH + Nac(Cl

Acidificacion HCI (35% wt.)
Neutralizacion HCl+ NaOH - NaCl + H,0
Evaporacion metanol Capacidad 0,131 kg/h
Evaporacion agua Capacidad 0,338 kg/h
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7.2. Simulacion y analisis preliminar economico

Para la simulacion del proceso se empled el software SuperPro Designer v.9.
Se establecieron las siguientes suposiciones: 1) la materia prima del proceso sera
biomasa residual del proceso de obtencion de astaxantina de H. pluvialis; 2) la
concentracion de aceite en la biomasa de entrada sera del 85%; 3) la concentracion
de triglicéridos en el aceite extraido serd del 50%; 4) el 90% de los efluentes de
hexano y metanol se recirculardn para su reincorporacion y reutilizacion en el
proceso; 5) el agua producida durante el proceso de purificacion del glicerol sera
recuperada y reutilizada en el lavado de la corriente de FAME; 6) el producto
principal del proceso sera el FAME y el producto secundario el glicerol purificado
(precio de venta del glicerol puro 1,11 €/kg) [73].

Los flujos anuales y precios empleados para las materias primas del proceso
se muestran en la Tabla 14.

Tabla 14. Flujos anuales y precios de las materias primas estipulados en el Mercado
Asiatico [74].

Material (Y onate) M aniato)
Hexano 0,56 45.000,00 NaOH 0,26 5,50
Metanol 0,17 3.975,60 Electricidad 0,07 €kWh -
Agua 0,185 — Vapor 8,406 €/Mt -
CH;0Na 0,56 60,54 Agua fria 0,28 €/Mt -
HCI 0,123 45,86

Los resultados del balance de masa mostraron que la produccion anual de
FAME fue relativamente consistente en los cuatro escenarios, con una produccion
anual de 12.810 toneladas/afio. Sin embargo, la produccion de glicerol si se vio
afectada por los procesos de separacion. El escenario GPC obtuvo una produccion
anual de glicerol de 1.420,49 toneladas/afio para una pureza del 96,45%, mientras
que para GPD fue de 1.443,63 toneladas/afio para una pureza del 94,90%. En
ausencia de etapas de purificacion del glicerol (NGPC y NGPD) se gener6 una
corriente residual con un contenido en glicerol inferior al 50%.

Para el calculo del UPC, se empled6 la Ecuacion 3.

Coste de produccion anual (€/kg)

UPC (€/kg) = Produccién anual de FAME (kg /afio)

3)
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Los parametros economicos mas relevantes se presentan en la Tabla 15. Los
valores de UPC resultaron entre 0,63 — 0,48 €/kg. Los cuatro casos mostraron
valores de UPC competitivos, por debajo de los precios reportados en estudios de
indole similar para FAME derivado de aceites de primera y segunda generacion
que oscilan entre 0,83 — 1,22 €/kg [75-77].

Tabla 15. Resumen del analisis preliminar econémico de los cuatro escenarios.

GPC GPD NGPC NGPD
FCI (€) 7.702.000 8.180.000 4.180.000 3.834.000
UPC (€/kg) 0,63 0,55 0,49 0,48
UPR (€/kg) 0,75 0,67 0,49 0,48
TCI (€) 49.058.000  52.108.000  26.746.000  24.459.000
Coste operativo (€/afio) 7.282.000 6.448.000 5.700.000 5.590.000
Ingresos princ. (€/afio) 7.321.000 6.392.000 5.694.000 5.578.000
Otros ingresos (€/afo) 1.417.514 1.440.598 - -
Ingresos totales (€/afio) 8.739.000 7.832.000 5.694.000 5.578.000
Margen bruto (%) 16,67 17,67 -0,09 -0,22
g/eot)ltablhdad de inversion 11,30 1134 8.85 8.81
Amortizacion (afios) 8,85 8,82 11,30 11,34
TIR (después de 11,64 10,39 7,11 8,05

impuestos %)

*FCI: coste de capital fijo; UPR: ingresos unitarios de produccion; TCI: inversion de capital total;

TIR: tasa interna de retorno.

El uso de decantacién en vez de centrifugacion como tecnologia de
separacion favorecid la reduccion del UPC, siendo este efecto mas pronunciado
en los escenarios GPC y GPD debido al mayor nimero de fases de separacion al
incluir la purificacion del glicerol en el proceso (Figura 28).
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Figura 28. Distribucion del coste de produccion anual para cada escenario.

A la hora de seleccionar estas tecnologias habria que tener en cuenta las
prioridades industriales, ya que la centrifugacion permite trabajar con tiempos de
separacién menores.

La exclusion del proceso de purificacion del glicerol implicé un ahorro
econdémico en términos de compra y mantenimiento de equipos, mano de obra,
supervision y consumos energéticos. Sin embargo, se pierde los ingresos
correspondientes a la venta del glicerol.

7.3. Analisis de rentabilidad

Para el analisis de rentabilidad se fijo el afio de construccion en 2024, con un
periodo de construccion de 30 meses, 3 meses de puesta en marcha y una vida atil
de proyecto de 30 afios. La tasa de inflacion se establecio en el 4%, siendo los
valores del VAN bajo, medio y alto del 7%, 9% y 11%, respectivamente. Para los
costes financiados se establecido un plazo de préstamo de 10 afios con tipo de
interés al 5%. La distribucion del desembolso del flujo de fondos descontados fue:
30% el primer afio, 40% el segundo afio y 30% el tercer afio. El plazo de préstamos
para el capital de explotacion, I+D y regalias, se fijé a 6 afios, con tipos de interés
del 12%, 10% y 10%, respectivamente.

La Figura 29 muestra el analisis de rentabilidad utilizando el diagrama de
flujo de caja acumulado durante los 30 afios de vida de la planta.
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Figura 29. Analisis de rentabilidad del coste de produccion de FAME mediante
diagrama de flujo de caja acumulado.

Los escenarios GPC y GPD presentan los valores de flujo de caja acumulado
mas bajos en los primeros 5 afios, especialmente GPD. Esto se debe a la mayor
inversion inicial necesaria por la implantacion del proceso de purificacion de
glicerol. Sin embargo, los valores de UPR asociados a las ventas del glicerol
purificado producen un rapido crecimiento a largo plazo y tiempos recuperacion
de la inversion significativamente mas cortos en comparacion con NGPC y NGPD
(Tabla 15).

Los escenarios sin purificacion de glicerol experimentan una caida inicial
leve, pero depender tinicamente de los ingresos procedentes de la venta de FAME
deriva en un lento crecimiento a largo plazo. Esto se traduce en un flujo de caja
acumulado a final de la vida del proyecto hasta un 50% menor que GPC y GPD.
Este hecho resalta el potencial de la valorizacion de productos segundarios y/o
desechos en los procesos industriales

En cuanto a las diferencias entre las técnicas de separacion, el uso de
centrifugacion en vez de decantacion reduce el tiempo de recuperacion de
inversion. Este suceso es mas visible en GPC por el mayor numero de etapas de
separacion en el proceso. Sin embargo, con el paso de los afios el flujo de caja de
GPD sobrepasa ligeramente los de GPC. Este hecho solo es relevante para
proyectos con periodos de vida largos. Como se comentaba anteriormente, la
seleccion de una tecnologia u otra dependera de los intereses de cada industria.
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CAPITULO

8

8 Conclusiones y lineas futuras

8.1. Conclusiones

En la presente tesis doctoral se han obtenido dos biolubricantes (mezclas de
FAMESs) derivados de las microalgas N. gaditana y H. pluvialis. Estos
biolubricantes han sido caracterizados fisicoquimica y tribologicamente. Tras
analizar los resultados de estos estudios, se decidio continuar la investigacion solo
con el biolubricante derivado de H. pluvialis. Este fue purificado mediante el uso
de bentonitas y aplicado como aditivo en un combustible diésel. Finalmente, se
realizd6 un estudio técnico—economico para evaluar la rentabilidad de la
produccion del biolubricante derivado de H. pluvialis a escala industrial.
Atendiendo a los distintos apartados de la investigacion, ha sido posible llegar a
las siguientes conclusiones:

En el marco del trabajo desarrollado en los Capitulos 3 y 4 referente a la
optimizacion de la reaccion de transesterificacion para la obtencion del maximo
contenido de FAME y su caracterizacion fisicoquimica, se han obtenido las
siguientes conclusiones:

e Los aceites derivados de las microalgas N. gaditana y H. pluvialis
presentaron perfiles lipidicos muy diferentes. Dichos perfiles influenciaron
de forma directa en las condiciones Optimas de la reaccion de
transesterificacion.

e [areaccion de transesterificacion del aceite de la microalga de N. gaditana
resulté dominada por el ratio bioaceite:alcohol, favorecida a valores altos.
Sin embargo, la reaccion de transesterificacion del aceite de microalga de H.
pluvialis resultd dominada por el tiempo de reaccion, favorecida por tiempos
cortos.

e Laoptimizacion de las reacciones de transesterificacion con N. gaditana 'y H.
pluvialis han demostrado que no es necesario el uso de condiciones
supercriticas para la eficiente produccion de FAME en microalgas.

e Los FAMEs de microalgas estudiados resultaron en propiedades
fisicoquimicas mejoradas (estabilidad térmica, PP y FP) en comparacion
con aceites de primera y segunda generacion. Esto se debe longitud de
cadena mas largas y mayor grado de insaturacion, especialmente en PP.
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No se apreciaron diferencias significativas entre las propiedades
fisicoquimicas de ambas mezclas de FAMEs.

Del estudio de las propiedades tribologicas de las muestras de FAME

descrito en el Capitulo 5 se pudo concluir lo siguiente:

La mezcla de FAMEs derivada de H. pluvialis presentd un mejor
comportamiento antifriccion y antidesgaste en comparacion con la de N.
gaditana, asi como una mejor estabilidad con la variacién de la
temperatura.

La lubricaciéon con ambas mezclas de FAMEs resultdé en mecanismos de
desgaste por adhesion y deformacion plastica.

La longitud de cadena media y el alto contenido de C20:5 en la muestra de
N. gaditana promovieron un peor comportamiento tribologico.

Se detectd la formacion de tribocapas de 6xidos metélicos generadas por la
reaccion entre las superficies metalicas y la fase polar de los FAMEs
(ésteres).

Las tribocapas generadas por las muestras de H. pluvialis presentaron mayor
concentracion de oxigeno, con un mayor espesor de pelicula y mejor
comportamiento frente a la friccion y el desgaste.

Evaluando los resultados obtenidos de la purificacion de la mezcla de FAMEs

derivada de H. pluvialis y su aplicacion como aditivo a bajas concentracion en un
combustible diésel en el Capitulo 6, las principales conclusiones son:

La purificacion con bentonitas alcanzo6 una reduccion de impurezas del 20%
en los FAMEs derivados de H. pluvialis.

La eliminacion de astaxantina permitié reducir la densidad del FAME de
900 kg/m? a 881,4 kg/m>, y la viscosidad de 7,02 mm?/s a 4,53 mm?/s.

No se apreciaron diferencias destacables en las propiedades fisicoquimicas
entre las diferentes muestras de FAME purificadas con bentonitas.

El FAME purificado de H. pluvialis demostrd6 un excelente
comportamiento antifriccion y antidesgaste como aditivo en el
combustible diésel.

Todas las mezclas cumplieron con las limitaciones establecidas por la
normativa para mezclas biodiesel-diésel.

La mezcla + 5% FAME consigui6é reducir el desgaste y la friccion en un
44.,6% y 50%, respectivamente.

La mezcla + 10% FAME exhibio las mejores propiedades tribolégicas.

Finalmente, el andlisis preliminar técnico—econdémico realizado en el

Capitulo 7 para evaluar la viabilidad a escala industrial de produccion de
biolubricante a partir de H. pluvialis aporto las siguientes conclusiones:

56



Capitulo 8

8.2

Los costes unitarios de produccion de FAME pudieron reducirse hasta 0,48
€/kg con la venta de glicerol como producto secundario.

La explotacion de H. pluvialis para la produccion de FAME presento ser una
alternativa viable en la revalorizacion de residuos generados en la
industria de microalgas.

La clave en la viabilidad del proyecto residi6 en la implantacion de
estrategias de economia circular para la revalorizacion de residuos.

La venta del glicerol purificado implicé un aumento de los ingresos anuales
del 53,5%.

Lineas futuras

Una vez analizados los resultados obtenidos a lo largo de la presente tesis, se

propone abordar las siguientes lineas fututas de trabajo:

e Utilizar nuevas cepas de microalgas que presenten contenido de
triglicéridos superiores. Esto permitird obtener productos mas puros tras
la reaccion de transesterificacion, asi como mejores rentabilidades a
escala industrial.

e Analizar la estabilidad oxidativa de los biolubricantes derivados de
microalgas. En funciéon de los resultados, implantar la técnica de
epoxidacion para la obtencion de biolubricantes mejorados.

e Explorar la aplicacion de estos biolubricantes en distintas aplicaciones.

e Explorar la posibilidad de realizar dobles transesterificaciones en aceites
derivados de microalga.

e Evaluar los aspectos medioambientales a través de un analisis de
emisiones de CO; equivalente.
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Publicaciones

Factor de impacto

Esta seccion presenta la informacion principal referente a las revistas donde
han sido publicados los articulos cientificos de la presente tesis doctoral. Las
referencias completas de las revistas, las cuales se encuentran indexadas en el
Science Citation Index (SCI), asi como su factor de impacto (IF) y el cuartil donde
se ubican segun el Journal Citation Reports (JCR) aparecen recogidos en la
siguiente tabla.

Publicacion Revista Editorial IF Cuartil y categoria
Q2
(1] Lubricants MDPI 3.5 Engineering, Mechanical
(47/180)
1
Biomass and . Q
(1] Bioenergy Elsevier 5.8 Biotechnolog& Applied
Microbiology (24/174)
1
Journal of ) Q,
[111] Molecular Elsevier 5.3  Physics, Atomic, Molecular
Liquids & Chemical
(6/40)
. Q2
BioEner: .
[1V] Researciy Springer 3.1 Environmental Sciences
(167/358)

Todos estos articulos han sido publicados en acceso abierto.

La publicacion I cuenta con 6 citas en Scopus. De acuerdo con Dimensions
(https://badge.dimensions.ai/details/id/pub.1163930537/categories) estas citas
provienen de distintos ambitos (40% de Ingenieria, 28.57% de Ciencias Quimicas,
14.29% de Agricultura, Veterinaria y Ciencias de los Alimentos y 14.29%
Ciencias Biologicas), lo que demuestra el interés para distintas areas de
conocimiento. Esta publicacion ha sido visualizada en 40 ocasiones en el
repositorio de la Universidad de Oviedo
(https://digibuo.uniovi.es/dspace/handle/10651/71713), principalmente desde
China, USAy Espafia. Por tltimo, esta publicacion tiene 23 visualizaciones y 15
descargas en el repositorio generalista Zenodo
(https://zenodo.org/records/10657579).

La publicacion II cuenta con 2 citas en Scopus, lo cual la sitiia en el percentil
92, lo que significa que se encuentra entre el 8% de los mas citados de acuerdo
con el afio de publicacion y su especialidad. Ademas, su indice FWCI es de 3.62,
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lo que significa que ha sido citado casi 4 veces mas que la media de su
especialidad.

El trabajo realizado en las publicaciones I y IV se alinean con el Objetivo de
Desarrollo Sostenible (ODS) 7: Energia asequible y no contaminante. De forma
indirecta, el uso de microalgas en las publicaciones II, III e IV, también se
relacionan de forma indirecta con los objetivos establecidos en el ODS 2 (Hambre
cero), ODS 15 (vida y tierra), ODS 6 (agua limpia y saneamiento) y ODS 13
(accion por el clima).
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Abstract: The increase in the price of crude oil, the environmental impact, or the depletion of fossil
resources has increased the need for bio-based alternatives. This has led to the search for renewable,
biodegradable, and environmentally friendly raw materials to obtain lubricants that meet these
characteristics. This review deals with the state of the art of biolubricants along with their most
common raw materials and molecular structures, processes of chemical modification of bio-oils, as
well as the relationship between their structural features and physicochemical/tribological properties.
This review concludes that the production of fatty acid alkyl esters from vegetable oils is the most
promising chemical route to produce a wide range of biolubricants through double transesterification
reactions. It also highlights the need to explore this route for the production of microalgae-derived
biolubricants due to its environmental benefits during cultivation and production processes.

Keywords: biolubricant; molecular structure; tribological properties; physicochemical properties

1. Introduction

Water and food shortages are just some of the direct consequences of global warming
caused by the increase in CO; emissions in recent decades. According to Lindsey’s report [1],
global sea levels have risen 24 cm since 1880, triggered by the start of the second industrial
revolution. The highest peak emissions in history were recorded last year with 40.5 tons,
behind pre-COVID-19 levels of 40.9 tons, with the use of fossil sources being the main
emitter of greenhouse gases, leading with 90.47%, of which 25% came from energy losses [2].

Maintaining machinery properly, conserving energy, and finding potential substitutes
for petroleum derivatives are necessary to combat accelerating climate change. One of the
sciences that can contribute to this purpose is tribology, which is responsible for optimizing
lubrication in the interaction between moving surfaces, and which has led to large amounts
of energy and money being saved in industry. Jost [3] estimated that GBP 515 million
could be saved by improving tribological conditions in the UK industry. In addition,
recent research into natural lubricant sources is helping to move society toward more
sustainable industries.

To achieve these goals, it is necessary to review the minimum requirements for lubri-
cants, the advantages and disadvantages of natural sources, and the existing techniques
for improving these materials to produce potential alternatives to petroleum-based lubri-
cants. The basic functions of lubricants can be summarized as follows: (a) to reduce energy
losses; (b) to protect surfaces from wear due to friction; (c) to protect against corrosion;
(d) to reduce oxidation effects; (e) to cool down surfaces; (f) to decrease heat losses due
to contact between moving surfaces; or (g) to increase tightness and prevent the leakage
of contaminants and sediments [4,5], in addition to certain requirements depending on
the application.

Lubricants can be classified according to their physical state as solid, liquid, or semi-
fluid (greases). The former is used when it is difficult to maintain contact with the fluid,
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while the latter is used in situations where liquid lubricants are not applicable. They can
be further classified according to their source material as mineral-, synthetic-, animal-, or
vegetable-based lubricants (Figure 1). All base fluids directly refined from crude oil are
called mineral bases, those refined from natural sources are called vegetable bases, and
those synthesized (natural or mineral) are called synthetic bases [6].

Vegetable origin

Refining Petrochemical

Refining
industr

Alcohol

PAO
Mineral oil (synthetic) [ Synthetic esters ] [Vegetab]e oil (100% FA) ]

Figure 1. Origin and classification of base fluids.

Environmental concerns about the accelerated development of global warming have
led to the promotion of the use of new biodegradable and more environmentally sustain-
able materials. As part of this movement, new competitive lubricants are being sought
from organic materials such as vegetable oils and animal fats to create what are known as
biodegradable lubricants or biolubricants. As lubricants, they must fulfill the basic lubri-
cating properties listed above. Thus, biolubricants show important attractive advantages
such as high biodegradability, low toxicity, sustainability (eco-friendly), increased worker
safety, increased machine life, reduced labor costs, and reduced energy consumption as
well as other tribological and physicochemical properties such as increased lubricity, higher
viscosity index, higher boiling point, or lower volatility [7,8]. On the contrary, they have
certain disadvantages, including poor oxidative, thermal, and hydrolytic stability (lead-
ing to shorter shelf life); low corrosion inhibition properties; and poor to bad pour point
(PP) [7,9].

According to Verified Market Research [10], the biolubricants market was valued
at USD 2.82 billion in 2018 and is expected to reach USD 3.63 billion by 2026, growing
at a Compound Annual Growth Rate (CAGR) of 3.2% from 2019 to 2026. Asia and the
Americas are also expected to have the highest growth rate in this sector between 2019
and 2024 [11]. These data show the growing industry interest in replacing petroleum-
based lubricants with more environmentally friendly ones, and therefore the need to find
solutions to concerns about production costs and other more functional aspects, including
poor oxidation stability.

This review deals with the state of the art of biolubricants along their most common
raw materials and molecular structures, processes of chemical modification of bio-oils, as
well as the relationship between their structural features and physicochemical/tribological
properties. In addition, due to the close relationship between physicochemical and tribo-
logical properties, from the physicochemical characterization of bio-oils, the necessity of
using some additives to improve these properties can be considered. The aim of this work
is to provide comprehensive information for the selection of bio-oils for the production
of biolubricants.

2. Biolubricants

According to the UNE-EN 16807 standard [12], the term “bio” is considered synony-
mous with good for the environment. Its use in lubricants is linked to its environmental
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properties; therefore, it is expected that all compounds called bio-lubricants will degrade in
the environment. According to this standard, bio-lubricants and bio-based lubricants must
fulfill a minimum requirement:

s Biological carbon (C14) content greater than or equal to 25%.
e Biodegradability of oils greater than or equal to 60% (50% for greases).
e  Ecotoxicity: not classified as “dangerous for the environment”.

Proper Classification for Biolubricants from Feedstock

An important characteristic of biodegradable lubricants is the raw material used to
produce them. Therefore, these materials could be classified into first, second, third, and
fourth generations based on the feedstock, as shown in Figure 2 [13,14]. The first generation
would include all lubricants derived from edible crops like sunflower, rapeseed, soybean,
palm, palm kernel, coconut, olive, or castor [15]. These oils are characterized by a low oil
production yield and encourage the deforestation and destruction of ecosystems for their
cultivation [16]. In addition, the use of arable land competes with food sources, which
increases the cost of the final product and is counterproductive in the current context of
global food shortages. The second generation comes from non-edible materials such as
Jatropha, tobacco, or cotton seeds [17]. These materials are more widely available than
the previous ones, but they do still require arable lands for their growth and compete
with edible crops for land as in the first case. Third-generation biolubricants derived
from microalgae are emerging to solve this problem. Also, biolubricants derived from
macroalgae, bacteria, and fungi can also be included in this category [16,18].

1st Generation
L~ Sunflower

|.» Soybean

1

Edible
crops

Use of l— Coconut
arable lands — Palm

Non-edible
crops

[ Olive
> Castor
™ Rapeseed

2nd Generation
| » Jatropha

| Cotton seeds
7 Rubber seeds

- Use of
arable lands [%

Waste cooking oils

3rd Generation
|+ Microalgae

Not use of {— Macroalgae
arable lands ~— Bacteria

[™ Fungus

4th Generation
Genetically modified microalgae

Figure 2. Biolubricant classification according to feedstock.
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Microalgae are microorganisms capable of photosynthesis in freshwater, seawater,
or wastewater and therefore do not require arable land for their cultivation. Among the
requirements for the growth of these microorganisms, the presence of nutrients such as
nitrogen, carbon, phosphorus, and potassium makes it possible to use them for wastewater
treatment [19,20]. Compared to previous plant sources, they have additional economic
and environmental advantages for their application as biolubricants: (a) high growth rate;
(b) high biomass production; (c) high lipid content; (d) cultivable all-year-round; (e) higher
COs reduction during photosynthesis; and (f) effective removal of phosphates and nitrates
in wastewater during cultivation [21,22],

Finally, a fourth generation of biomass derived from genetically modified microalgae
is being considered. The possibility of manipulating microalgae through mutagenesis
or genetic transformation will open the door to the production of suitable bio-oils for
biolubricant formulation without the need to improve them using chemical techniques
such as epoxidation or the use of additives [18,23,24].

3. Common Techniques for Biolubricant Production

Obtaining biomass from crops is the first step in the biolubricant production process.
Depending on the type of crop, this can involve simple collection and purification processes,
for example, using agricultural residues or waste cooking oil [25]. Raw materials such as
macro- and microalgae require more elaborate harvesting processes, which can be physical,
chemical, or biological (Figure 3). Centrifugation is the most widely used technique in the
biomass-derived microalgae industry, usually complemented by drying systems such as
lyophilization to efficiently remove moisture [13,22]. Figure 3 shows the bio-oil production
chain including harvest, drying, pretreatment (if necessary), and extraction, and identifies
the most used techniques at each stage.

Harvest Pretreatment

- = Ultrasonication
* Flocculation = Microwave
. C.enh'i.fugaﬁnn = High-pressure
= Filtration . homogenization
= Agglomeration = Osmotic shock

— l

*= Lyophilization = Organic solvent

® Stray drying = Ionic liquids
= Oven drying * Supercritical fluid
Dry = Soxhlet

= Mechanical press

Extraction

Figure 3. Various techniques to produce bio-oil from plants.

Once the biomass has been obtained, it is subjected to bio-oil production techniques.
For materials with simple matrices, such as vegetable oils, more rudimentary methods are
used, for example, mechanical or expeller pressing [26,27]. In the case of complex matrices
like microalgae, pretreatment for cell disruption is required to facilitate bio-oil extraction.
The use of high-pressure homogenization or ultra-high-pressure homogenization as a
pretreatment resulted in high lipid extraction yields, reaching an increase of 30% in some
cases [28-30]. The disadvantage of these techniques is the high operating cost due to the
increased working pressures (supercritical conditions). As a solution, other procedures are
being studied, including ultrasound, microwave, or osmotic shock [31-33].
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In terms of extraction techniques, organic solvents are the most implemented, which
can be alone or supported by complementary pretreatments [27]. If the biomass is semi-
solid or solid, solvent extraction would be carried out using a Soxhlet device [34,35]. Ionic
liquids with magnetic nanoparticles were also introduced as a potential alternative in 2021
by Egesa and Plucinski [36], where an extraction efficiency of 99% was achieved with a
hexane-ionic liquid mixture.

3.1. Bio-Qils (Triglycerides) as Biolubricants

Vegetable oils are mainly composed of triglycerides: three fatty acids (FA) linked by a
glycerol. Compared to the long-chain hydrocarbons of mineral oils, which have between
20 and 50 carbon atoms, FAs have shorter chains of between 4 and 26 carbon atoms [37].
They may also contain one or more double bonds and branches. Figure 4 shows the most
common FA found in olive oil (mainly oleic acid).

(a) C18:1 (b) C16:0
]
Ho )K/WV%«WV\ HO )]\/\M/\/\/\/\
(c) C18:2 (d) C18:0

HO J\/\/\/W\/\M HO i/\/\/\/\/\/\/\/\

Figure 4. Common fatty acids found in olive oil: (a) cleic acid; (b) palmitic acid; (c) linoleic acid;
(d) and stearic acid.

The use of these oils as lubricants has usually been studied as additives to improve
a specific property, such as viscosity modifiers. Gallardo-Hernandez [38] studied the
use of Jatropha oil as an additive in a mineral oil (SAE40W oil) to evaluate its lubricating
and thermal properties. The improvement in the lubricity in terms of friction and the
deterioration in the anti-wear properties were observed, both related to the tribosystem
created by the blend. A strong influence on the thermal properties was also observed at a
content of less than 20%. Later, Contreras-Gallego [37] studied the variation in density and
kinematic viscosity when the above bio-0il was added at 10% and 20% in four different
mineral oils (SAE 5W-30, SAE 15W-40, SAE 25W-50, and SAE 40), as well as thermal
conductivity and specific heat. An improvement in thermal properties associated with
the increase in Jatropha oil was demonstrated. There was also a reduction in viscosity at
higher additive contents, related to the substitution of long-chain hydrocarbons (mineral
base oil) by shorter bio-oil ones. Recently, the feasibility of curcumin-extracted soybean
waste cooking oil as a 10%, 20%, and 30% additive in N-150 mineral oil was verified by
analyzing the tribological and physicochemical properties. In contrast to the previous
case, a reduction in wear volume and coefficient of friction (COF) of up to 16% and 32%,
respectively, was observed compared to N-150, due to a stronger tribofilm formed by the
additive. The function of curcumin as a natural antioxidant to prevent the oxidation of
soybean waste cooking oil was also confirmed. Finally, the increase in viscosity index with
the molecular weight was confirmed and the decrease in PP from —12 °C (N-150) to —30 °C
(10% bio-o0il) was attributed to the increase in blend polarity [25].

3.2. Environmentally Friendly Modifications of Vegetable Oils

Despite the advantages offered by biolubricants based on bio-oils, it is inevitable
highlight the need for improvement to provide functional storage properties, in addition
to modifying psychochemical and tribological properties depending on the final applica-
tions. This led to the search for techniques capable of modifying the chemical structure of
triglycerides, producing so-called modified esters, as shown in Figure 5.
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Figure 5. Eco-friendly modifications of oil sources (esters)-palmitoleic acid example.

3.2.1. Hydrolysis

As explained above, bio-oils have poor hydrolytic stability and tend to hydrolyze easily
in the presence of water or steam. This leads to the breakdown of their triglycerides and
the formation of the corresponding free fatty acids (FFA). This is a spontaneous secondary
reaction, promoted by the increase in temperature, which must be prevented [39,40].

3.2.2. Transesterification

Transesterification reactions are the most widely used technique for ester modifications,
especially in the biodiesel industry. As shown in Figure 6, it is based on the reaction between
a triglyceride and an acyl acceptor (an alcohol) in the presence of a catalyst, and under
temperature conditions, to produce fatty acid methyl ester (FAME) as the main product
and glycerol as the secondary product. The catalyst function aims to assist the reaction
and the deprotonation of the alcohol so that it can join the ester group. These can be acid,
basic, or enzymatic catalysts, as well as homogeneous or heterogeneous (depending on the
reaction phase) [4,13,41].

i Alcohul
Rl

Cat. AT
o)’\RZ 4+ 3CH~OH 4—»(_1—1,_0*132

Glycerol

CHJ—O)'\Rj OH

OH

+

0~ R, CH;— R, oH

Triglyceride FAME

Figure 6. Transesterification reaction.

To avoid secondary reactions such as hydrolysis and thus soap formation at high FFA
contents (>2-4 mg KOH/g), it is necessary to neutralize them through an esterification
process using an acid catalyst, usually sulfuric acid [42]. It is also necessary to control
the humidity of the bio-oil and remove any existing moisture, as this also promotes the
saponification reaction.
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In the last decade, a new modality called direct or in situ transesterification has at-
tracted attention. It combines lipid extraction (bio-oil extraction) and the transesterification
reaction into one process, using biomass as a reagent instead of bio-oil, which means energy
and economic savings [43]. The water content is also no longer a critical parameter, as it has
greater hydrolytic stability. However, it requires more severe temperature conditions and
longer reaction times [13]. A notable application is the processing of microalgal biomass. A
wide range of species of these organisms develop strong cell walls, which complicates the
extraction process and thus requires an efficient prior cell disruption method. As mentioned
above, the operating costs of lyophilization or high-pressure homogenization are high, even
more so for complex matrices such as microalgae. The ability to skip the cell disruption and
extraction steps is advantageous in terms of both operating cost and energy consumption.
Table 1 shows the research that has used this technique for FAME (biodiesel) production in
recent years, highlighting the presence of microalgae [44-49].

More recently, Encinar et al. [50-54] have worked on the modification of vegetable-
oil-derived FA using double transesterification reactions. In the first step (Figure 7), the
triglyceride is degraded to the corresponding FAME. The novelty of this process lies in the
second step, in which another transesterification reaction is carried out on these FAMEs,
this time using a complex alcohol as a reagent, to obtain the so-called fatty acid alkyl [54]
esters (FAAEs). According to the researchers, the advantage of this refinery model is the
diversity of the main products, starting with the use of bio-oil; the production of biodiesel
(FAME) and biolubricants (FAAE); the economic and energy savings with the recovery
of materials such as glycerol, as well as the recycling of methanol produced during the
second transesterification, which can be reintroduced into the process as a reagent in the
first transesterification [55]. So far, only vegetable feedstocks such as safflower, cardoon,
rapeseed, soybean, or Jatropha oil have been subjected to this technique.

A
(simple)
0~ Ry

5
CH;—0 0 R, OH

Cat. AT

0NR, + 3CH~OH —— cH,—o g, + i
Ry CHymm0- Rs oH
+
3= ou

Alcohol
(complex)

Second transesterification
1V -ed

3 R-C>-|<- + [ 3CH~OH
o 2
= n Alcohol
o

Figure 7. Double transesterification reaction.
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3.2.3. Epoxidation/Ring Opening

A significant problem with bio-oils is their poor thermal and oxidative stability due to
the effect of double bonds on C-H bond strength. For this reason, the authors recommend
raw materials that consist as much as possible of saturated fatty acids (SFAs) because
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they do not contain double bonds in their structure [20,56]. One way to neutralize these
double bonds is through epoxidation reactions. These are based on the reaction of alkenes
with peroxyacids to form a cyclic ether (epoxide) compound [57,58]. Epoxidized com-
pounds have been shown to have superior frictional and anti-corrosive properties and
better performance at low temperatures, providing a more economical, sustainable, and
environmentally friendly alternative to mineral-based lubricants [58-60].

3.2.4. Estolide Synthesis

Another eco-friendly modification of FFA is the formation of estolides. These are
synthetic compounds derived from the linkage of the respective triglycerides or their FFA,
which use their hydroxyl groups to form the estolide bonds [59,61]. The advantages of
these structures include better oxidative stability, improved PP, and higher flash point
(FP). However, this modification does not resolve the hydrolytic stability problems of the
compound [62].

Table 1. Environmentally friendly modifications for the production of and improvement in biolubri-
cants. Microalgae species in bold text.

Feedstock Technique Molecular Structure Ref.
High-oleic safflower oil Double transesterification FAAE [52]
Cardoon oil Double transesterification FAAE [50]
Cardoon oil Double transesterification FAAE [53]
Rapeseed oil Double transesterification FAAE [51]
Rapeseed and castor oils Double transesterification FAAE [54]
Indian mustard seed oils Double transesterification FAAE [63]
Rapeseed, seed and frying oils Double transesterification FAAE [55]
Soybean oil Double transesterification FAAE [64]
Jatropha oil Double transesterification FAAE [65]
Coconut oil Hydrogenation [66]
Waste cooking oil Epoxidation + Transesterification Epoxidized FAME [60]
Karanja seed oil Simple transesterification FAME [67]
Schlichera oleosa oil Simple Transesterification FAME [68]
Refine bleached palm kernel oil ~ Simple Transesterification FAME [69]
Soybean oil Epoxidation Epoxidized triglycerides [58]
Madhuca indica oil Epoxidation Epoxidized triglycerides [70]
Michelia champaca oil Epoxidation Epoxidized triglycerides 71]
Moringa olifera Lam oil Epoxidation Epoxidized triglycerides [26]
Passiflora edulis oil Epoxidation Epoxidized triglycerides
Crude Palm oil Hydrolyzation + Esterification Modified esters [72]
Esterification + Transesterification
Crude Jatropha oil Esterification + Ultrasound—assisted FAME [731
transesterification

Waste ayurvedic oil %Lz:i‘;?é;g;gﬁ;iﬂon assisted FAME 74]
Pequi oil Hydrolyzation + Esterification FA [75]
Dunaliella salina In situ transesterification FAME [44]
Chlorella vuigaris foamate In situ transesterification FAME [45]
Chlorella pyrenoidosa In situ transesterification FAME [46]
Chlorella vulgaris In situ transesterification FAME [47]
Rubber seeds In situ transesterification FAME [48]
Botryococcus braunii In situ transesterification

FAME [49]

Coccomyxa subellipsoidea

In situ transesterification
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4. Influence of Structural Features on Biolubricant Performance

Among the structural characteristics that determine the physicochemical and tribolog-
ical properties of a biolubricant, the following stand out: the presence of double bonds or
unsaturation; the length of the chains present; or the molecular weight, polarity, and the
presence of branches in the structures that make it up. Cecilia [56] and Chan [76] have pre-
viously reviewed the influence of these parameters on their performance as bio-lubricants.
Table 2 shows in more detail how the different structures can modify some of the main
properties of lubricants.

Table 2. Effect of some structural features on the physicochemical and tribological properties
of biolubricants.

Bpety (Double Bound9)  (Moleeular teighy POy Branching Degree

Pour Point § T )i 4
Flash Point - T -

Viscosity 1 T - -
Viscosity Index - T J T
Oxidation stability 1 1 4 T
Lubricity 1 i + 4
Wear protection { i 1 &
Tribofilm thickness - i T -
Tribofilm adhesion strength 1 - T 1

4.1. Presence of Double Bonds

The molecular structure of these compounds can contain zero (saturated), one (mo-
nounsaturated), or multiple C=C double bonds (polyunsaturated). Each FA introduces the
double bonds at a specific position in its structure, for example, at the 6, 9, and 12 carbon
atom positions [77]. The presence of double bonds promotes oxygen attack on the carbons
adjacent to these bonds, as shown in Figure 8. The areas most affected by this phenomenon
are the carbons atoms located between two double bonds, so that the oxidative stability
of the structure decreases as the areas of oxygen attack increase [57,78,79]. This oxidative
stability refers to the ability of lubricants to retain their properties when exposed to en-
vironmental oxygen without suffering oxidative degradation [80]. It has also shown an
increase in PP and a tendency to increase viscosity and decrease viscosity index (VI) by
reducing the content of unsaturated FAs [57,78,81].

Hydrophilic group Hydrophobic group
(polar) (apolar)

Primary oxygen attack
Secondary oxygen attack

Figure 8. Polarity of the FAME structure and main oxygen attack areas.
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4.2. Carbon Chain Length

Chain length and molecular weight are parameters that directly influence important
physicochemical properties. Increasing the chain length leads to structures with higher
molecular weights, resulting in a higher FP, which is relevant as the FP is an important
factor in determining the required safe transport and storage temperatures [79]. In addition,
kinematic viscosity increases with the molecular weight and the VI also increases as denser
structures help to ensure that the viscosity does not fluctuate significantly with increasing
temperature [82].

In terms of tribological properties, it has been found that COF and wear volume
decrease with increasing chain length due to the better anti-wear performance of the film
formed by the ester groups on the contact surfaces. This is achieved due to the stronger
film formed by the biolubricant [25,83].

4.3. Polarity of the Structures

The structures of vegetable oils are linear, unbranched chains with polar end groups,
as shown in Figure 8. The polarity of these esters increases the effectiveness of wear
reduction by forming an adsorbed protective layer on the contacting metal surfaces, which
reduces the surface energy and increases the strength of the formed tribological film due
to their high polarity. These tribological films exhibit a low COF at both low and high
temperatures [83-85]. This is why the degree of polarity is important when looking at
the molecular structure of a lubricant: COOH > CHO > OH > COOCH3 > CO > COC
(decreasing polarity degrees) [40]. Parameters such as VI or PP are also strongly influenced
by the high polarity of these structures, resulting in higher VI values as the polarity
increases, or in a drop in PP due to polar functionality [25,82].

4.4. Branching Degree

The chains that constitute these oils are characterized by the fact that they are formed
by linear chains of 4 to 26 carbon atoms, with a natural lack of branches. For this reason, the
shorter the chain length, the more the structure tends to clump together, while the longer
the chain length, the more linear they are due to the absence of branches. As a result, these
chains have higher PP values than branched structures with the same number of carbon
atoms, due to the molecular structure, which tend to compact [79,86].

4.5. Selecting Vegetable Oils for Biolubricant Formulation

Based on the evaluation of the influence of the molecular structures of vegetable oils
on their physicochemical and tribological properties, the flow chart shown in Figure 9
has been prepared as a guideline for the selection of vegetable oils for the biolubricant
formulation. This scheme follows the one proposed by Farfan-Cabrera et al. [20], dedicated
to the selection of microalgae species for the production of biolubricants. Critical input
variables are considered to be the FFA content or acidity, the degree of unsaturation, and
the chain length of the corresponding FAs, which have more influence on the properties of
interest of biolubricants, such as hydrolytic, oxidative stability, lubricity, PP, and viscosity. If
the balance between these properties does not meet the minimum requirements for a given
application, the diagram shows the chemical conversions typically used as a function of
the input variable to be improved. Other alternatives may be found in the use of additives
or the selection of less demanding applications.
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Figure 9. Flow chart for selecting vegetable oils for biolubricant formulation.

5. Tribological Characterization and Performance of Vegetable-Derived Structures

One of the objectives of using vegetable derivatives for the formulation of biolubricants
is to reduce the use of elements such as chlorine, sulfur, or phosphorus, as in commercial
lubricants formulated from mineral sources, and also to achieve competitive tribological
properties. Chan et al. [76] reported the state of the art of tribological tests performed on
biolubricants up to 2017. Now, a summary of the publications from 2018 to 2023 in which
tribological tests were performed on 1st-, 2nd-, and 3rd-generation biolubricants is shown
in Table 3. Table 3 shows the fluids tested, the tribological tests and test conditions used,
and the COF and wear results obtained. For studies performed using different additive
concentrations and loads, only the results obtained with the highest load and the most
representative additive concentrations are included in Table 3.
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Table 3. Tribological tests and conditions used for evaluating biolubricants from 2018 to 2022
@ 1073 mm3; P mm?/m; € mm3/Nm; 9 mm; © 107 mm3/s; | g).

Test Fluid Equipment Test Conditions COF Wear Ref.
Lithium grease 2a
(MVI500/PAO6/DOS) 10-50 Hz, 50 N 0o 1202610
Lithium grease Ball-on-disc (1.74 GPa), RT, [87]
(MVI500/PAO6/DOS) + 3% 30 min 0.12 5.00 x 10722
cho-ricinoleic
1 : 0552
Gallate ofl ester e 25 Hz, 100N ane i
; Cooper 0.12 0.045
Ball-on-disc test g (2.19 GPa), RT, 0.085 0.0457 [80]
Phe-3Ci8 Cooper Stimicl 0.069 0.040°
Auxenochlorella protothecoides 0.065-0.07 0.107-0.175
Chlorella sorokiniana 50 Hz, 77 and 0.07-0.08 0.099-0.148 *
Aurantiochylrivm limacinum SR21 *10 ; . an 5 0.1-0.14 0.124-0.184 °
Auranti-ochytriumsp. T66 Ball-on-disc test . 50 . ¢ s 0.09-013  0.110-0.169°  [88]
Rhodosporidium foruloides 5G Da)" 5°C, 0.09-0.08 0.139-0.227 °
Cryptococcus curvatus 60;mird 0.08-0.1 0.128-0.246 °
PEG 200 0.12-0.13 1.140-7.1202
Jatropha oil (JO) 0.06 6.00 x 1074P
Mineral engine oil (SAE 10W-30) Ball-on-disc test (?éscnr]’; ;’;g [\é 0.095 150 x 10740 [89]
Mineral engine oil + 20% JO ’ ! 0.08 1.50 x 10~
Canola oil (Ca0) 0.125 155 x 10-6¢
800 rpm, 130 N e
CaO + 0.05% CuO . y 0.08 13.0 x 107°¢
Ca0 +0.08% CuO Ballralisciee PRASTAEYC 910 x 1076 ]
Ca0 +0.1% CuO 0.05 6.00 x 1076¢
Codonosis pilosula wax (grease) 25Hz, 100N 0.148 9 x 1078¢
Codonosis pilosula wax (base Ball-on-disc test (2.25 GPa), 0.145 T [91]
grease) + multilayer graphene 150 °C, 20 min . A
Castor oil 0.11 0.474
. . 10 rpm, 20 N,
Castor oil + epoxide cellulose Ball-on-three-plates 25°C, 10 min 0.08 0a7d [92]
pulp (grease)
Castor oil (CO) 0.084 0.508 4
CO + epoxide-functionalized alkali a
lignin dispersion grease (EAL-1) L 4
CO + epoxide-functionalized alkali d
lignin dispersion grease (EAL-2) 20 rpm, 20 N, RT, 007 0416
CO + epoxide-functionalized alkali Ball-oi-thireie:plates 30 min 4 (%3]
liemin di ; 0.09 0.366
ignin dispersion grease (EAL-3)
CO + epoxide-functionalized alkali d
lignin dispersion grease (EAL-4) 0.8 0450
CO + epoxide-functionalized alkali 0.22 04404

lignin dispersion grease (EAL-5)

: i i d
N-150 mineral oil 1200 rpm, 392 N, 0.117 0.685

Curc‘uminfextracted soybean waste  Four-ball test 75 °C, 60 min 0.08 05734 [25]
cooking oil

SAE40W + 5% JO 0.101 0.950

SAFE40W +20% JO Four-ball test 395, 20 min 0.113 1.350 4 [38]
SAE40W + 50% JO 0.125 1.500 4

SAE 15W40 0.115 2.000¢

Palm oil (PO) 1200 rpm, 392 N, 0.08 1.850 ¢

PO +0.1% hBN Fourzball test 75 °C, 60 min 0.079 1.180°¢ (241
PO + 0.5% hBN 0.11 1.100 €
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Table 3. Cont.

Test Fluid Equipment Test Conditions COF Wear Ref.
Soybean oil FAAE 1200 rpm, 392 N, 0.11 n/a
Soybean oil FAAE + 5% ZnAl Fourchall test 60 min 0.055 n/a [o4]
Castor oil + seed oil 0.0697 0.9194
Castor oil + seed oil + 0.25% d
halloysite clay nanotube 010551 0348
Castor oil + seed oil + 0.5% 1200 rpm, 392 N, dl
halloysite clay nanotube Four-ball test 75 OCP' 60 min D027 i [86]
Castor oil + seed oil + 0.75% d
halloysite clay nanotube 00525 07
) o .
Castor oil + seed oil + 1% halloysite 0.0452 07234
clay nanotube
Pequi oil . s 4.9;5)<N1(;55 Ll.lg/.“., 0.0588 03714 73]
. . our-ball test 7D YE, 2
Miniecalail 60 min 0.0849 0.195¢
Cucurbita pepo L. oil 1200rpm, 392N,  0.0506 03334
= 5
SAE 20W40 Fotrballitest 75°C, 60 min 0.0459 04134 (9]
Refine bleached palm kernel FAME 1200 rpm, 60, 80, 0.07 22504
Engine oil Four-ball test and 100 kg, 75 °C, [69]
& 60 min 0.10 20004
Sunflower oil 1200 rpm, 392 N, 0.06 0.600 ¢ =
o _ O
Soybean oil Fousballtest 75°C, 60 min 0.055 07004 (9]
1200 rpm, 15 and
Karanja FAME Four-ball test 40N, 75 °C, 0.05-0.14 0.300-0.440 ¢ [97]
60 min
Rice bran and sunflower oil d
(RB + SEQ) b e Ty 1200rpm, 302N, 332 et -
RB + SFO + 0.01% CuQ CULRe i 75 °C, 60 min 03298 08654
RB + SFO + 0.04% CuO 0.314 08304
Coconut oil (CO) 0.09 0.587¢
Mustard oil (MU) 600 rpm, 392 N 0.12 04784
SAE20W40 Four-ball test (1 GPa), 75 °C, 0.103 0.496 4 [99]
CO +10% MU 60 min 0.092 0.5854
CO + 50% MU 0.099 0.4894
Jojoba oil (JJO) 0.04 04224
Polymerized JJO 1 h (grease) 800 rpm, 492 N, 0.015 0.3854 100
Polymerized JJO 2 h (grease) Four-ball test RT, 30 min 0.3 04714 roo]
Polymerized JJO 3 h (grease) 0.068 04204
Lithium-based paraffin grease 0.001 0.850¢
Lithium-based castor oil grease Four-ball test 127?50”12116‘103312inN' 0.07 0.700 ¢ [101]
Lithium-based coconut oil grease ! 0.082 09304
Pailm oil FAME 0.126 02204
DF-CN48 . 0.15 02904
High-frequency 50 Hz, 200 g, d
DF-CN48 + 50% FAME reciprocating test 60°C, 75 min 0.135 0.250 [102]
DF-CN51 0.29 04604
DF-CN51 + 50% FAME 0.13 030094
Styrax officinalis oil 350 rpm, 35, 70, d
yrax off 05 d N 00094 0.880
Pin-on-disc test (1.14, 1.43,1.64, [103]
Styrax officinalis FAME and 1.81 GPa), 0.0076 0.840 4
125 °C ' ’
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Table 3. Cont.

Test Fluid Equipment Test Conditions COF Wear Ref.
100 rpm, 40, 60, d
. 0.075 59
Neem oil (NO) Pt dissiete 80, and 100 N [104]
NO + 0.15 Si0, n-on-cisc tes (1.03,1.17,1.29, 0.073 574
NO + 0.9 S0, and 1.39 GPa), d
o 094 66
. - —6¢C
Komama i+ 140 240, 80.and80 ol 38 e
FNR oL ekl Pin-on-disc test N (1.28,1.61, 1.84, : : p [105]
Rice bran oil and 2.03 GPa) 0.056 4.70 x 107°¢
Rice bran oil + 1% TiO, ' 0.043 3.40 x 107°¢
Jatropha oil 120 rpm, 50, 80, 0.085 0.890 f
Jatropha oil +0.2% SiO, Pin-on-disc test 120 N (1.28, 1.5, 0.08 0.850 f [108]
Jatropha oil + 1% SiOs and 1.72 GPa) 0.045 0.760 f
300 rpm, 80 N
Waste ayuvedic oil Pin-on-disc test (2.36 GPa), RT, 0.040 0.800 ¢ [74]
60 min
200 rpm, 40, 60,
Schlichera oleosa oil ; ’ 80, and 100 N 0.0089 0.780 ¢ .
Pin-on-disc test 68
Schlichera oleosa FAME fhron-dise fes (103,117,129, g5 0.720 L
and 1.39 GPa),
125 °C
PO 0.045 3.60 x 1075¢
PO + 0.5% CuO 0.034 1.25 x 10-8¢
PO + 0.5% TiO, s L 1000 rpm, 40 N, 0.039 200 x 1078¢ ;
-On- i 107
Brassica oil (BO) Finsomeiseiest RT, 20 min 0047 400 x10-5c U7
BO + 0.5% CuQ 0.040 1.60 x 10-8¢
BO + 0.5%v TiO; 0.043 2.50 x 10-8¢
Michelia champaca oil (MCO) 100 rpm, 117 N 0.084 01f
Epoxidized MCO Pin-on-disc test (1.3 GPa), 75 °C, 0.065 0.85¢ [71]
E-MCO + 1.2% CeO; 60 min 0.055 07f
Vegetable oil (VO) 045 8.100¢
VO + 0.6% GNPs ) ‘ 550 rpm, 18 N 043 5000 ¢ -
VO + 0.6% hBN Pin-on-disc test (09?3331’?}. RT, 042 4500 ¢ [108]
VO + 0.6% (GNPs + hBN) mm 041 3.900¢
Putranjiva oil (PTO) . . 500 rpm, 150 N 0.66 1.400 4
PTO + 1.3 CuO Fin-on-disc test (185GPa), 125°C 088 0.960 ¢ [109]
150 rpm, 30, 60,
Crambe abyssinica oil : 90, and 120N 0.009 0.7804
yssind Pin-on-disc test (0.93,1.17, 1.34, i [110]
Crambe abyssinica FAME 0.007 0.600
and 1.48 GPa),
125°C
Coconut oil 0.079
Olive oil 0.071
Rapeseed oil Reciprocating 50 mm/s, 5 N, RT, 0.077 1]
Soybean oil cylinder-on-disc tests 10 min 0.083 n/a
Sunflower seed oil 0.075
Linseed oil 0.088

The tribological performance of vegetable oils depends on their molecular structure, as
discussed in Table 2. Having shorter chains than hydrocarbons do would tend to improve
lubricity and wear protection, but the presence of double bonds in the structure of vegetable
oils has the opposite effect [75,89,95]. Therefore, the higher the degree of unsaturation of
these oils, the lower the improvement in friction and wear. It has also been shown that the
effect of increased unsaturation on tribological properties is more pronounced at higher
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temperatures [112]. Yoshida et al. [111] also investigated the effect of double bonds on the
COF of six vegetable oils with different levels of unsaturation in relation to the presence of
mono-, di-, and tri-unsaturated FA. The oil with the highest content (%) of triunsaturation
showed the highest COF results (linseed oil), followed by the oils with the highest content
(%) of monounsaturation (rapeseed and olive oils).

Regarding the modified oils, Singh et al. [68,103,110] carried out comparative tests
of three vegetable oils with their corresponding FAME by means of a pin-on-disc test,
verifying in all of them the improvement in the anti-friction and anti-wear properties of
the FAME compared to the unmodified oil. This could be due to the polarity of these
compounds, thanks to the polar COOH groups present in FAME, which are adsorbed on
metal surfaces, forming a more resistant film.

Another widely used alternative for improving pure oils is the use of nanoparti-
cles as additives, particularly CuO, TiO;, and SiO,. For example, the use of CuO was
tested in canola oil and a significant reduction in wear was achieved from 155 x 1076
to 6 x 107® mm?/Nm with 1% of the additive [90]. According to Table 3, at the same
maximum contact pressure, pure Jatropha oil has lower COF values (0.027) compared to
other pure oils such as neem (0.055), karanja (0.08), or rice bran (0.05) [104-106]. Regarding
nanoparticle additives, the study using karanja and rice bran combined with TiO; showed
a higher COF reduction of about 28% at a nanoparticle concentration of 0.5% [105]. In the
case of neem, SiO; nanoparticles were selected and showed a reduction in friction of 21%
at a concentration of 0.33% [93]. In the case of Jafropha oil, it was necessary to increase the
concentration of Si0Q; nanoparticles to 1% to achieve a friction reduction of 24% [106]. On
the other hand, in the case of neem and Jatropha oils with 5i05, the wear was relatively
constant [104,106]. On the contrary, a significant reduction in wear was observed when
TiO; was used as an additive in karanja and rice bran oils [105].

With regard to greases, there is also an increase in the study of obtaining bioalterna-
tives, especially using a vegetable oil as a base oil mixed with an ecological thickener such
as natural wax or modified cellulose derived from a vegetable source [92,113-116]. The
Chemical Process and Product Technology Research Center (Pro2TecS) of Huelva (Spain)
has studied the formulation of bio-greases from castor oil using thickeners such as epoxide-
functionalized alkali lignin (EAL) or epoxidized cellulose pulp from Eucalyptus globulus as
potential substitutes for traditional lithium and calcium greases [92,93]. EALs showed a
significant reduction in wear for most of the grease formulations prepared by the authors,
while a sharp increase in COF values was found for a high epoxy index (0.79 mol/kg) and
a higher thickener content (10%) [93]. In the second case, the COF variation was more
significant, with a reduction from 0.11 (castor oil) to 0.08 (grease) and an improvement in
wear reduction of 21%, and with the cellulose pulps modified with aromatic epoxides being
more efficient in protecting the metal surface [92]. Xie et al. [91] studied the improvement
in the tribological properties of a vegetable wax (Codonopsis pilosula)-based grease by
using a multilayer graphene as an additive, proving that this material is a good alternative
for improving anti-wear properties. Another study by Abbas et al. [100] also compared the
tribological performance of polymerized jojoba oil (grease) with the pure oil and found
that the polymerized jojoba grade also improved the tribological properties after 1 h of
polymerization reaction.

Figure 10 shows the distribution of the different raw materials used in previous papers
on the tribological characterization of biolubricants between 2015 and 2023, indicating
the raw material generations (1st, 2nd, 3rd, and 4th), the molecular structures (triglyc-
eride, FA, FAME, FAAE), as well as the most used combinations in the formulation of
biolubricants. According to Figure 10a, the use of 1st-generation biolubricants derived
from vegetable sources (edible plants) dominates with 72% of the references, followed by
the 2nd generation with 24% and, to a lesser extent, the 3rd generation with 4%. On the
other hand, there are no articles with biolubricants derived from genetically modified (GM)
microalgae (4th generation). However, articles with GM oils of the 1st generation have been
reported, as in the case of high oleic soybean [23,117,118]. The large number of tribological
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studies carried out on biolubricants formulated from pure oils (triglycerides) is shown in
Figure 10b, as well as the use of esters modified using the transesterification technique,
such as FAME (biodiesel) or FAAE, which have been shown to have better physicochemical
and tribological properties [64,68,69,97,102,103]. Finally, Figure 10c highlights the need to
use additives when the biolubricant is formulated from pure oil, with the most studied
being CuO and TiO; nanoparticles. However, it can be observed how those formulated
from FAME (better anti-friction and anti-wear properties) are desired as pure base oils or in
blends with mineral base oils.

(a) Feedstock generation (b) Molecular structure

B Ist Generation M 2nd Generation u Triglycerides MFA

® 3rd Generation 4th Generation B FAME BFAAE

(c) Biolubricant composition

m 100% Triglycerides ® Triglycerides + CuO nanoparticles
Triglycerides + TiO2 nanoparticles Triglycerides + other nanopartides
Triglycerides + oil mineral blend = 100% FA

m 100% FAME ® FAME + oil mineral blend

Figure 10. Summary of studies on biolubricant tribology from 2015 up to now.

6. Conclusions

The use of natural feedstocks instead of those derived from petroleum for lubricant
production constitutes an alternative in the fight against climate change, but the con-
sumption of edible crops or crops that require arable land is a concern that needs to be
overcome. The use of third-generation feedstocks is emerging as an attractive solution. In
particular, microalgae have the advantage of being cultured in a wide variety of systems,
including wastewater, which offers the possibility of exploiting the growth cycle of these
microorganisms in wastewater bioremediation.

Considering the above facts, some weaknesses of bio-oils such as poor oxidation
stability due to the presence of double bonds or poor flow properties at low temperatures
should be faced. In order to overcome these problems, it is necessary to select the raw
material correctly, and then check its lipid profile and verify that its molecular structure is
suitable for the properties that may be required by the future biolubricant. Many additives
based on nanoparticles have also been tested to improve the tribological performance of
biolubricants, with remarkable results at concentrations below 1%.
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The double transesterification technique developed for the production of FAAE bi-
olubricants appears to be a promising route for the synthesis of these materials, with the
ability to manipulate the degree of branching and chain length almost indefinitely. How-
ever, this technique has only been applied to 1st- and 2nd-generation feedstocks with the
associated limitations. It would be interesting to apply this technique to more attractive
feedstocks such as 3rd-generation feedstocks. In addition, the need to remove the double
bonds can be achieved by using the epoxidation technique. Finally, the combined use of
3rd-generation bio-oils, with their molecular structure modified through transesterification
and epoxidation techniques, and nano-additives can be a good solution for formulating
biolubricants for multiple applications.
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ARTICLEINFO ABSTRACT

Keywords: The current environmental scenario has encouraged the study of renewable and competitive alternative feed-
“if’di‘l’e' stocks for biodiesel production. Microalgae present a significant opportunity as a feedstock that does not require
Mistualee. arable land and can be cultivated using wastewater. The paper investigates the optimization of biodiesel pro-
;;al'i';?;::::a"on duction from microalgae Nannochloropsis gaditana bie-oil using resp surface hodology and also anal

the main physicochemical properties of the bio-oil. It was confirmed that this methodology is suitable for ma-
terials with low homogeneity. The model is also adequate for determining optimal experimental conditions,
resulting in a FAME content of 87.25 %. The biodiesel's physicochemical properties were analyzed. It was
discovered that the high degree of unsaturation in the microalgae bio-oil's chemical structure resulted in a

Response surface methodology

narrower temperature range for its application compared to other vegetable sources.

1. Introduction

The energy industry has shown clear evidence of the urgent need for
change over the past decade due to fuel price inflation and the envi-
ronmental impact of global warming. As fossil resources become scarcer,
attention has turned to more environmentally friendly alternatives, such
as natural-based biodiesel. Biodiesel, defined by ASTM D6751 [1], refers
to mono-alkyl esters of fatty acids derived from vegetable oils and ani-
mal fats. Biofuels offer several advantages over petroleum-based fuels.
They are more efficient, have lower sulfur and aromatic content, better
lubricity, higher cetane number, higher flash point, and a positive en-
ergy balance [2,3]. Furthermore, biofuels are renewable, portable,
non-toxic, non-flammable, biodegradable, and reduce most regulated
exhaust emissions. Additionally, using vegetable-based sources can help
grow tural economies and reduce reliance on petroleum-based fuels,
ultimately lowering the cost of the final product [4]. However, biodiesel
has limitations due to poor flow properties at low temperatures, inad-
equate storage performance caused by low oxidative stability, and po-
tential NOx emissions, especially when used in older engines without
new emission reduction technologies [2].

The four main categories of biodiesel are based on the feedstock

* Corresponding author.
E-mail address: eduardo@uniovi.es (E. Rodriguez).
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used: 1st generation, which uses edible crops; 2nd generation, which
uses non-edible crops that require arable land; 3rd generation, which is
derived from microalgae, bacteria, fungi, etc.; and 4th generation, which
uses genetically modified microalgae [5]. The 1st generation satisfies
over two-thirds of the world's bioenergy needs and comprises all arable
crops [4,6]. The use of plant resources for energy production has raised
concerns about competition with food sources and water supplies. This
highlights the problem of water and food searcity in today’s world [7,8].
Increased production costs and higher food prices have resulted. The
2nd generation of plant-based energy sources was developed to address
the limitations of the 1st generation. This group includes animal fats,
agricultural waste, and oil waste [3,9]. These products are easy to access
and do not require investment in cultivation or harvesting since they are
waste primary products. This reduces the overall process cost. However,
their availability is not fixed and may be insufficient. Additionally, they
require pre-treatment to remove any impurities present in the waste [7].
Third-generation biodiesel uses microalgae-derived biomass, which has
the advantage of not requiring arable land. Microorganisms can grow in
wastewater and absorb nutrients and impurities, making them useful for
purifying polluted water [5,10]. The third generation of microorganisms
is becoming more popular due to its advantages over the first and second

Received 3 January 2024; Received in revised form 24 April 2024; Accepted 2 May 2024

Available online 6 May 2024

0961-9534,/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

ne-nd/4.0/).

96



Publicaciones

C. Sanjurjo et al.

3 and 4% generation biodiesel

1* and 2 generation biodiesel

Environmental Sustainability

Biomass and Bioenergy 185 (2024) 107240

* High growth rate

+ High biomass production
High lipid content
Higher CO, reduction
Remaval of PO™ and
NO™ in wastewater

= High viscosity

= Poor cold flow properties
« Low oxidative stability
Renewable
Biodegradable

* Low emissions profile
* Non-toxic

* High flash point

* High boiling pint

* Low volatility

+ Large cmission of CO, gases

* Easier extraction
5 * Not clcan energy

E Fuels derived from crude oil

Fig. 1. Advantages and disadvantages of the different

Alcohol

3
R cu—ol
B cat.at ' i“’ OH
0 Ry + 3CH7=OH 4—— CH,—o0 R, + oH
°J\R! CHy—0~"~ R, oH

Fig. 2. Biodiesel production through transesterification reaction [5].
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generations. For example, it does not require arable land and can treat
contaminated water. Additionally, it has a high growth rate and high
lipid content [11]. The 4th generation is expected to include biomass
derived from genetically modified microalgae. This offers the possibility
of modifying the molecular structure of the microorganism [12-14].
Fig. 1 summarizes the benefits of vegetable-based fuels and the differ-
ences between generations of biodiesel. Microalgae have advantages
over vegetable sources, including a high growth rate, high biomass
production per culture, higher lipid content, and greater reduction of
greenhouse gases (GHG), phosphate, and nitrate compounds [15,16].

In 2016, the European Federation of Transport and Environment
evaluated the CO2 emissions of biofuels compared to fossil fuels [17].
The data shows that fossil fuels emit 94.1 g CO2/MJ, while 1st gener-
ation biofuels emit over 100 g CO2 eq./MJ due to land-use change
emissions. According to 2022 world energy supply ranking, biofuels
from edible crops accounted for 9.03 % of the total [18]. Using micro-
algae could have helped free up land, reduce food costs, and prevent the
emission of nearly 9 % of CO; eq./MJ caused by land use change.

In the early 1990s, researchers including P. G. Roessler et al. [19]
investigated the potential of microalgae for biodiesel production. They
found that these microorganisms were capable of accumulating lipids,
with a lipid content of up to 60 % relative to the total cell mass.
Microalgae can modify their compositionby changing cultivation pa-
rameters such as salinity, temperature, light intensity, O2 concentration,
agitation, light/dark cycle, or nutrients (carbon, nitrogen, phosphorus
...) [20-22]. After selecting the microalgae strain, it must be cultured for
optimal growth, harvested and dried to obtain the corresponding
biomass. The bio-oil, which is primarily composed of triglycerides, is
extracted through solvent-based processes [23-26]. The trans-
esterification reaction is the technique used to convert bio-oil into bio-
diesel. This reaction involves the reaction of a triglyceride with an
alcohol under heat conditions in the presence of a catalyst. The main
product of this reaction is modified fatty acids, with glycerol as a sec-
ondary product (Fig. 2).

The structure of triglyceride consists of three fatty acids (FA) linked
by a glycerol molecule. The transesterification reaction occurs inde-
pendently for each FA, resulting in a stepwise reaction. Fatty acids with
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one or more double bonds are less stable against oxidation. Unsaturation
promotes hydrolytic degradation and oxidative damage to the carbon
atoms adjacent to the bond [27,28]. Vegetable oils have carbon chains
ranging from 8 to 20 carbons, while microalgae predominantly have
chains of 16-24 carbon atoms. Microalgal FAs usually contain more
double bonds than crop oils, with chains having 5 or 6 double bonds [29,
301.

For basic transesterifications, simple alcohols like methanol (MeOH)
or ethanol (EtOH) are commonly used. This results in fatty acid methyl
esters (FAME) and fatty acid ethyl esters (FAEE), respectively [31 33].
The catalyst type can also differ between heterogeneous, homogeneous,
or enzymatic, in addition to the acidity (acidic or basic) [34 36].
Industrially, biodiesel (FAME) is obtained by using MeOH in the pres-
ence of a basic catalyst such as KOH or CH30Na [10,31]. If the bio-oil
feed has a high free fatty acid (FFA) content, it is necessary to perform
esterification before use. This process involves reducing the FFA content
through transesterification reaction with an acid catalyst. It is recom-
mended to perform the esterification reaction when the FFA concen-
tration is greater than 2-4 mg KOH/g [37]. Moisture is also a crucial
factor to consider during the conversion process. This helps to avoid a
secondary saponification reaction that can negatively impact the final
product’s quality and reduce the conversion yield [2].

To produce high-quality biodiesel from vegetable sources, it is
important to optimize the transesterification reaction. Table 1 provides
a list of research conducted on optimizing this reaction for biodiesel
production.

To optimize the process, it is necessary to select independent input
variables such as the bio-oil to alcohol ratio, reaction temperature, re-
action time, and catalyst amount. Finally, one or more output variables
are selected to analyse the impact of the variation in input parameters.
Previous studies on microalgae biodiesel production have used a simple
experimental design (TR) [38,39,42,43,45]. This methodology involves
changing one variable while keeping the other parameters constant,
which requires a large number of experiments. Several microalgae
strains, including C. protothecoides [38,45], N. gaditana [39], and
C. vulgaris [42,43], have been optimized for biodiesel production using
this approach. However, this process is time-consuming and
resource-intensive due to the significant number of experiments
required.

Response surface methodology (RSM) is mathematical technique
that evaluates the effect of each parameter (or input variable) and their
interactions with the response (or output parameter). It provides an
alternative to reduce the number of runs. RSM has been applied in
biodiesel production, mainly focusing on feedstocks with simple and
highly homogeneous materials such as 1st and 2nd generation vegetable
oils like palm, sunflower, soybean, neem, and waste cooking oils. Recent
studies have used this methodology to analyse complex and less
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Table 1 Table 1 (continued)
. : s : - :
DESISH,OI farthe oF fromviege= Feedstock Experimental Independent Outputs Ref,
tableioils; Design factors
Feedstock Exp?rimen[al Independent Outputs Ref. Chlorella vulgaris RSM.CCD Aleohol ratio (inL),  Conversion 1591
Desien ) + castor oil temperature (*C),  Tate (%)
Chiorella TR Alcohol ratio Conversion [38] catalyst (%)
protothecoides (molar), rate (%) Chiorella RSM-CCD Alcohol ratio FAME yield [53]
temperature (°C), protothecoides (mol/mol), (%)
time (h) temperature (*C),
Nannochloropsis TR Alcohol ratio (mL/  Conversion [39] res_Idence time
gaditana £), temperature rate (%) (min), pressure
(°C), time (h) (bar), water
Palm oil TR Catalyst FAME yield [40] content (wt%)
calcination (%) Chlorella variabilis ~ RSM-CCD Alcohol ratio FAME yield [541
temperature ("C), (molar}, (%)
catalyst (36), temperature (*C),
aleohol ratio time {min),
(molar), catalyst (wt%)
temperature (°C}, Spirulina platensis RSM-CCD Alcohol ratio (mL/ FAME yield [55]
stirring speed §), temperature (9%)
(rpm) (°C), co-solvent
Rice bran TR Catalyst (g), Conversion [41] rat?o (mL/g), time
aleohol ratio (ml) rate (%) (min), water
Chlorella vulgaris TR Alcohol ratio (mL),  FAME yield [42] content (%)
temperature (*C), (%) Brassica RSM-CCRD Aleohol ratio Conversion [56]
catalyst (%), time campestris (molar), Tate (%)
(min) temperature (°C),  Viscosity
Chiorella vulgaris TR Alcohol ratio FAME yield [43] time (min), (mm?/5)
(molar); (%) catalyst (%) Cetane
temperature (*C), number
time (min) Spirogyra crassa RSM-CCRD Aleohol ratio FAME yield [571
Waste cooking oil TR Alcohol ratio FAME [44] (molar}, (%)
(molar), content (%) temperature (*C),
temperature (*CJ, time (min),
time (min) catalyst (%)
Chlorella TR Alcohol ratio Conversion [45] Palm ail RSM-BBD EFI (V/cm), time Conversion [581
protothecoides (molar), rate (%) (min) rate (%)
temperature (*C), Palm oil RSM-BBD Alcohol ratio FAME yield (341
catalyst (%) (molar), (%)
Jatropha curcas RSM Aleohol ratio FAME/FAEE  [46] temperature (*C),
Elaeis guineensis (molar), catalyst content (%) time (min)
(palm) (9%) Nannochloropsis RSM-BBD Alcohol ratio (mL/  FAME yield (591
Sunflower oil RSM Alcohol ratio Viscosity [471 gaditana ), catalyst (%), (%)
(molar), (eSt) hexane/SL ratio
temperature (°C), (mL/g)
catalyst (g)
Refined soybean RSM Alcohol ratio Conversion [48) . ) .
oil (RSO) (molar), rate (%) homogeneous materials, such as microalgae oils. In most cases, re-
temperature (*C), searchers preferred the central composite design (CCD) as the experi-

catalyst (%),

mental design when dealing with fewer than four independent variables.
ultrasound power

CCD was used by Nan et al. [53], Nirmala et al. [54], and Moha-

Pistacia lentiscus ~~ RSM Alcohol ratio FAME yield  [49] madzadeh et al. [55] to optimize the transesterification reaction and
(molar), (%) achieve the highest FAME yield in microalgae, such as C. protothecoides,
temperature (*C), C. variabilis, and S. platensis. Beyene et al. [52] used RSM via CCD to
catalyst (%) e i ey - 8

Food grade P vime Lo Comversion 1367 DEtllee the product‘mn of biodiesel from a mixture of castor oil and the

refined palm oil (molar), rate (%) microalgae C. vulgaris.
(RPO) temperature (°G) Macfas-Sanchez et al. [59,60] conducted two studies to optimize the
time (h), catalyst FAME yield of direct transesterification of wet N. gaditana biomass. In
i ) . . the first study, they optimized temperature and reaction time using a

Neem oil RSM-CCD Alcohol ratio Conversion 91 7 4 % : s
(molar), rate (%) simple experimental design without RSM [60]. Later, they applied
temperature (“CJ, RSM-CCD to optimize the catalyst concentration, alcohol, and hexane
time (h), catalyst ratio on the same material, using the optimal conditions of temperature
5%3- ;ﬁ"’"'g speed and reaction time obtained in the first study [59].
rpm; X . X I . -

e — Aleohol ratio (ml),  FAME yield (s0] Tltne al.m of this work is to opt}mlze the production of Pnodn?sel from
Hruse Eriin) o) the bio-oil extracted from the microalgae Nannochloropsis gaditana (N.
catalyst (%) gaditana) through transesterification. The study focused solely on

Rubber seed oil RSM-CCD Aleohol ratio Conversion [51] microalgae bio-oil, not wet biomass. All independent variables,
(molar), Tate (%) including alcohol ratio, temperature, and reaction time, were optimized
temperature (*C), : ingl d hysicochemical ch: dscem £ d
time (min), in a single study. A physicochemical characterization was performed to
catalyst (%) fully understand the resulting product.
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Table 2 2. Materials and method
Input variables and levels for optimizing the MBO ification reaction.
Input variables Factor  Variable levels 2.1. Bio-oil characterization
-2 -1 0 +1 +2 . e Bioh T :
o (o) N. gaditana was chosen because of its high lipid content, which
G RERTen % i Te %% Wi 108 makes it a promising source for bio-oil production. This strain of
10-01l:methanol ratio 8 B o H 3 f 0, 0 FaxY
flexction temperaire B 30 EAE s 110 mlCrﬂalg.ae has been repc_rled to ac_cum_ula[e up 10_68 % (%wt.) lipid
Q) content in the best cases [61]. The bio-oil used in this study (MBO) was
Reaction time (min) C 30 67.5 105 1425 180 provided by Neoalgae (Gijon, Spain).
The MBO’s TAN was measured with a Metrohm 848 Tritino PLUS
(accuracy +0.01 mg KOH/g) following ASTM D664 to determine if
Table 3 esterification was necessary. The water content was also measured with
Design of experiments and responses. a Metrohm 899 Karl Fischer coulometer (accuracy 0.1 ppm).
Sid. order  Runorder  Factorial input Responses, Y The SL was dgtermu?ed using the method outh}aed by Cal.lt.a]on et al.
variable [39]. The analysis provides the SL content per unit of lyophilized MBO
% B e AL redicted and the lipid profile. This is achieved through a transesterification re-

action with a solution of MeOH and acetyl chloride.

T YOw  Emerdl) The lipid profile was analyzed using gas chromatography with flame

1 1 o 81.81 84.18  2.90 ionization detector (GC-FID) following the UNE-EN 14103 standard
L 2 o 7851 7RO0° 049 after the transesterification reaction with acetyl chloride. The equip-
: i 1_1 52‘23 Eg‘:; i;i ment used was a Clarus 690 (PerkinElmer) with an Elite-WAX column
10 5 o 7035 6948 U 67 (30 m x 0.25 mm x 0.25 pm). The oven temperature was programmed in
4 6 i 70.37  67.05 472 the following sequence: (1) hold at 60 °C for 2 min, (2) heat from 60 °C
9 T 0 3344 37.44 1195 to 200 °C at 10 °C/min, (3) heat from 200 °C to 240 °C at 5 °C/min, (4)
13 8 =2 SO0 SRE0r A7 hold at 240 °C for 7 min. Hydrogen was used as the carrier gas, and the
3 9 -1 3521 3545 066 P .
s 10 1 6208 6463 411 detector temperature was set at 250 °C with a flow rate of 2 mL/min. The
1 11 1 1 1 67.00 6095 915 injector was a split system with a set temperature of 250 “C and a sample
7 12 | 1 6557 6011 833 volume of 1 pL. The sample was prepared at a concentration of 5 mg
14 13 o 0 2 5580 5748 302 biodiesel per mL toluene. The detectable minimum concentration by GC-
12 14 0 2 o 53.22 5442 225 FID analysis was 1 %,
5 15 =% -1 1 68.31 68.05 037 ¥ %
15 16 o o o 77.44 78.90 1.88
17 17 o o o 77.72 78.90 152 ; . N
6 18 0 ° o 7895 7890 070 2.2. Transesterification reaction

2.2.1. Design of Experiments (DOE)

The MBO transesterification reaction was optimized using RSM.
Design Expert 13 software was employed with a two-level factorial
Transesterification
Bio-oil reaction Centrifugation
Impure
biodiesel

, *
[ o e V
\.) CH,ONa » -
< ( )
' A4 by Reaction Glycenn
" v J product

Hexane MeOH Water

Biodiesel Drying Water wash

Fig. 3. Biodiesel purification process after transesterification.
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Cl60 Fm Table 5
c20:5 ANOVA analysis of the fitting model for Y.
Souree df Fvalue p value Remark
Model 9 24.28 <0.0001 significant
ol cea c20e A~ Bio-ail:methanol ratio 1 61.52 <0.0001
e L““f Cisan Clgd | B - Reaction temperature 1 51.75 <0.0001
bt h e € - Reaction time 1 1.29 0.2891
AB 1 0.3973 0.5461
Fig. 4. Lipid profile chromatogram. AC 1 21.44 0.0017
BC 1 9.02 0.0170
A? 1 50.70 <0.0001
) 2
Lipid profile B 1 7.35 0.0266
c? 1 45.03 0.0002
Residual 8
Lack of Fit 5 105 0.0014
Model summary R* R*(adj.) R®(pred.) Adeq. Precision
"C14:0 —_— o
0.9647  0.9250 0.7366 17.3292
Cl4:1
C16:0
Cl16:1 approach resulting in CCD [62]. Three numerical factors (input vari-
181 ables) were selected: bio-oil:methanol ratio (A), reaction temperature
cl8:2 (B), and reaction time (C). Table 2 shows the values chosen for each
. acig3 input variable. They were chosen after a thorough evaluation of previ-
e .17 uCl18:4 ous studies on biodiesel production from vegetable sources (Table 1).
m .620:4 The parameter levels are coded as —1 (minimum), 0 (center), +1
279} 5388 | o n‘ s (maximum), and + « (extreme star points), as shown in Table 2. The

distance between « and the center point was set at 2. The study consisted
of eighteen runs in total, including eight factorial design runs, six star
points, and four replications of the center point, as detailed in Table 3
[62]. The FAME conversion (Y) was evaluated based on to Eq. (1).
Fig. 5. Distribution of fatty acids in N. gaditana. Optimization runs were conducted using 1 g of MBO as a simple size and
2 mL of hexane in the presence of the basic catalyst CHzONa at 1.5 %.

Amount transformed to FAME (g)

Table 4 Y(FAME conversion %) = - x* 100
Lipid content and fatty acids distribution of different of N. gaditana cultures. Total SL amount convertible to FAME (g)
SFA (%) MUFA (%) PUFA (%) Total lipid eontent (%) Ref. Eqd
30.55 31.91 35.6 35 Current - .
15 ine ek i 67) 222 Punﬁmmur‘x process ) ) o
2117 30.27 20.79 14 [20] After completing the transesterification reaction is complete, a pu-
36.49 18.34 43.41 24.11 [661 rification process is necessary to remove any impurities mixed with the
52.47 40.36 7.16 29.73 [68] biodiesel. The purification steps used in this study are illustrated in
24.59 34.41 a1 17.82 [691 Fig. 3
29.78 20.49 25.31 = 701

After the transesterification reaction, the resulting product was
centrifuged at 7000 rpm for 10 min using a Microcen 24 - CE 202 to
recover the biodiesel and remove the glycerol formed during the reac-
tion. The liquid was then washed with deionized water until it reached a
neutral pH. This step is essential to remove non-reacting MeOH, catalyst
residues, and other impurities present in the MBO. Finally, the solution
was transferred to a rotary evaporator (Hei-Vap Core, Heidolph) and
evaporated at 60 “C and 20 mbar for 20 min to remove any remaining
hexane, moisture, and MeOH.

2.3. Biodiesel physicochemical characterization

The GC-FID equipment was used to evaluate the FAME content for all
runs. The quantitative analysis was performed according to UNE-EN
14103 using the procedure previously described for the lipid profile,
—— Biodiesel with methyl nonadecanoate as an internal standard.

—— MBO The density and dynamic viscosity of the samples were determined

using a high-precision rotational viscometer (Stabinger SVM 3001) in

L L ' N \ \ ' \ accordance with the ASTM D7042 guidelines under atmospheric pres-

4500 4000 3500 3000 2500 2000 1500 1000 500 sure conditions. The density was determined at a temperature of 20 °C,
while the viscosity was determined at a temperature of 40 °C.

To determine the pour point (PP), Differential Scanning Calorimetry
(DSC Mettler 822e 700) analysis was used, which has a heat flow ac-
curacy of better than + 2 % and a temperature accuracy of +1 °C. This

-C-0 ester

Transmitance [a.u.]

Wavenumber [em’']

Fig. 6. FTIR spectra of bio-oil and biodiesel.
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Fig. 7. Statistical analysis of the quadratic model generated for the response Y: (a) Predicted vs. Actuals; (b) Residuals vs. Predicted; (c) Normal plot of Residuals.

technique can provide a direct measurement of the change in enthalpy
for a system during cooling, which can be approximated by the sample
PP [64]. The procedure involves heating the sample to 50 “C at a steady
rate of 10 °C/min and then holding it under isothermal conditions for 10
min. The system is then cooled to —50 °C at a steady rate of 10 °C/min
under a nitrogen atmosphere. The PP value can be obtained at the
maximum point of the curve by using Heat flow (W/g) versus temper-
ature plots [65]. Additionally, the composition was analyzed using a
Fourier Transform Infrared (FTIR) spectrometer (Varian 670-IR) with an
accuracy of better than 0.07 emL

Thermal stability (TS) was evaluated using thermogravimetric
analysis (TGA). The TA Instruments DSC SDT Q600 TGA & DSC was used
for the analysis, which has a temperature accuracy of 0.001 °C
(200-1300). The results were analyzed using TA Instruments Universal
Analysis 2000 version software. The sample, approximately 6 mg, un-
derwent dynamic scans at a constant heating rate of 20 “C/min from 25
to 600 °C under a nitrogen atmosphere at a flow rate of 50 mL/min. The
sample’s weight loss was plotted against time to obtain the onset tem-
perature of decomposition.

The modified Cleveland Open Cup Tester, following EN I1SO 2592
and ASTM D972 standards, was used to determine the flash point (FP). To
determine the FP, 15 mL of biodiesel was gradually heated from room
temperature in 5 °C increments until the FP was reached.

3. Results and discussion
3.1. Lipid profile and molecular structure

Fig. 4 displays the chromatogram of the lipid profile of the MBO,

while Fig. 5 shows the distribution of FAs, The FAs are evenly balanced
between saturated (SFA), monounsaturated (MUFA), and poly-
unsaturated (PUFA). The GG-FID analysis of the biodiesel sample
revealed three major peaks: C16:0 (25.2 %), C16:1 (24.5 %), and C20:5
(28.5 %). Additionally, minor peaks were found between C14:0 to
C20:4, which accounted for 21.64 % of the sample. Microalgae oils often
contain long-chain fatty acids and numerous double bonds, which are
not typical of crop oils. However, a high concentration of double bonds
in the molecular structure of fatty acids negatively impacts the mate-
rial’s oxidative stability. The presence of 70 % unsaturated FAs indicates
poor resistance to oxidation.

The results are consistent with other cultures of the same species.
Callejon et al. [39] and Tang et al. [66] reported a similar lipid profile, as
shown in Fig. 4, However, the lipid content of the studied oil is higher
than that reported in the literature (Table 4), reaching a lipid content of
35 %. This difference could be attributed to variations in culture and
growth stage. Optimizing triglyceride production is essential for bio-
diesel conversion during these stages.

Fig. 6 shows the FTIR spectrum, highlighting the structural differ-
ences between the original bio-oil and the biodiesel. A band at 3342.03
em ! indicates the presence of alcohol compounds (-OH) used in the bio-
oil extraction process. The increase of the characteristic bands at
2921.63 cm ™" and 2852.2 cm ! is due to the increase in (-CHs) alkanes,
which result from the breaking of the triglyceride structure. The
decrease in bands between 715 and 725 cm ™ is due to the loss of al-
kenes (-CHa). The constant band at 3012.27 ecm ™' is attributed to the
(-C=C-) bonds. Additionally, esters (-C=0) at 1739.48 em), methyl
acetate compounds ((CO)-0-C) at 1434.78 em ', and other methyl
compounds (-C-C(0)-C) at 1166.72 em ™" are consistently present. The
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Fig. 8. Interaction between independent variables for response Y. (a) Interaction between temperature and alcohol ratio; (b) Interaction between reaction time and

alcohol ratio; () Interaction between reaction time and temperature.

T L 2
ol 1 -1 1
A:Aleohol = 0.99996 B:Temperature =
00 |
. o _/_]. —
-1 1 33442 86.992
C:Time = -0.841143 FAME conversion = 89,0223

Fig. 9. Optimal conditions designed to produce desired results from independent variables using RSM-CCD.

spectrum of biodiesel obtained from N. gaditana agrees with those re-
ported by other authors for the characterization of various vegetable
biodiesels [34,51,57].

3.2. Optimization of transesterification reaction by RSM

3.2.1. Model adequacy check

After conducting the 18 tests, the empirical model correlating the
input variables (coded) with Y (FAME conversion in %) was generated
using a quadratic regression model fitted to Eq. (2):

Y=78.90 +8.114 — 7.44B + 1.17C + 0.9217AB — 6.77AC + 4.39BC
— 6.31A4% — 2.40B% — 5.94C7
Eq.2

The analysis of variance (ANOVA) was used to determine the inter-
action between each input variable and the response Y. The final results
of the ANOVA analysis are summarized in Table 5.

The F and p values indicates the significance of the model [48]. An

F-value of 24.28 and a p-value less than 0.05 indicate that the model
terms are significant. A value of R? of 0.9647 means that this quadratic
regression model can explain over 96.47 % of the changes in the output
response. The adjusted R? is also consistent with this value at 0.9250.
Adequate precision (Adeq. Precision) measures the signal-to-noise ratio.
Aratio greater than 4 is desirable. Therefore, a ratio of 17.3293 indicates
sufficient signal to allow the model to be used to navigate the design
space.

Fig. 7 shows the statistical analysis for the model. In particular, Fig. 7
(a) compares the values predicted by Eq. (2) with the experimental
values. The predicted values closely match the actual data, indicating a
reasonable correlation between them. The differences between the
experimental and predicted values are less than 10 % for all the runs,
except for one point (run 7). This result is consistent with the reported
R% Rid,— and Rfmd- The plot of the studentized residuals against the
predicted values is shown in Fig. 7 (b). A random distribution of points is
observed within the limit of +5, indicating a constant discrepancy. This
suggests that the models are suitable for their intended application
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Table 6
Physicochemical characterization of bio-oil and biodiesel.
Parameter Ref.
TAN Humidity rp Fp TS (Tonser)
mg KOH/g ppm “C oC “C
Microalgae bio-oil (MBO) 111 1583.7 & 3 208.82 Current
Biodiesel Mieroalgae 0.42 850 -7.2,-8.7 140-150 244.8 Current
Soybean 0.34 = -2 160 = 721
Sunflower 0.41 - 6 155 -
Comn 0.24 - -5 140 -
Rice bran 0.71 = -2 180 =
Olive 0.60 - —6 155 -
Grape seed - - -9 185 -
Edible waste - - 15 176 - 731
Palm kernel - - 171 -
Chlorella vulgaris —4.33 98.67 [74]
Microalgae (not specified) 0.39 -10 165 [75]
Chlorella protothecoides 0.224 183 183.9 76]
Spirulina platensis 0.75 39 -9 189 330 771

—— Biodiesel solid phase
—— Biodiesel liquid phase
—=—MBO

40 30 20 10 0 -40

Temperature [°C]

Fig. 10, DSC curve to study the PP of bio-oil and biodiesel.

without requiring modifications to reduce the scatter [71]. Finally,
Fig. 7 (c) shows the normalized residuals of Y. The studentized residuals
follow a linear distribution that predicts the accuracy of the quadratic
model, generally with an S-shape generated by an additional trans-
formation of the response [57]. The lack of precision between the actual
and predicted values may be due to the low homogeneity of the sample,
as the lipid content is only 35 % of the total of the sample. Additionally,
the interference of foreign compounds from the microalgae oils such as
liposoluble pigments (astaxanthin or zeaxanthin), may interfere and are
difficult to remove during the biodiesel purification stage [67].

The study examines how the independent variables interact with the
response using a 3D surface plot (see Fig. 8). The impact of the alcohol
ratio is evident in Fig. 8 (a) and (b), where low alcohol ratios consis-
tently lead to low reaction yields. However, an optimal point is reached
in relation to the other parameters at a coded value of 1 (ratio 1:12).
Fig. 8 (a) and (c) illustrate the relationship between temperature and
other variables. Extreme temperatures, both high and low, can nega-
tively affect reaction performance, as can reaction time. However, these
variables tend to balance each other out, resulting in optimal perfor-
mance between 50 and 70 °C and 67.5-105 min.

100 ~

30 -
_ e}
£
o0
=

40+

20 F ——MBO

—— Biodiesel
0 1 L 1 1
0 100 200 300 400 500 600

Temperature [°C]

Fig. 11. TGA curve to study the thermal stability of bio-cil and biodiesel.

3.2.2. Optimized conditions of the RSM analysis

The ANOVA-validated model was used to determine the best con-
ditions for producing biodiesel from the chosen microalgae, using Eq.
(2). The input variables were limited to the bio-oil:MeOH ratio, reaction
temperature, and reaction time within the study range (-1, 1), and the
responses were maximized at 100 %. The software provided options
with the highest FAME conversion, and the one that required the least
amount of time and temperature was chosen. The model suggests that
the experimental conditions shown in Fig. 9 are the best for achieving
the highest reaction yield.

The transesterification reaction’s optimal conditions were deter-
mined by decoding the independent variable set values. The reaction
time was 75 min, and the temperature was 50 °C, with a bio-oil to
alcohol ratio of 1:12. These test conditions resulted in an 87.2549 %
FAME conversion, validating the generated model with a 2.20 % error
between actual and predicted values.

3.3. Biodiesel physicochemical characterization

Table 6 presents the physicochemical properties of the current bio-
diesel, MBO, and vegetable and microalgae biodiesels from other
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studies. Moreover, the fluid was found to have a density of 885 kg/m®
and a viscosity of 6.54 mPa s.

The low TAN values of the bio-oil simplified the preparation of the
material before the transesterification reaction. A TAN of less than 2 mg
KOH/g eliminated the need for a prior esterification due to the low
levels of FFAs. The TAN slightly decreases after the reaction, possibly
due to FFAs removal during purification or neutralization. Normal
moisture levels for both compounds range from 850 to 1590 ppm,
depending on ambient humidity. No drying was observed for the of bio-
oil.

The working temperature range of the biodiesel was determined
through PP and FP measurements. Fig. 10 shows the behavior of both
samples during the freezing point test. The bio-oil exhibited a broad
exothermic band during the test, and no freezing temperature was
defined. In contrast, the biodiesel separated into a liquid and a solid
phase. Both phases showed a clear peak. The liquid phase was at
—7.2 °C, and the solid phase was at —8.7 “C. These values are slightly
lower than those reported for biodiesel from other vegetable sources
(see Table 6).

During the biodiesel FP measurements, the sample ignited slightly at
130 “C but remained constant until the temperature range of 140-150 °C
was reached. The ASTM D6751 standard [1] states that the FP in bio-
diesel is never lower than 120 °C, so the sample falls within the
acceptable range. However, this value is significantly lower than those
reported in Table 6 for biodiesel derived from vegetable sources.

The thermal stability analysis is presented in Fig. 11. The test results
indicate that the biodiesel sample degraded completely at the maximum
temperature used. The onset of temperature degradation for the bio-
diesel occurred at 244.8 °C, which was slightly better than the bio-oil
that had a Topser at 208.82 °C. Additionally, the biodiesel sample expe-
rienced rapid mass loss once it reached 200 °C, while the bio-oil coun-
terpart maintained a constant and lower mass loss until it reached
250 °C. The bio-oil experiences a second phase of degradation at this
point, with a steeper slope leading up to 450 °C. The initial loss of mass
in the bio-oil may be attributed to the presence of organic solvents or
impurities, as its water content was negligible.

Dantas et al. [78] obtained results that agree with ours. They studied
the thermal stability variation of corn bio-oil after transesterification for
biodiesel production. The degradation curve of the biodiesel showed the
same trend as that of the bio-oil, with an onset of mass loss later. Corn oil
degradation also proceeded in several phases, similar to our findings.
Chand, P. et al. [79] evaluated the variation of the curve obtained from
the thermal stability analysis of a soybean bio-oil/biodiesel blend. The
trends of the two materials separately were similar to those reported in
this study. The authors observed a decrease in thermal stability at higher
concentrations of bio-oil. The results showed an improvement in ther-
mal stability when biodiesel (FAME) was used instead of bio-oil
(triglycerides).

Mostafa, S. et al. [77] reported higher FP and thermal stability values
for a biodiesel derived from S. platensis microalgae compared to the
biodiesel studied here (Table 6). This difference can be attributed to the
FA distribution, as S. platensis has a higher percentage of PUFAs (2.11
%) which promote better tolerance to biofuel degradation, while the
biodiesel studied here has a lower percentage of PUFAs (35.6 %).

4. Conclusions

The study investigated the use of microalgae N. gaditana as a bio-
diesel feedstock. Optimization of the transesterification reaction by RSM
and physicochemical characterization of the biodiesel were carried out.
The results showed that RSM is suitable for optimizing the synthesis of
biodiesel from low homogeneity materials such as microalgae bio-oil.
Using the optimal conditions from the model, the FAME conversion
increased to 87.25 %, surpassing previous studies.

However, due to the high presence of double bonds in the fatty acid
chains, the final biodiesel's oxidative stability is classified as low and
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requires their removal. Additionally, the high degree of unsaturation
resulted in a lower upper temperature limit, leading to a lower flash
point and thermal stability. However, it improved the lower tempera-
ture limit by lowering the pour point when compared to first- and
second-generation biodiesel,

Future research could explore the removal of double bonds in
microalgae fatty acids through epoxidation or the use of antioxidant
additives to mitigate their negative effects. Additionally, microalgae
biodiesel could be investigated as a pour point depressant additive in
diesel.
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The physicochemical and tribological propertie of two biodiesels derived from Nannochloropsis gaditana and
Haematococcus pluvialis microalgae were evaluated, and the impact of their fatty acid methyl esters (FAMEs) on
the aforementioned properties was also evaluated. The H. pluvialis biodiesel exhibited reduced friction and wear
compared to the N. gaditana counterpart, attributed to its lower degree of unsaturation and higher content of
chain length of 17-18, which enhances the adsorption of stronger and thicker tribofilms. Additionally, the higher

ratio of monounsaturated to total saturated FAME content contributed to this outcome. The content of poly-
unsaturated fatty acids decreased the viscosity and increased the end thermal degradation temperature.

1. Introduction

As a consequence of population growth, the demand for energy used
in transportation has notably increased. This increase has led to a sharp
depletion of fossil fuel reserves, with significant environmental impli-
cations. The burning of petroleum-based energy sources contributes
climate change due to the emissions of greenhouse gases, as well as
various organic compounds [1,2]. In addition, the decrease of fossil fuel
reserves has stimulated a notable global demand for biofuels, Among
these, biodiesel stands out as a promising solution, effectively address-
ing key environmental concerns while aligning with growing fuel de-
mand and energy conservation priorities [3].

Biodiesel has several advantages over fossil fuels, such as renew-
ability, biodegradability, non-toxic, excellent lubricating properties,
which reduces engine wear, and contributes to the reduction of green-
house gas emissions, which is critical to prevent climate change [4].
Furthermore, it has a high flash point and improved cetane number,
which enhances its safety and improves fuel efficiency [5]. The term
“biodiesel” is understood to encompass all mono-alkyl esters of long-
chain fatty acids (FA) that can be obtained from a variety of vegetable
oils, animal fats, and waste oil resources. Depending on the feedstock,
biodiesel can be classified into four generations (Fig. 1). The first gen-
eration is derived from edible crops (castor, sunflower, rapeseed, soy or
palm oil), while the second generation encompasses all vegetable

* Corresponding author.
E-mail address: achernandez@uniovi.es (A. Herndndez Battez).

https://doi.org/10.1016/j.molliq.2024.125391

sources from non-edible crops (Jatropha curcas, cotton seeds, Jojoba,
Neem, etc.) that require arable land for their growth, as well as waste
oils [6]. The third generation includes organisms such as microalgae
(Chlorella vulgaris, Spirulina platensis, Nannochloris sp., etc.), macroalgae,
bacteria, and fungi [7]. The fourth generation would be obtained from
genetically modified microalgae. The utilization of arable land by both
the first and second generations contributes to deforestation and
ecosystem degradation, as well as to the challenge of global food
shortages [8]. This is due to the fact that the land is occupied by these
generations, who utilize it for agricultural purposes. However, the use of
microalgae is emerging as a potential alternative, as these microorgan-
isms can be cultivated without using arable land and can provide
wastewater treatment [ 7). In addition to facilitating the removal of PO*
and NO® from wastewaters, they also play an active role in environ-
mental COy fixation [9]. Due to their ability to synthesize bioactive
compounds such as proteins, fatty acids, carotenoids, etc., these mi-
croorganisms are widely used to obtain a variety of products in the
cosmetic, food and pharmaceutical industries, Common applications
include the production of fertilizers, pigments, food supplements,
cosmetic actives, and others [10]. However, the high cost of microalgae
biomass production cannot guarantee a sustainable economy. For this
reason, several authors have highlighted the need to implement circular
economy strategies in order to utilize all valuable components and thus
make microalgae biorefinery a more profitable industry [11,12].
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The most common method for producing biodiesel is through the
transesterification reaction. This process involves the reaction of tri-
glycerides present in the oil with an aleohol, typically methanol, to
produce fatty acid methyl esters (FAMESs) [ 1]. The molecular structure of
fatty acids typically comprises carbon chains ranging from 4 to 26
atoms, and it may include one or more double bonds (DB) [14]. The
carbon chain length and number of DBs (unsaturation) have a strong
influence on the biodiesel properties [3]. Lubricity is one of the prop-
erties of interest, which plays a key role in the longevity of machinery
protecting moving surfaces from wear and minimizing friction in auto-
motive components, which reduces the consumption of energy and the
€O, emissions [15]. In the context of automotive engines, fuel inlet
temperatures can exceed 60 °C, which can subsequently impact the lu-
bricity of the fuel [5]. In response to these considerations, a novel
concept known as “green tribology” has emerged. This interdisciplinary
field of tribology is guided by twelve principles that advocate the use of
biodegradable lubricants to improve sustainability [16]. The investiga-
tion of the wear and friction coefficient resulting of the use of any biofuel
is of great value in comprehending its lubrication performance.

The heterogeneity of bio-oils extracted from microalgae is dependent
on the supplier, feedstock, and production method, which presents a
practical challenge. Therefore, it is crucial to establish structur-
e-property relationships to enhance the selection process of microalgae
as feedstock for biodiesel production. The objective of this study is to

1 the physicochemical and tribological performance of two
modified microalgae oils, Haematococcus pluvialis and Nannochloropsis
gaditana, which have been reported to have potential as feedstock to
produce biodiesel [13,17]. Nevertheless, to date, no tribological evalu-
ations have been conducted. The objective of this study is to characterize
and compare the aforementioned properties and relate them to their
corresponding molecular structures. This is important when considering
the increasing demand for reducing fossil fuel consumption and the need
for biodiesel to perform lubricant functions.

2. Experimental details
2.1. Bio-oils and biodiesel derived from microalgae

The microalgae H. pluvialis and N. gaditana were chosen for their high
lipid content. The microalgae bio-oil was extracted from the biomass by
the company Neoalgae (Gijon, Spain) using a proprietary method. These
microalgae are commonly utilized in the cosmetic and nutritional in-
dustries due to their high content of active compounds, including anti-
oxidants and proteins. H. pluvialis is the richest natural source of the
antioxidant hin, which p anti-infl. y and anti-

of each of biodiesel [13].

Table 1
Fatty acids (FAs) of the bio-oils from the H. pluvialis and N. gaditana used for
biodiesel production.

Fatty acid Content (%)

H. pluvialis N. gaditana

0.22

0.43

0.13

4.72

1.84

0.32

20.38 23.88

23.86

0.18

292 0.20

0.85 0.31

15.89 6.01

29.92 272

15.21 1.03

2.50 1.23

4.11

0.29

3.52 25.93

Cc21:0 0.36

*Unidentified 8.68 1.94

SFA (saturated fatty acids) 21.23 30.55

MUFA (monounsaturated fatty acids) 18.81 31.91

PUFA (polyunsaturated fatty acids) 59.83 37.54

Total lipid content in the bio-oil 50.04 35.00

*The fatty acids not identified are also PUFA.

aging properties, among others [17]. Conversely, N. gaditana is known
for its high production of biomolecules, including valuable proteins.
Recent studies have employed this microalgae to develop a novel protein
(UCAO01) with considerable potential for use in the treatment of cancer
[18l1.

These bio-oils were converted into biodiesel by a transesterification
reaction. The optimal reaction conditions were identified through the
use of response surface methodology (RSM) [13], and these conditions
were employed in the present study. The composition of FAME in the
tested biodiesel was determined using gas chromatography with flame
ionization detector (GC-FID) following the UNE-EN 14,103 [19] stan-
dard after the transesterification reaction. The Clarus 690 instrument
(PerkinElmer) was used for this purpose and the procedure performed is
the same described by Sanjurjo et al. [13]. Table 1 displays the fatty acid
composition of the bio-oils extracted from the microalgae biomass.
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Table 2
Temperature-related properties of the H. pluvialis and N. gaditana derived
biodiesel.

Biodiesel Pour Flash Tonset Mass Toffset Mass
source point point (§»)] loss at i o+ loss at
g+] (g Tanset Totser
(%) (%)
H, pluvialis -51 150 211 12 290 98.2
N. gaditana -7.2 140-150 208 11.24 318 96.6

2.2. Physicochemical properties of the microalgae-derived biodiesel

The density and the dynamic viscosity in the range of 20-100 “C
were determined in a Stabinger SVM 3001 viscometer in accordance
with the ASTM D7042 [20]. The instrument operates according to the
Coutte measuring principle and is equipped with an integrated density
measuring cell, The kinematic viscosity was then automatically calcu-
lated from these results in accordance with the ASTM D2270 [21].

The pour point (PP) was determined through Differential Scanning
Calorimetry (DSC Mettler 822e 700) analysis. The sample was heated to
50 °C at a rate of 10 °C/min and held under isothermal conditions for 10
min. The system was then cooled to —50 °C at the same rate. A heat flux
(W/g) versus temperature curve was used to obtain the maximum point
of the curve [13].

The flash point (FP) of the biodiesel was determined using a modified
Cleveland Open Cup Tester in accordance with the EN ISO 2592 [22]
and ASTM D92 [23] standards. Thermal stability (TS) was assessed
through thermogravimetric analysis (TGA) under nitrogen atmosphere
using a TA Instruments DSC SDT Q600 TGA & DSC to determine the
temperatures at which decomposition begins (Tanser) and ends (Togser).
The results of these measurements are given in Table 2,

2.3. Tribological tests

The frictional behavior of the biodiesel was fully investigated
through rolling-sliding ball-on-disc tests using an MTM-2 tribometer
(PCS Instruments) under the following conditions: entrainment speed
(2500-10 mm s, load (75 N or 1.29 GPa of maximum contact pres-
sure), slide-to-roll ratio (SRR) of 5 % and 50 %, and temperature (40 °C,
60 °C, and 80 °C). The entrainment speed (Vs) and the slide-to-roll ratio
(SRR) are defined by the equations (1) and (2), respectively. The
tangential speeds of the ball and disc at the point of contact are repre-
sented by upgy and ugis, respectively. 10 mL of biodiesel was in these
tests. The balls (19.05 mm diameter) and discs used in these tests are
made of AISI 52100 steel, with a surface roughness Ra < 0,020 pm, and a
Vickers hardness (HV3q) of 800-920 and 720-780, respectively.

Vs = tgise — Upan 1)
SRR — 2 ¢ [0t = Mol g0, @
(Uaise + Upan)

Reciprocating friction and wear tests were conducted on all samples
using a UMT-3 tribometer (Bruker Corporation). The tribological tests
were performed on AISI 52100 steel specimens consisting of a ball (6
mm diameter, Rockwell C hardness (HRC) of 58-66, and surface
roughness R,~0.05 pm) and a disc (10 mm diameter, Vickers hardness
(HV30) of 190-210, and surface roughness Ra=:0.018 pm). 25 pL of
lubricant was applied to the ball-disk contact to ensure continuous
lubrication throughout the test. The test conditions were as follows:
frequency (15 Hz), stroke length (4 mm), 60 min, temperature (40 °C
and 80 °C), and load (10 N or 1.43 GPa of maximum contact pressure).
The coefficient of friction (COF) was calculated and recorded during the
tribological tests. At least two tests were conducted with a fresh bio-
diesel sample under the same tribological conditions. Prior to the
tribological test, the ball and disc surfaces were meticulously cleaned

Journal of Molecular Liquids 408 (2024) 125391
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Fig. 2. Kinematic viscosity and density of the H. pluvialis and N. gaditana
derived biodiesels.

using heptane, acetone, and ethanol in an ultrasonic bath for a period of
10 min per solvent. This was followed by hot air drying.

2.4. Analysis of wear surface

Following the reciprocating tribological tests, the wear volume on
the disk surface was measured using a confocal microscope and inter-
ferometer (Leica 3D DCM). We then identified the wear mechanism
using a JEOL model 6610LV SEM scanning electron microscope oper-
ating at 15 kV aceceleration voltage and 100X magnification. X-ray
photoelectron spectroscopy was conducted using a Phoibos spectrom-
eter with monochromatized K.Al (1486.74 eV) as X-ray source. High-
resolution spectra were obtained with an energy pass of 30 eV and an
energy step of 0.1 eV for the carbon, nitrogen, iron, and oxygen ele-
ments. An electron flood gun was employed to compensate for the
sample charge during the measurements.

3. Results and discussion
3.1. Physicochemical properties

The low pour point values shown in Table 2 for both biodiesels are
due to their high content of monounsaturated fatty acids (MUFAs) as
shown in Table 1. Farfan-Cabrera et al. [24] reported that the lowest PP
is related to the high content of PUFAs with long chains (C13-C21) as the
main FAs in the bio-oils derived from microalgae. Conversely, higher PP
values are associated with the presence of high content of MUFAs as the
main FAs. MUFAs are known to contain trans DB, whereas PUFAs pre-
sent cis DB, which hinders crystal packing and results in lower PP values.
For N. gaditana, the PP value appears to be significantly influenced by
the presence of C20:5, which exhibits a high degree of packing due to its
cis DB [25]. This finding suggests that pour point is influenced not only
by the MUFA and PUFA content, but also by the number of DBs. Table 1
displays the concentration of each FA in the biodiesels. The number of
DBs has a greater impact on the N. gaditana derived biodiesel than on the
H. pluvialis counterpart, as confirmed by Diez-Valbuena et al. [26]. Their
study, which employed machine learning techniques on a database of
238 biodiesel examples [27], demonstrated that double bonds have a
greater influence on pour point than MUFA and PUFA.

The flash point (FP) of biodiesel is a critical factor for its storage and
handling due to safety concerns. Biodiesels with high flash points are
considered non-flammable. The biodiesels tested in this study, derived
from H. pluvialis and N. gaditana, have similar flash point values ranging
from 140-150 °C (Table 2). These FP values are comparable to those of
biodiesel derived from corn, palm, and honge [28,29,30]. This suggests
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Fig. 3. Traction coefficient versus entrainment speed in rolling-sliding tests: (a) N. gaditana at 5% of SRR, (b) N. gaditana at 50% of SRR, (c) H. pluvialis at 5% of SRR,

(d) H. pluvialis at 50% of SRR.

that the influence of the FAME content on this property is difficult to
determine.

The oxidative stability of the oil is dependent upon the predominant
FAs present. In general, high content of PUFAs results in high oxidation
rates because the double bonds react readily with oxygen, resulting in
free radicals formation and subsequent polymerization and further
degradation [31]. The study found that the onset degradation temper-
atures of the tested biodiesel were similar (Table 2), but the offset
temperatures differed by 6 %. The higher offset temperature in the case
of the N. gaditana derived biodiesel can be attributed to its lower content
of PUFAs.

Fig. 2 shows the density and kinematic viscosity of the two tested
biodiesels. Both biodiesels meet the density requirements of the EN
14214:2013 V2 + A2 standard [32], and their viscosity exceeds the
values required by the EN 14214:2013 V2 + A2 [32] and ASTM D6751-
23a [33] standards. Despite this, the biodiesels can still be blended and
used in various concentrations. The viscosity of the FA chain increases
with its length due to a higher degree of intermolecular interactions
[34]. Furthermore, the viscosity of the biodiesel is affected by the
presence of MUFA and PUFA. Specifically, the presence of MUFA in-
creases viscosity while the presence of PUFA decreases it. This fact was
observed at temperatures below 30 “C, having the N. gaditana biodiesel a
higher viscosity than its H. pluvialis counterpart, but this behavior may
be also attributed to the higher non-lipid content or impurities of the
N. gaditana biodiesel. However, the viscosity of both biodiesels was
similar between 40-100 °C.

3.2. Tribological properties

Fig. 3 shows the results of the rolling-sliding tests conducted using
both biodiesels. The coefficients of friction determined during the tests
are generally between 0.01 and 0.1, which are typical values for mixed/
EHL lubrication. The data indicates that friction decreased with tem-
perature due to the reduction in viscosity of the biodiesel. Conversely,
friction increased with SRR as the sliding component in the ball-disc
contact increased. It is noteworthy that the biodiesel derived from
H. pluvialis outperformed the biodiesel derived from N, gaditana. After
the transesterification reaction with methanol, all the FAs in the bio-oils
from the microalgae H. pluvialis and N. gaditana were converted into
FAME with one more carbon atom. As a result, the biodiesel derived
from H. pluvialis has an average carbon chain length of 18.88, while that
from N. gaditana has 17.63. The average carbon chain length of the
biodiesel derived from H. pluvialis is longer, resulting in a lower COF.
This is due to the production of stronger molecular linkages and thicker
adsorbed films on surfaces [24].

Fig. 4 shows the evolution of the COF during the reciprocating tests
(Fig. 4a and 4b represent the test sample closer to the average COF), as
well as the average value for the tests conducted with the biodiesels
derived from the microalgae H. pluvialis and N. geditana. The friction
values observed in these tests are typical of the mixed lubrication
regime, with the exception of the test carried out with the biodiesel
derived from N. gaditana at 80 °C, where the COF exceeded 0.1, which is
typical of boundary lubrication regime. At 40 °C, the friction remained
relatively constant for both biodiesels, but the biodiesel obtained from
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Fig. 4. Coefficient of friction from reciprocating friction and wear tests: (a) at 40 °C, (b) at 80 °C, (c) average coefficient of friction and deviation at 40 °C and 80 °C.

H. pluvialis exhibited better anti-friction behavior. At 80 °C, the
H. pluvialis biodiesel exhibited similar antifriction behavior to that at
40 °C. In contrast, the biodiesel derived from N. gaditana exhibited
higher friction that increased throughout the experiment. On the other
hand, the use of H. pluvialis biodiesel resulted in lower and constant
friction with increasing temperature. These results can be assigned to
the adsorption of organic polar molecules on the metallic surface, which
reduces friction, and to the stronger molecular linkages and thicker
adsorbed tribofilms of the biodiesel derived from H. pluvialis. Further-
more, the H. pluvialis biodiesel exhibited a higher ratio of mono-
unsaturated to total saturated FAME content (Table 1), which resulted in
a superior friction modifier effect. This finding was also reported by
Hamdan et al. [16].

Both biodiesels have a strong polarity due to the organic polar
molecules derived from the transesterification of the fatty acids. The
polarity of these biodiesels was determined by the non-polarity index
(NPI), which is calculated using the equation (3) [35]. A low NPI in-
dicates a highly polar molecule or compound (e.g. NPI = 50 for short
synthetic esters) and a high NPI indicates a non-polar molecule or
compound (e.g. NPI = 300 for polyalphaolefins) [36]. The NPT values for
the tested biodiesel, excluding the unidentified fatty acids, were similar.
The NPI of the biodiesel derived from H. pluvialis was 49.12, while the
NPI of the biodiesel derived from N. gaditana was 50.15.

_ TotalnumberofCatoms = Molecularweight

NEL Numberofcarboxylicgroups x 100

3)

Although both biodiesels have similar polarity, their organic polar
molecules can be adsorbed differently, either through physical adsorp-
tion (physisorption) or chemical adsorption (chemisorption). Phys-
isorption occurs at ambient temperature by forming hydrogen bonds
with the surface oxides of hydroxides [37] but there is usually an upper
temperature limit to this process, which decrease with the increase of
temperature [38]. Wang etal. [27] found that a physically adsorbed film
formed by a mixture of polyalphaolefin and glycerol monocleate (GMO)

3x10°% 4
Il N_gaditana
B ~_pluvialis

2x10° -
1x10°
o
40 80

Temperature (°C)

Wear (um”)

Fig. 5. Wear volume after reciprocating tests.

decreased sharply from 70 °C to 130 °C, and the low friction coefficient
at low temperature was catised by the physical adsorption film of GMO,
while the low friction at high temperature was caused by the chemical
adsorption film. In our case, the adsorption mechanism during the
reciprocating tests at 40 °C is mainly of physisorption, and this mech-
anism changed to chemisorption when the temperature increased to
80 °C. The differences in the friction results could be related to the
strength of the chemical bonds formed by the fatty acid molecules with
the surface, similar to the observations made by Simic and Kalin [39].
Adhvaryu et al. [40] also found that the length of the hydrocarbon chain
and the relative distribution of unsaturation in the FA chain can affect
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Fig. 6. SEM images of the worn surface after reciprocating tests.

adsorption on the metal surface. This study was conducted based on the and a weaker adsorption. In our case, the H. pluvialis biodiesel has a
calculated free energy of adsorption (AGae) and reported that an degree of unsaturation of 1.51 and its counterpart from N. gaditana has
average chain length of 17-18 favors lower AG,qs values resulting in 1.92. This 21 % lower degree of unsaturation of the H. pluvialis biodiesel
strong adsorption, while increasing the degree of unsaturation or the contributes to a lower AG,gs and therefore to a stronger adsorption. On
average number of double bonds per molecule results in a higher AGags the other hand, both biodiesels had a similar average chain length
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Fig. 7. Curve fitting for Fe2p3/2 high resolution spectra for both microalgae-derived biodiesel: (a) N. gaditana at 40 °C, (b) N. gaditana at 80 °C, (c) H. pluvialis at
40 °C, (d) H. pluvialis at 80 “C.
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Fig. 8. Curve fitting for C1s high resolution spectra for both microalgae-derived biodiesel: (a) N. gaditana at 40 “C, (b) N. gaditana at 80 “C, (c) H. pluvialis at 40 °C,

(d) H. pluvialis at 80 °C.

(16.04 for H. pluvialis and 16.93 for N. gaditana), but the content of fatty
acids with a chain length of 17-18 was 67.29 % in the H. pluvialis and
11.68 % in the N. gaditana counterpart. This fact could explain the better

biodiesel.

tribological behavior of H. pluvialis biodiesel compared to N. gaditana

Fig. 5 displays the anti-wear performance of the tested biodiesels. It
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Fig. 9. Curve fitting for O1s high resolution spectra for both microalgae-derived biodiesel: (a) N. gaditana at 40 °C, (b) N. gaditana at 80 °C, (¢) H. pluvialis at 40 °C,
(d) H. pluvialis at 80 “C.
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Fig. 10. Curve fitting for N1s high resolution spectra for both microalgae-derived biodiesel: (a) N. gaditana at 40 °C, (b) N. gaditana at 80 °C, (c) H. pluvialis at 40 °C,

(d) H. pluvialis at 80 “C.

is clear that the biodiesel derived from H. pluvialis exhibited the best
results at both temperatures. This little influence of test temperature on
the antiwear performance was also observed with the use of glycerol
monooleate as additive to a polyalphaolefin [39]. Conversely, the bio-
diesel from N. gaditana demonstrated inferior anti-wear behavior. The
reduction in wear observed in the test at 80 °C with the biodiesel derived
from N. gaditana could be related to the formation of chemisorbed films
involving some degree of chemical bonding between the organic polar
molecules and the metallic surface.

3.3. Surface characterization

Fig. 6 shows the SEM images of the worn surface on the disc
following the reciprocating tests. The observed wear mechanisms in
both cases were adhesion and plastic deformation. Pits were found on
the wear surface, particularly after the test at 40 °C with the N. gaditana-
derived biodiesel, which explains the highest wear volume.

3.4. X-ray photoelectron spectroscopy

Fig. 7 depicts the tentative curve fitting for the Fe 2p3/2 spectrum,
which employs four distinct curves associated with Fe (0) (Gaussian:
Lorentzian 85:15 with exponential blend k = 0.65), FeO (Gaussian),
Fe303 (Gaussian:Lorentzian 55:45 with exponential blend k = 1.5), and
FeOOH (Gaussian:Lorentzian 45:55). The selected curve shapes were
based on Mangolini's work [41]. The results indicate that a tribo oxide
film is formed, consistent with the results obtained by Xu et al, [42],
although the differences among the different samples are subtle and,
therefore, not statistically significant. C1s fitting is challenging, partic-
ularly with complex organic samples such as ours [43]. Nevertheless, it
appears evident that N. gaditana at 40 °C exhibits a greater quantity of
the peak with the lowest binding energy (Fig. 8), which is particularly
noteworthy given that this sample also exhibits the most unfavorable

Table 3
Molar ratios in XPS surface analysis.
Fe c o N
H. pluvialis 40 °C 1 27.3 122 0.4
H. pluvialis 80 °C 1 24.8 10.3 05
N. gaditana 40 °C 1 411 10.6 0.8
N. gaditana 80 °C 1 19.9 10.1 0.4

friction and wear behaviors. These low paositions are typically associated
with compounds with a low oxidation degree. Regarding the possible
assignments of the fitted positions, it should be noted that the entire
fitting task is particularly challenging in samples like ours, as previously
stated. Consequently, the final assignments should not be considered
absolutely reliable. Nevertheless, the positions agree with those usually
assigned to C-C (ca. 284.9 eV), C = O (ca. 287.6 eV), -CO2H (ca. 288.7
eV) and metal carbides (283.0 eV) [42,44].

Furthermore, the O1s spectra of the four samples (Fig. 9) exhibit a
striking resemblance, displaying a combination of three distinct curves
at 530.3 eV, 531.9 eV, and 533.0 eV, with an approximate area ratio of
10:5:2. These features are typically attributed to metal oxides, C-0, and
C=0145.,46]. In contrast, the N1s spectra (Fig. 10) exhibit a single peak
between 399.5 eV and 399.9 eV. Table 3 presents the molar ratio of Fe,
0, C, and N in the different samples. It is noteworthy that N. gaditana
exhibits a higher quantity of organic matter on the surface (carbon) at
40 °C than at 80 °C. This aligns with a higher worn volume at 40 °C in
comparison to 80 °C (Fig. 5). However, H. pluvialis maintains the organic
layer in comparable proportions at both temperatures, as does the wear
volume.

4. Conclusions

The microalgae utilized as a source of third-generation biodiesel
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contain a diverse array of fatty acids that undergo transesterification to
form different FAMEs. The composition of these FAMEs exerts a strong
influence on the physicochemical and tribological behavior of the third-
generation biodiesel. Consequently, the study of the structure-property
relationships represents a crucial approach for the selection of micro-
algae for this purpose. The microalgae Nannochloropsis gaditana and
Haematococcus pluvialis were employed for biodiesel production and the
resulting biodiesel ples were subj d to physicock and
tribological characterization. The primary conclusions of this study are
as follows:

o

1 q
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Abstract

Haematococcus pluvialis microalgae have emerged as a prevalent source of antioxidants in cosmetics and nutritional prod-
ucts. Additionally, numerous researchers have posited the potential of this microalgae to produce fatty acid methyl esters
(FAME). Nevertheless, the optimization of the production of FAME from H. pluvialis oil has not been investigated. In this
study, the transesterification reaction of H. pluvialis bio-oil was optimized using the response surface methodology, resulting
in optimal experimental conditions for an oil to methanol ratio of 1:4.17, at a temperature of 80 °C, with a reaction time of
47 min. The resulting FAME was found to not comply with the biodiesel standard in terms of the content of polyunsaturated
fatty acids (6.02%), as well as kinematic viscosity (7.02 mm?/s). Further study is required to reduce these parameters in
order to ensure biodiesel quality and compliance with the standard. Nevertheless, its high flash point value of 150 °C and
its high thermal stability within the temperature range of 211-290 °C suggest the potential for utilization as a biolubricant.

Keyword Microalgae - Fatty acid methyl ester - Biofuel - Transesterification

Introduction

In recent years, society has become increasingly concerned
about the depletion of fossil resources. As a result, vege-
table-based products have been explored and utilized as
substitutes. Microalgae are being researched as a potential
alternative to conventional vegetable sources in various
industries, including cosmeceuticals, nutraceuticals, and the
energy industry. This is due to their ability to produce high-
value products, such as carotenoids (astaxanthin, fucoxan-
thin), lipids, and protein, among others, when grown under
stress conditions [1]. The stress conditions during culture
and growth are directly influenced by factors such as salinity
of the medium, light/dark cycle, type of bioreactor, tem-
perature, dissolved oxygen concentration, agitation, and
the contribution of nutrients such as carbon, nitrogen, and
phosphorus [2].
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Microalgae have several advantages as a raw material,
including being a renewable resource, not requiring arable
land, and being able to absorb nutrients such as phosphates
and nitrates, making them suitable for cultivation in waste-
water. They also have a continuous production, high growth
rate, and high biomass production and are the largest sup-
plier of O, on the planet. Additionally, they are great CO,
absorbers and have a great diversity of species (> 30,000)
[2]. Algal biomass can be used to synthesize various biofu-
els, including jet fuels, bioethanol, methane, biodiesel, and
biobutanol [3]. However, the bio-oil obtained from micro-
algae is unstable, making its implementation at an industrial
scale both difficult and expensive. Additionally, the process
requires large quantities of organic solvents for oil extraction
from dry biomass, and the harvesting, drying, and extraction
of oil from biomass pose significant challenges [4].

Haematococcus pluvialis is a unicellular microalga
belonging to the volvocalean group. It has a multilayered
cellular architecture that includes a central tripartite crystal-
line layer and a distinct gelatinous extracellular matrix. This
microalga is known to be one of the best natural sources of
astaxanthin, which can reach up to 5 wt% of dry biomass [5].
Astaxanthin is a natural antioxidant carotenoid synthesized
in certain microalgal species. H. pluvialis is a source with

‘é_} Springer
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high astaxanthin content, possessing antiaging, anticancer,
anti-inflammatory, and immune-enhancing properties [5].

Triglycerides are molecular structures formed by linking
three fatty acids (FAs) through glycerol and can reach a dry
biomass content of 80 wt% [6]. These structures comprise
the bio-oil and serve as the raw material for synthesizing
industrial products, such as biofuels or biolubricants. The
FAs of microalgae usually have 16 to 24 carbon atoms, with
some containing 3 or 6 double bonds [7]. In contrast, plant
crop FAs have shorter chains (8 to 20 carbon atoms) and
contain a lower number of double bonds or unsaturations
[8]. The molecular structure of biodegradable materials can
affect the strength of the C-H bonds, which in turn affects
properties such as thermal and oxidative stability. To prevent
this, it is advisable to choose a raw material that is free of
unsaturation or to eliminate it using complementary tech-
niques such as epoxidation [9].

Figure 1 displays the various stages of biomass produc-
tion, from cultivation to extraction of the compounds of
interest, as well as the various flow lines for the utilization of
the residual biomass after astaxanthin extraction. In addition
to synthesizing biodiesel through transesterification reac-
tion, other lines of interest may include producing ethanol
or methane through processes such as biomethanization (or
anaerobic digestion) and hydrolysis [10].

Following the extraction of astaxanthin from H. pluvia-
lis, a by-product in the form of biomass residue is gener-
ated. This by-product has been identified by other authors
as a potential source of value in biorefining routes [5]. The
by-product rich in triglycerides, obtained after separating
the astaxanthin-containing phase, can be used for biodiesel/
biolubricant production. For this purpose, the transesterifi-
cation reaction is commonly employed, where triglycerides
react with an alcohol in the presence of a catalyst and under

Fig.1 Flowchart for the synthe-
sis of various valuable products
from H. pluvialis microalgae

4 '\_ 'a -“ 4
|\ Cultivation "r'bL Harvesting ;H Drying

specific temperature conditions to yield fatty acid methyl or
ethyl esters (FAMES/FAEEs) as the main product and glyc-
erin as a secondary product [11]. The presence of moisture
has a significant impact on the reaction, as it reacts with the
medium to hydrolyze the fatty acids. The resulting free fatty
acids (FFA) react with the alkaline catalyst to form soap
[12]. Therefore, it is important to check the moisture and
FFA content of the oil prior to the transesterification reac-
tion. When the FFA content is greater than 2-4 mg KOH/g,
acid catalysts are recommended [13]. Additionally, the use
of cosolvents that homogenize the system and increase the
indissolubility of the alcohol with the bio-oil is crucial. Also
important is the use of cosolvents that homogenize the sys-
tem and increase the indissolubility of the alcohol with the
bio-oil [12].

Transesterification reaction has been typically optimized
using independent variables such as alcohol ratio, reaction
time, reaction temperature, catalyst concentration, and stir-
ring speed. This technique has been widely used to optimize
biodiesel production and obtain the experimental conditions
to reach the highest FAME yield (%) from edible crops (such
as sunflower, soybean, and palm), non-edible crops that
require arable land (such as Jatropha and Neem), and micro-
algae as Nannochloropsis sp., N. gaditana, ot C. pyrenoidosa
[14-16]. However, the application of the response surface
methodology (RSM) to optimize the transesterification reac-
tion of the bio-oil from H. pluvialis microalgae has not yet
been explored. This microalgae strain has been reported to
have great potential as a feedstock for biodiesel/biolubricant
production due to its high lipid content (reported as 43%)
and rapid growth rate [17, 18].

The aim of this study is to determine the optimal con-
ditions for FAME production from H. pluvialis bio-oil
by applying RSM to the transesterification reaction and

" [ Astaxanthin

E . —pAstaxanthin
\. xtracuon_

!

Y

Biomethanization ..., Enzymali‘c Trig!ycer]de
' Hydrzlysts \_ Extraction
. Transesterification|
N Fermentation : |
: Reaction
v v v
Biodiesel 1
Mg il Biolubricant

Astaxanthin production flow
Biodiesel/biolubricant production flow ——

—_—

Other biofuels flow

) Springer

121




Claudia Sanjurjo Muriiz

BioEnergy Research

determining the physicochemical properties of this modi-
fied microalgae bio-oil such as density, viscosity, flash
point, pour point, thermal stability, lower and higher
heating values, and fatty acid distribution (saturated fatty
acids or SFAs, monounsaturated fatty acids or MUFAs,
and polyunsaturated fatty acids or PUFAs).

Material and Methods
Bio-0il Characterization

The oil derived from H. pluvialis was supplied by Neo-
algae Micro Seaweed Products (Gijon, Spain) and was
selected following an analysis of its saponifiable lipid
(SL) content using the technique described by Calle-
jon [19], wherein the SL content per unit of microalgae
bio-oil (MBO) is provided following a transesterifica-
tion reaction with methanol in the presence of the acid
catalyst acetyl chloride. A 50% SL content was deter-
mined for the MBO. The lipid profile analysis after the
transesterification reaction was conducted following
the UNE-EN 14103 standard using a Clarus 690 instru-
ment (PerkinElmer) and gas chromatography with flame
ionization detector (GC-FID). The Elite-WAX column
(30 mx0.25 mm x0.25 pm) was used with hydrogen as
the carrier gas flowing at a rate of 2 mL/min. The detector
was set at 250 °C, and the oven heating program consisted
of the following steps: (1) holding at 60 °C for 2 min,
(2) heating from 60 to 200 °C at a rate of 10 °C/min, (3)
heating from 200 to 240 °C at a rate of 5 °C/min, and (4)
holding at 200 °C for 7 min.

Furthermore, the total acid number (TAN) and water
content were quantified using the Metrohm 848 Tri-
tino plus (ASTM D664 standard) and the Metrohm 899
Karl Fischer, respectively, with an estimated precision
of +0.01 mg KOH/g and 0.1 ppm. To determine the
best route according to the characteristics of the oil, the

Y( FAME yield %)

Amount transformed to FAME (g)

TAN is of great importance. If its value is higher than
2 ¢ KOH/g, it would be necessary to carry out a prior
esterification with an acid catalyst.

Transesterification Reaction
Design of Experiments

The transesterification reaction was optimized using a
central composite design (CCD) of a two-level factorial
approach with RSM and the Design Expert 13 software.
Table 1 shows the selected independent variables and param-
eter levels, which are coded as — 1 (minimum), O (center), + 1
(maximum), and +a (extreme star points). The levels of each
parameter were selected according to the bibliography con-
sulted for previous studies, and in addition to this, they were
also applied in previous research [20].

Nineteen runs were conducted, consisting of six star
points, five center point replications, and eight factorial
design runs.

The alcohol used in the reaction was methanol and the
catalyst CH;ONa was used at a concentration of 1.5% by
the weight of oil, in accordance with the literature consulted
[21]. A basic catalyst was selected after verifying that the
acidity of the oil was less than 2 g KOH/g. Previous tests
were also carried out with a basic KOH catalyst, obtaining
better results for CH,ONa.

To perform the reaction, | g of MBO was mixed with
2 mL of hexane, the corresponding amount of methanol
(3-15 g) and the catalyst in a 100 mL flask. During the
reaction time, the flask was in an oil bath to keep the mix-
ture at the required temperature. A Dimroth condenser was
also used to prevent loss of hexane and methanol at higher
temperatures.

Finally, the output variable evaluated was the FAME yield
(%), calculated according to Eq. 1. The amount of FAME
converted was obtained through the analysis described in
“Bio-0il Characterization” using GC-FID and an internal
standard of methyl nonadecanoate.

Table 1 Input variables and
levels for optimizing the MBO
transesterification reaction

e . % 100 Y]
Total SL amount convertible to FAME (g)
Independent variables Factor Variable levels
-2(-w -1 0 +1 +2 (+a)
MBO to methanol ratio (wt.) A 1:3 1:6 1:9 1:12 1:15
Reaction temperature (°C) B 30 50 70 90 110
Reaction time (min) C 30 67.5 105 142.5 180
@ Springer
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Table 2 Design of experiments used in this study

Standard order Run order Factorial input variable

A B C
11 1 0 =2 0
18 2 0 0 0
2 3 1 -1 -1
6 4 1 -1 1
10 3 2 0 0
4 6 1 1 =1
9 7 -2 0 0
13 8 0 0 -2
19 9 0 0 0
3 10 -1 1 -1
8 11 1 1 1
1 12 -1 -1 -1
17 13 0 0 0
7 14 -1 1 1
14 15 0 0 2
12 16 0
5 17 -1 -1 1
16 18 0 0 Q
15 19 0 0 0

Table 2 presents the configuration of the test runs using
the Design Expert software. Analysis of variance (ANOVA)
was performed to determine the interaction of the response
¥ with each input variable using Design Expert 13 software.
The probability value with a 95% confidence interval was
used to evaluate the significance of the model.

Purification Process
To achieve the purest possible product, a multi-step purifica-

tion process was followed as described in Fig. 2. Following
the transesterification reaction, the product was centrifuged

for 10 min at 7000 rpm (Microcen 24—CE 202) to eliminate
glycerol. The resulting liquid was then washed with deion-
ized water to remove excess methanol, traces of catalyst,
and other impurities present in the original MBO. This step
was repeated until the effluent reached a neutral pH. Finally,
transfer the sample to a rotary evaporator set at 60 °C and
20 mbar for 20 min (Hei-Vap Core, Heidolph) to remove any
traces of water, methanol, and hexane.

FAME Physicochemical Characterization

The transformation of the sample from triglyceride to FAME
was confirmed through an analysis using a Fourier Transform
Infrared (FTIR) spectrometer (Varian 670-IR) with an accu-
racy of better than 0.07 cm™', in addition to GC-FID analysis.

A high-precision Stabinger SVM 3001 rotational viscom-
eter was employed to determine the density at 20 °C and the
kinematic viscosity at 40 °C in accordance with the ASTM
D7042 standard.

The pour point (PP) was determined through Differen-
tial Scanning Calorimetry (DSC Mettler 822e 700) analy-
sis. DSC has a heat flow accuracy of better than +2% and a
temperature accuracy of + 1 °C. This technique can directly
measure the change in enthalpy for a system during cooling.
The change in enthalpy can be estimated using the sample
PP [22]. The sample was heated to 50 °C at a rate of 10 °C/
min and held under isothermal conditions for 10 min. The
system was then cooled to—50 °C under a nitrogen atmos-
phere at the same rate. The PP value can be obtained at the
maximum point of the curve by using heat flux (W/g) versus
temperature plots [23].

The upper and lower heating values (LHV and HHV)
were determined in an IKA C4000 calorimeter according
10 ISO 1928.

The flash point (FP) of the FAME was determined using
a modified Cleveland Open Cup Tester in accordance with

Fig.2 FAME purification Centrifugation Water wash Drying
Process 10 min Deionized water 60 °C, 20 mbar
7,000 rpm To neutral pH 20 min
. ; A ]
CJ Rl
[ Pilly -~ FAME
@ - Y [ 15
— i S k !
Reaction product |
Glycerol Excess methanol Hexane
CH;ONa traces Moisture
Other impurities
ringer
£ Spring,
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EN ISO 2592 and ASTM D92 standards. The modified cup
was filled with 15 mL of FAME and heated in increments of
5 °C until it reached its FP.

The FAME's thermal stability (TS) was then assessed
using thermogravimetric analysis (TGA) with a TA instru-
ment that has a temperature accuracy of 0.001 °C (200 to
1300 °C). The results were analyzed using Universal Analy-
sis 2000 software. The sample weighed 6 mg, and it was
heated at a constant rate of 20 *C/min from 25 to 600 °C
under a nitrogen atmosphere with a flow rate of 50 mL/min.
The weight loss of the sample was plotted against time to
determine the onset temperature of decomposition.

Results and Discussion
Lipid Profile and Molecular Structure

Table 3 presents the results of the lipid profile analysis,
which are consistent with data reported for H. pluvialis
by Bilbao et al. [24] and Damiani et al. [25]. Taking into
account the indications of the UNE EN 14214 standard, in
which fatty acids with 4 or more double bonds are consid-
ered to be PUFAs, H. pluvialis presents a PUFA content of
6.02%. The most abundant FAs in the sample are palmitic
acid (C16:0) with 20.38%, oleic acid (C18:1) with 15%, lin-
oleic acid (C18:2) with 29.92%, and linolenic acid (C18:3)
with 15.21%. All MUFAs and SFAs were identified in the
method, indicating that the unidentified peaks belong to
PUFAs.

UNE EN 14214: according to the standard, fatty acids
must have 4 or more double bonds to be considered a PUFA.

The acidity value of 0.08 mg KOH/g obtained for the
MBO indicates the absence of FFA that could interfere with

the reaction. Therefore, an esterification process with an acid
catalyst was unnecessary. Additionally, the water content of
the sample (1580-1820 ppm) was due to ambient moisture,
and thus, a prior drying process was not required.

Figure 3b shows the plot of wave number versus trans-
mittance, displaying the specific molecular bonds present
in both MBO and FAME through the infrared spectrum.
The wavelength of 1435 cm™' represents the -CHj; bonds,
which, together with GC-FID, confirms the transforma-
tion taking place in the reaction. The wavelength ranges of
28003000 cm™!, 1730-1750 cm™!, and 1000-1300 cm ™!
correspond to -C-H bonds and -C=0, -C-0 esters [26]. In
the range of 3000-3700 cm™', the -O—H bonds are present,
which strongly relate to the thermal and oxidative stability of
the sample [27]. The presence of -O-H molecules increases
with the water content, making this wavelength informative
since water and moisture contribute to FAME degradation.
As shown, this band has a lower presence in FAME com-
pared to MBO, indicating lower water content and better
stability of the FAME.

Optimization of Transesterification Reaction by RSM

Table 4 shows the actual and predicted Y response obtained
using the Design Expert software and the relative error
between the two values.

Model Adequacy Check

Equation 2 was generated from the empirical model that cor-
relates the coded input variables with the response Y through
a quadratic regression,

Y = 55.77 — 6.94A + 2.70B — 3.9C + 0.858848 + 2.45AC — 2.73BC + 6.96A> + 6.88B° + 0.5278C* @

The results of the final ANOVA are presented in Table 5.
Figure 4 shows the interaction between the input variables
and the response Y (according to Eq. 2) using a 3D surface

Table 3 Fatty acid composition of H. pluvialis

Fatty acid Content (%) Total (%)

C16:0 20.38+0.21  Not identified 8.68+1.04
C17:1 2924002  SFA 21.23+0.21
Cl18:0 0.85+0.01  MUFA 18.81+0.12
Cli8:1 15.8940.13  PUFAUNEEN1E2M 6.02

Cl18:2 29.92+0.07  Total lipid content  50.04
Cl18:3 15.21+0.17

Cl18:4 2.50+0.02

C20:5 3.52+0.04

plot. It is observed that the reaction time interacts similarly
to the alcohol ratio (Fig. 4a) and the reaction temperature
(Fig. 4b). Y does not respond to time variation, while for the
other two variables, it fluctuates significantly. This statement
supports the ANOVA results presented in Table 5. where the
factors AC and BC had p values greater than 0.05, indicating
that they were not significant terms,

In contrast, the relationship between alcohol ratio and
temperature indicates a minimum stationary point at [0, 0,
0], with Y increasing towards the extremes of [—2, 2]. The
highest predicted ¥ values fall within the range of [- 1.5, 2]
for alcohol ratio and [0, 2] for reaction temperature.

The increase in temperature results in an increase in equi-
librium conversion and therefore an increase in FAME yield.
Furthermore, it was identified that the effect of temperature
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Table4 Actual and predicted ¥ response results obtained in this study

Factorial input variable Responses, ¥
A B C Actual Predicted

¥ (%) Y (%) Error (%)
a =2 0 80.48 7189 321
0 0 0 56.89 55.77 1.96
1 -1 -1 57.65 58.37 125
1 -1 1 60.94 60.91 0.04
2 0 0 67.84 69.73 278
1 1 -1 74.01 70.93 4.16
=2 0 0 97.23 97.49 027
0 0 -2 6523 65.69 0.71
0 0 0 49.12 55.77 13.55
-1 1 -1 90.12 §8.00 2.36
1 1 1 66.12 62.57 537
=1 =1 -1 7747 78.87 1.81
0 0 0 56.93 55.77 203
=1 1 1 72.71 69.84 395
0 0 2 48.39 50.08 348
0 2 0 83.94 88.68 564
-1 —1 1 70.69 71.62 1.31
0 0 0 55.36 55.77 0.75
0 0 0 58.42 55.77 4.53
@ Springer
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on the FAME yield is less pronounced when reaction times
are longer. This allows for high FAME yield at low tem-
peratures to be achieved when utilizing longer reaction
times. Kumar also reported this temperature—time balance
in a jatropha-algae biodiesel mixture, where the maximum
conversion achieved was 96.29% for a time of 180 min and
45 °C [28].

Optimization Conditions of RSM Analysis

After selecting the empirical model that best fits the experi-
mental dataset and studying the influence of each input vari-
able on ¥, the optimal conditions for producing FAME from
H. pluvialis were determined.

The limiting criteria for obtaining optimal conditions
were input parameters in range (alcohol ratio, temperature,
time) and maximized output (FAME yield) [29].

The optimal conditions obtained in coded format
were — 1.61 for alcohol ratio, 0.53 for temperature,
and — 1.54 for reaction time. These values were decoded to
obtain the actual experimental configuration, which is tabu-
lated in Table 6. Based on Eq. 2, this configuration gives
a predicted Y of 103.32%. The experimental tests were
conducted under optimal conditions resulting in a FAME
yield of 98.44%. This represents a 2.26% error relative to
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Table 5 ANOVA of the fitting

Source df Fvalue p value Remark

model for ¥
Model 9 2495 <0.0001 Significant
A—MBO to methanol ratio 1 54.19 <0.0001
B—reaction temperature 1 8.17 0.0188
C—reaction time 1 17.15 0.0025
AB 1 0.4148 0.5355
AC 1 3.37 0.0995
BC 1 4.18 0.0712
A? 1 80.62 <0.0001
B 1 7875 <0.0001
c 1 0.4637 0.5130
Residual 9
Lack of fit 5 1.13 0.4664 Not significant
Model summary R? R? (adj.) R (pred.) Adeq. precision

0.9614 0.9228 0.7884 17.3295

Note that the F and p values represent the significance of the model. Differences were considered signifi-
cant at p<0.05. An £ value of 24.95 and a p value <0.0001 indicate that both the model and its terms are
significant. The adjusted R* of 0.9614 is also consistent with these values. Adequate precision represents
the signal-to-noise ratio, so a ratio greater than 4 is desirable, which in this case is 17.3295. The predicted
R?, obtained by comparing the experimental values of ¥ with those obtained by applying Eq. 2, is also in
reasonable agreement with the adjusted B2, with a difference of less than 0.2. The model is appropriate for
predicting Y, as shown in Table 4, where the actual and predicted values are very close, with a relative error
of no more than 6%, except for one of the five replicates of the central point, which presented an error of
13.5% (outlier)

Fig.4 Interaction between (a) (b)

independent variables for
FAME yield. a Alcohol ratio vs.
reaction time. b Temperature vs.
reaction time. ¢ Alcohol ratio
Vvs. reaction temperature

Y (%)

Y (%)

Time (min)

©
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Table 6 Coded and real values for optimal transesterification condi-
tions

Input variable Coded value Real value
MBO to methanol ratio - 161 4.17
Reaction temperature (°C) 0.53 80
Reaction time (min) —1.54 47
Response, Y Predicted Actual Error (%)
FAME yield (%) 103.32 98.44 226

the predicted value, which is the highest conversion rate
achieved.

FAME Physicochemical Characterization

The FAME had a density value of 900 kg/m3, which is
within the range of the UNE EN 14214 standard. This value
is significantly higher than that reported for biodiesel from
other vegetable sources, such as palm kernel or the microal-
gae S. oleosa, both of which have values of 879 kg/m® [30,
31]. However, higher values have been reported, such as for
FAME derived from rapeseed oil, with a density value of
916 kg/m® [32]. The kinematic viscosity value was slightly
elevated, reaching 7.02 mm2/s, 2 mm2/s above the upper
limit specified by standard for biodiesel. This value is also
significantly higher than that reported by other vegetable
sources, which typically range from 4 to 6 mm?s [33, 34].
Nevertheless, the density and viscosity values of the present
study have been determined to fall within the operational
range for use as biolubricants, as defined by the SAE J-300
standard. Consequently, it would be of interest to investigate
the tribological properties of this biofuel in future studies.

The fluid’s working temperature range was determined
through a comprehensive thermal analysis. The results of
TGA from Fig. 3¢ shows that FAME has an onset thermal
degradation temperature of 211 °C, which is lower than
that of the MBO at 348 °C. Additionally, FAME exhibits
maximum degradation above 425 °C, resulting in a quasi-
complete degradation of the sample. However, the MBO
residue remains as it does not fully degrade at the highest
test temperature. The onset thermal degradation temperature
of FAME derived from H. pluvialis has been determined
to be higher than that reported for biodiesel derived from
jatropha and rapeseed [32, 35]. In comparison with other
microalgae, the FAME derived from S. platensis and N.
gaditana strains have been found to exhibit higher degrada-
tion onset temperatures, with values of 300 °C and 240 °C,
respectively [20, 36]. This observed difference may be attrib-
uted to the higher content of unsaturations in the case of
H. pluvialis, in comparison to the aforementioned last two
strains of microalgae, which would have a deleterious effect
on its thermal stability.

& Springer

During the FP measurements, the FAME sample exhib-
ited foaming formation at 100 °C and a continuous ignition
from 150 to 155 °C, which is considered the FP temperature.
The foaming at 100 °C may be due to the presence of small
contaminants, such as other lipids, in the microalgae FAME
that break down when heated and tend to form a thin layer
of foam in the presence of air [37]. The presence of foam
on the surface hinders the dispersion of combustion gases,
causing the foam to expand. This FP value is consistent with
the typical range observed for FAME derived from vegetal
sources, falling between 140 and 190 °C [31, 33].

The determination of PP was challenging for the MBO
sample due to its non-pure compound nature, resulting in the
absence of a characteristic peak. Instead, it exhibited a broad
exothermic freezing band between — 2 and — 32 °C (Fig. 3a). In
contrast, the FAME sample displayed a well-defined exother-
mic freezing peak with an onset temperature of —4.6 °C and a
peak temperature of — 5.1 °C. Additionally, the PP value of the
FAME from H. pluvialis was slightly lower than that of bio-
diesel from other vegetable sources. Those derived from edible
waste, palm kernel, honge waste cooking oil, or S. eleosa have
PP values above 0 °C [30, 31, 38]. Lower PP values have been
reported for microalgae such as S. platensis (—9 °C) [36]. The
reduction in PP in microalgae FAME is attributed to the differ-
ent molecular characteristics of the fatty acids present in edible
vegetable oils and those present in MBOs. In contrast to veg-
etable oils, MBOs have a higher percentage of polyunsaturated
fatty acids, with a value of 6.02% in this study. The presence
of cis double bonds in unsaturated compounds hinders crystal
packing, resulting in lower PP values [39].

Additionally, the LHV and HHV were determined to be
38.03 and 40.38 MJ/kg. respectively. These values are close
to those reported for biodiesel from vegetable sources as
jatropha and honge (38.66 and 39.79 MJ/kg, respectively),
which in turn are slightly lower than diesel (44.22 MJ/kg)
[38].

Most of the important properties exhibited by FAME
derived from H. pluvialis do not align with the stipulated
limits set by the standard. The high viscosity and the PUFA
content of 6.02% are significant limitations. It is common
for microalgae to contain high levels of PUFAs, with values
ranging from 20 to 75% being typical [40]. Although the
presence of these structures negatively affects its oxidative
stability, the presence of more than one double bond in the
carbon chain lowers the viscosity by hindering molecular
packing [41]. Consequently, the presence of PUFAs serves
to prevent the viscosity from increasing further. Conversely,
these values of density, viscosity, and working temperature
fall within the operational range for use as a lubricant, in
accordance with the SAE J300 Standard for the viscosity
grade. Typical lubricant densities range from 700 to 950 kg/
m?, with operational temperature ranges between 20 and 90
°C for medium load applications [42].
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Conclusions References
This research examined the parameters that influence the 1. Tang DYY, Khoo KS, Chew KW, Tao Y, Ho SH, Show PL

conversion of bio-oil derived from the microalgae Haemato-
coccus pluvialis to fatty acid methyl esters (FAMESs) through
a transesterification reaction. The optimization process of
this reaction was conducted using response surface meth-
odology. An empirical model was obtained, and the optimal
conditions for maximizing FAME production were deter-
mined. However, the mixture of FAMEs from H. pluvialis
does not meet the standard requirements for classification
as biodiesel. Consequently, further research is required to
obtain a biodiesel of the requisite quality. Nevertheless,
some of the physicochemical properties of this mixture per-
mit its utilization as a biolubricant.
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