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Objectif de I'étude : L'objectif principal de ce travail est de proposer une méthodologie
plus propre pour produire du biodiesel a partir de boues d'épuration en utilisant des solvants
eutectiques profonds et d'évaluer son impact sur I'environnement par le biais d'une analyse
du cycle de vie. En outre, il s'agit d'évaluer I'effet des additifs d'ester éthylique-MgO sur les
propriétés du biodiesel et ses émissions.

Contribution et conclusions : Dans cette recherche, une méthodologie standardisée a
été développée pour produire du biodiesel a partir de boues d'épuration en utilisant un
solvant eutectique profond (DES) comme catalyseur. Le rendement le plus élevé obtenu
était de 97% en utilisant le DES Chlorure de choline (ChCl) : Acide p-Toluéne Sulfonique
(PTSA) a 0,1 (molpes/mo rra), méthanol & 10 (molmethano/MOIlFFa) ratios respectifs, 60°C et 4h
de temps de réaction. L'analyse du cycle de vie souligne que la production de biodiesel a
l'aide de DES comme catalyseurs a un impact environnemental global plus faible que la
méthodologie conventionnelle utilisant H.SO4. Cela s'explique notamment par des temps de
réaction plus courts, des étapes de séparation/purification moins nombreuses entrainant
une réduction de la consommation d'électricité et I'élimination totale de I'hexane tout au long
du processus. La densité, la viscosité et I'indice de réfraction des mélanges de biodiesel
avec du lévulinate d'éthyle, de l'acétoacétate d'éthyle et du pyruvate d'éthyle avec une
quantité constante de 5ppmm, de MgO ont été déterminés expérimentalement sur toute la
gamme de compositions et de (288,15 a 333,15) K. Les mélanges biodiesel-esters d'éthyle-
MgO ont montré des diminutions de viscosité et des augmentations de densité par rapport
a l'ajout d'esters d'éthyle. Cela est d(i aux faibles viscosités et aux densités élevées des
esters éthyliques par rapport au biodiesel. Les mélanges de biodiesel avec des fractions
pondérales d'esters éthyliques inférieures a 0,2 étaient conformes a la norme de qualité
EN14214 pour le biodiesel. La combustion du biodiesel pur et des mélanges biodiesel +
ester éthylique a été simulée dans le logiciel Ansys fluent. Les valeurs simulées de la
température de combustion et de la fraction massique de NOx ont diminué jusqu'a 1 % et
17 % respectivement avec I'ajout d'une fraction massique de 0,1 lévulinate d'éthyle et de
0,0020 kg/s de particules de MgO en raison de l'effet de dissipation thermique des
particules. D'autre part, la fraction de masse de CO, a augmenté de 0,78 % en raison de
I'augmentation de la viscosité des mélanges causée par les particules de MgO. Enfin,
l'irradiation par ultrasons a été incorporée a la réaction du biodiesel en utilisant le
ChCI:PTSA DES comme catalyseur a 0,2 (molpes/molrra) et le méthanol a 10
(molmethanol/molrra). Cela a permis d'obtenir un rendement plus élevé de 96,3 % avec un
temps court de 1 heure et une température plus basse de 40°C ; ces réductions ont été
obtenues principalement grace a l'effet émulsifiant favorisé par les ultrasons.
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ENVIRONMENTAL IMPACT.

Number of pages: 144 Candidate for Doctor in sciences with orientation in
sustainable processes and Doctor in fluid
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Purpose of study: The main objective of this work is to propose a cleaner methodology
to produce biodiesel from wastewater sludge using deep eutectic solvents and to evaluate
its environmental impact through life cycle analysis. Additionally, evaluate the effect of ethyl
ester-MgO additives on the properties of biodiesel and its emissions.

Contribution and conclusions: In this research, a standardized methodology was
developed to produce biodiesel from sewage sludge using deep eutectic solvent (DES) as
catalyst. The highest obtained yield was 97% using the DES Choline chloride (ChCI): P-
Toluene Sulfonic Acid (PTSA) at 0.1 (molpes/mo rra), methanol at 10 (MOolmethano/MOlFFA)
respective ratios, 60°C and 4h reaction time. The life cycle assessment emphasizes that
biodiesel production using DES as catalysts displays a lower global environmental impact
than conventional methodology using H.SO4. This, notably because of shorter reaction
times, lesser separation/purification stages leading to a reduced electricity consumption and
total elimination of hexane throughout the entire process. Density, viscosity, and refraction
index of biodiesel blends with ethyl levulinate, ethyl acetoacetate and ethyl pyruvate with a
constant amount of 5ppmm, MgO were experimentally determined over the entire range of
compositions and from (288.15 to 333.15) K. Biodiesel-Ethyl ester-MgO mixtures showed
viscosity decreases, and density increases with respect to ethyl esters addition. This due to
the ethyl esters low viscosities and high densities compared to biodiesel. Biodiesel blends
with ethyl ester weight fractions less than 0.2 complied with EN14214 quality standard for
biodiesel. These blends could be considered as new potential ecofriendly biodiesel-based
blends.The combustion of pure biodiesel and biodiesel + ethyl ester mixtures were simulated
in Ansys fluent software. The simulated values of combustion temperature and NOx mass
fraction decreased up to 1% and 17% respectively with the addition of 0.1 ethyl levulinate
mass fraction and 0.0020 kg/s MgO particles because the heat sink effect of the particles.
On the other hand, the CO, mass fraction increased a 0.78% due to MgO caused increase
in the viscosity of the mixtures. Finally, ultrasound irradiation was incorporated to the
biodiesel reaction using ChCI:PTSA DES as catalyst at 0.2 (mol DES/ mol FFA) and
methanol at 10 (MOlmethano/MOIrra). It resulted in higher yield of 96.3% with a short time time
of 1 hour and lower temperature of 40°C; these reductions were achieved mainly because
of the emulsifying effect promoted by the ultrasound.



1. INTRODUCTION

In recent times, economic growth and social development have generated an
accelerated population increase, it is estimated that the world population will
increase from 7400 to 9000 million habitants over the next 20 years [1]. This will
generate an increase in energy demand, which nowadays is covered in 95% by fossil
fuels [2]. The use of these fuels contributes to global warming and depletion of the
ozone layer, due to their non-renewable origin and greenhouse gas (GHG)

emissions they produce.

The transport industry is one of the biggest contributors to GHG emissions
increase, with 23% of total global emissions. These emissions are mainly composed
of carbon dioxide from the use of fossil fuels in vehicle engines [3]. Biofuels
represents an alternative to reduce transport sector environmental impact; this due
to its renewable origin that makes that GHG emissions are not counted towards the

greenhouse gas emissions from the fuel [4] .

The main biofuels are bio hydrogen, bio alcohols, biogas, and biodiesel.
Among those, biodiesel have the advantage that its application as a fuel would not
imply major changes in the existing technologies of engines and supply centers, it
also comes from renewable sources, is biodegradable, its use reduces up to 51% of
the CO:2 full fuel-cycle emissions [4], and has a calorific value around 39.76 kJ /kg
comparable to Diesel. These conditions favor their use in compression internal

combustion engines [5]. However, biodiesel has higher values of density, viscosity,



pour point (PP), cloud point (CP) and surface tension than Diesel, these decreasing

the performance of combustion and injection systems of engines.

Density directly influences the volume of fuel fed to the engine, then high
density values increase the amount of fuel that is injected into the combustion
chamber, causing incomplete combustion problems, and increasing pollutant

emissions [6].

High viscosity produces low atomization of biodiesel in the combustion
chamber, increasing the energy needed to pump the fuel into the engine, which can

cause damage to the pumping system and filters [6].

The atomization of the fuel relies on the surface tension because it determines
the degree of dispersion and the formation of droplets, two factors that affect the
efficiency of combustion. A low surface tension improves engine efficiency and
decreases the emission of pollutants by ensuring full fuel combustion, the product of

good atomization [7].

Another important factor about biodiesel is its raw materials source.
Nowadays, biodiesel is mainly obtained from vegetable oils (coconut, palm, soybean
oils, among others) and animal fats (beef, chicken, pork, and fish fats). However, the
disadvantage of these raw materials lies in the economic cost, environmental
sustainability, and food security [8]. For this reason, the use of alternative raw
materials such as fats obtained from waste from industries such as trails, restaurants

and wastewater treatment plants represent a viable option, because they are



available in large quantities, and have almost zero costs (regarding its acquisition as

raw material) and do not affect food security.

Wastewater sludge is a waste produced by treatment plants; currently, its
disposal and storage represents about 50% of operating costs and so far, none
economic viable and environmentally sustainable method has been found [9].
Sludges contain about 60% of different origins of fat [10], and as a waste, it does not
have any commercial value, is produced in large quantities and is costly to dispose.
Mu et al. [9] highlighted that an average wastewater plant in the United States can
generate approximately 3.5 tons of sludge daily. When scaled up nationally, this
could yield about 9.54 kt of biodiesel annually, constituting nearly 1% of the USA's
yearly biodiesel output. This substantial sewage sludge biodiesel production is
projected to lead to a reduction of approximately 27.6 million kg of GHG emissions

each year.

In Mexican context, Tacias Pascacio et al. [11] studied residual fat production
of the city Tuxtla Gutiérrez in Chiapas state. They found that the city produces 174
tons per year of residual greases that can be converted in biodiesel. . Also, they
extended the estimation to the national level and suggested that Mexico could
produce 34.9 kt/year of biodiesel from residual fats, with the avoidance of emissions

of 92 kt of CO2/year.

Residual fats obtained from sewage sludge are projected as an alternative
raw material for biodiesel production, because it would contribute to cleaner

production and reduction in sludge disposal costs for water treatment plants.



Therefore, this research will study the biodiesel production from fats extracted from
wastewater sludge with the aim to study an alternative biodiesel synthesis that could

promote a cleaner production.

The production of biodiesel from sewage sludge is achieved with a series of
steps that begin with the extraction of fats; commonly using organic solvents such
as hexane, generating impacts on the sustainability of the process. Residual fats are
mainly composed of free fatty acids and triglycerides, so they must be subjected to
two types of processes to obtain biodiesel. The first process is esterification, where
free fatty acids are converted to fatty acid methyl esters (biodiesel), as result of this
reaction two phases are obtained, the lower phase is a mixture of water and catalyst
and the upper phase is a mixture of biodiesel and triglycerides. The biodiesel +
triglycerides mixture is taken to a transesterification process to convert triglycerides
that were not esterified into biodiesel. Commonly, esterification and
transesterification use homogeneous catalysts such as sulfuric acid and potassium

hydroxide, respectively [12].

The homogeneous catalysts used in transesterification and esterification have
the disadvantage of difficulty separation at the end of the reaction, so they cannot
be recovered. Also, the basic homogeneous catalyst promotes the formation of
soaps, decreasing the yield [13]. To avoid these problems, the use of heterogeneous
catalysts such as calcium oxide CaO represents a better alternative, because it can
achieve yields above 90%, can be easily separated at the end of the process, is
reusable and comes from renewable sources such as eggshell [14]. However,
calcium oxide is susceptible to deactivation due to exposure to the environment and

7



the presence of free fatty acids, so it requires reactivation by calcination with each

use and requires a previous esterification step [15].

Recently, a novel class of catalysts known as ionic liquids (ILs) has gained
prominence in biodiesel production. IL consist on ionic mixtures that, for the most
part, remains in a liquid state at room temperature. Commonly, IL cations contains
nitrogen or phosphorus, such us alkylammonium or alkylphosphonium, respectively.
Meanwhile, common anions include halides, BF4, NOs", CH3COz2, among others
[15]. The primary advantage of employing ILs as catalysts lies in their adaptability,
wherein specific anion-cation combinations can be tailored to meet specific
requirements. For instance, non-miscible compounds can be utilized with reaction
products to facilitate easier product isolation. Additionally, compounds that confer
basic or acidic characteristics to the IL can be employed. These adjustable
properties are particularly advantageous in biodiesel production, given its reliance
on esterification and transesterification reactions, where factors like acid character

and the miscibility of the reaction medium hold significant importance. [16].

Wu et al. [17] performed biodiesel production from cottonseed oil by using five
acidic IL as catalyst. They correlated the reaction yield with the IL acidity finding that
the best yield (92%) was obtained by the IL with the higher acidity strength, 1-(4-
sulfonic acid) butylpyridinium hydrogen sulfate at methanol:oil:IL molar ratio of
12:1:0.057 at 170°C and 5 h reaction time. On the other hand Han et al. produced
biodiesel from waste oils with 94% yield by using acidic IL of 1,4-butane sulfone, the
reaction conditions where methanol:oil:IL of 12:1:0.06 at 170°C during 4 h. They
reported that high reaction temperatures promoted a better catalytic performance. In
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addition to their high yields, ILs come with a significant drawback - their elevated
cost in comparison to conventional catalysts. Furthermore, their intricate preparation
methods often necessitate the use of volatile solvents, adding to the complexity and

environmental considerations in their production [16].

In the last times another alternative have raised to overcome the IL
disadvantages, those are the deep eutectic solvents (DES). DES are eutectic
mixtures of two pure compounds that forms stable networks by hydrogen bounding
associations [18]. Usually, DES are composed of a Hydrogen Bond Acceptor (HBA)
such as common halide salts (choline chloride (ChCl), choline acetate (ChAc),
methyl triphenyl phosphonium bromide (MTPB), among others) and a Hydrogen
Bond Donor (HBD) such as amines, alcohols, carboxylic acids, among others. These
compounds represent an option as substitutes for Volatile Organic Solvents (VOCs)
in several industrial applications, this due to their natural origin, low cost, simple

preparation, and high solvation capacity [19].

One of the biggest advantages of neoteric molecules such as DESs (and lonic
Liquids) is that they can play several roles in a chemical reaction. For biodiesel
production, DESs endorse three different roles: (1) solvent to biodiesel purification,

(2) cosolvent in reaction media or (3) catalyst.

Some DESs such as ChCI: glycerol, ChCI: ethylene glycol, and MTPB:
glycerol, have shown a high efficiency in purification stage, reducing biodiesel’s
glycerol content at around 0.02 wt%. This is mainly because DESs have high

miscibility in glycerol but are immiscible with biodiesel [20].



Some DESs have been also used as co-solvents for biodiesel production to
increase the active sites availability of conventional catalyst like CaO and KOH.
When ChCI: glycerol is used as cosolvent of CaO, it removes inactive layers formed
on the catalyst surface during the reaction [21]. Also, when ChCI: glycerol is
combined with NaOH, the presence of DES helps to increase the overall reaction

yield by lowering side reactions like saponification [22].

DESs can also be used as catalyst by including an acid as proton donator,
like tetra octyl ammonium bromide (TOAB): P-Toluenesulfonic acid (PTSA). TOAB:
PTSA DES was used as catalyst for biodiesel production reaching 99.2% of yield,
this because the DES enhanced the methanol and oil miscibility, acelerating the
interphase (methanol:oil) reaction rate due to its effect as cation surface active agent
[18]. The main advantage of this process is that the use of DES leads to high yields
under shorter reaction times (between 0.5 and 4 h) compared to the use of
conventional catalyst like sulfuric acid (between 6 and 8h) mainly because DES

improves the reactive species contact in the reaction media [20].

Based on the above, in this research three different DESs: ChCl: P-
Toluenesulfonic acid (ChCl: PTSA), ChCl: oxalic acid (ChCIl: OA), and ChCI: citric
acid (ChClI: CA) will be evaluated as catalyst for biodiesel production from sewage
sludge. This, to find whether these can promote simultaneous transesterification and

esterification reactions, decreasing the reaction time and obtaining a biodiesel
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cleaner production with respect to the conventional two-step process (esterification-

transesterification).

On the other hand, the quality of biodiesel is directly related to its
physicochemical properties, which are established by international standards EN
14214 and ASTM 6751, guaranteeing the applicability of biofuel [23]. As mentioned
above, biodiesel properties limit its use as a fuel in compression internal combustion
engines. However, to improve these properties, the use of compounds such as
alcohols, esters, metal oxides, among others as additives of biodiesel has been

implemented [24].

Alcohols such as methanol and ethanol are the most widely used additives as
they produce improvements in transport properties, however, due to some of their
characteristics such as low calorific value, low solubility in all the range of
concentrations, low lubricity, and low cetane number negatively affect combustion
properties [6]. Additionally, the use of alcohols as additives can increase the cost of

biodiesel production, thereby decreasing its competitiveness with diesel.

Short-chain esters such as ethyl levulinate and ethyl acetoacetate represent
an alternative to alcohols, as they show high solubility with biodiesel due to their
similar composition. Additionally, being products for industrial use, they are available
in large quantities, are less costly than some alcohols and are obtained from
renewable sources. The implementation of esters as biodiesel additives produces
improvements in transport properties such as decreases in viscosity and freezing

point, also improves combustion properties by increasing the number of cetane.
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However, due to their high oxygen content, the introduction of ethyl esters increases
emissions of carbon dioxide and nitrous oxides. This, because they increase the

oxygen content of the fuel [24]-[26].

The use of metal oxides particles such as magnesium oxide and titanium
oxide as biodiesel additives has shown favourable results to reduce the emissions
of polluting gases such as: CO, COz2 NOx, and particulate matter. This, because the
metal oxide nanoparticles supplies additional energy to the fuel, promoting changes
in its thermophysical properties like thermal conductivity and heat transfer rate,
additionally it promotes a fast oxidation reaction due to large surface to volume ratio
between particles and fuel. A lower combustion temperature and better oxidation
minimizes the fuel consumption for the same brake power and with this reducing the
emissions [27]. Additionally, it has been reported that the use of magnesium and
manganese oxides as additives of diesel and biodiesel increases flash point and
decreases freezing point because the oxides affect the colligative properties of the
mixtures [28] However, these decreases are not as effective as those obtained by
using liquid phase additives such as alcohols and esters. Therefore, in this work will
be proposed to explore the use of mixtures of magnesium oxide with ethyl esters
(ethyl levulinate, ethyl acetoacetate and ethyl pyruvate) to evaluate whether these
mixtures produce an additional or combined effect of improvement on the

physicochemical properties and gas emissions of the so-called biodiesel.
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Mostly research about fuel emissions is made through experimentation on
Diesel engines, although needed resources and equipment to perform these studies
are rather substantial. Available alternative to perform this kind of analysis can be
found through computational fluid dynamics (CFD) analysis, what is an integration
of fluids dynamics with numerical analysis and computational science, allowing the
study of fluids behaviour through the discretization of the representative geometry of
any system and the numerical solution of the mathematical equations that describe
the process [29]. CFD software like ANSYS Fluent, can analyze combustion process
by calculating parameters like highest combustion temperature and combustion
products’ mass fraction (CO2 and NOx). This is obtained by solving equations of
continuity, momentum, energy, turbulence, and transport by using the system

geometry and the fluids thermos-physical properties.

ANSYS Fluent has been already used to simulate Diesel-biodiesel mixtures
combustion. Notably, it allowed to calculate combustion temperature as well as gas
emissions to determine best possible mixtures’ use in a Diesel engine [30], [31].
Some reported studies ([32],[33]) have obtained similar results between simulated
and experimental values, showing that CFD combustion simulations can be used to
estimate biodiesel combustion characteristics with low variation (around 6.9%) with
respect to real Diesel engines. In this work ANSYS Fluent software will be
subsequently used to analyze the combustion temperature and gas emissions (CO2
and NOx) of biodiesel + ethyl ester + MgO mixtures, analyzing the problem from a

physical approach by using its experimentally obtained thermos-physical properties.
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When proposing new methodologies to produce biofuels, it is important to
analyze the economic viability and the environmental impact that they may display,
to support the benefits and applicability of these fuels, as well as to compare it with
existing conventional methodologies and fuels. To carry out this type of analysis
there are tools such as life cycle analysis (LCA), which allows to evaluate the
environmental impacts and the resources consumption of any process, through
environmental impact indicators that allow quantifying the effects produced by the
generation of products. For that reason, LCA method will be used to calculate five
environmental impact indicators to produce 1 MJ (megajoule) of biodiesel using the

method proposed in this work.

The aim of this research is: i) to develop a process to produce biodiesel from
wastewater sludge using DESs as catalysts. /i) To analyze the effect of MgO-ester
additives on the physicochemical properties of the biodiesel obtained. iii) To simulate
the combustion of mixtures comprising biodiesel-ethyl ester-MgO, employing the
observed physical properties, and iv) to estimate the environmental impacts

associated with the DESs catalyzed biodiesel production process.
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2. BACKGROUND

Biodiesel production processes commonly use vegetable oils as a raw
material. 84% of biodiesel is produced from rapeseed oil, 13% sunflower oil, 1%
palm oil and 2% from other oils [34]. Although vegetable oils are of natural origin,
they represent up to 85% of production costs, decreasing the economic
competitiveness of biodiesel compared with traditional fuels without forgetting its
affectation to alimentary security. Certainly, utilizing waste materials for biodiesel
synthesis has emerged as a sustainable, cost-effective, and socially equitable
alternative [35]. The following section provides a selection of pertinent references

corresponding to each topic under study in this research.

2.1. Biodiesel production from sewage sludge

In 2007, where they extracted lipids content from sewage sludge using
hexane, methanol, and acetone molecular organic solvents. The extracted lipids
were then converted into biodiesel by using sulphuric acid as catalyst to afford a
6.23% vyield based on dried sludge content. In 2009, Mondala et al. [36] produced
biodiesel from wastewater sludge through a one-step process, with 5 %v/v H2SO4
as catalyst and hexane as co-solvent, affording a yield of 14.5% based on extracted
lipid after 24 hours of reaction. Years later in 2011 Siddiquee et al. [37] substituted
homogeneous H2SOs4 catalyst by a heterogeneous acidic catalyst

H3PO4:-12W03-xH20 (PW12), reported a 34 wt% yield based on extracted lipid
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after 3 hours reaction time by using 15% PW 12, however the process is energetically
greedy and technically complex as it required temperatures of 135°C and 135 psi
pressure. The authors mentioned that studies about reaction optimization and
catalyst reuse could improve the process. In 2015, Bi et al. [38] produced biodiesel
from sewage sludge through a two-steps method, using firstly homogeneous
catalysis with 5 %w/w H2SO4 for esterification and secondly 1 %w/w KOH for
transesterification. They obtained a 70% vyield based on extracted lipid. but the
biodiesel purification process required vacuum distillation in order to separate
afforded biodiesel from reaction medium containing the unfriendly homogeneous
catalysts. Last but not least, Moreno-Caballero et al. (2020) [39] reported an as high
as 90% yield based on extracted lipid after 9h from wastewater sludge, using a two-
step process by esterification with 3 %v/v H2SO4 and transesterification with 0.1 %
w/w CaO obtained from eggshell. All of these cited examples highlight rapid
progresses in understanding and processing of sewage sludge to enable biodiesel
production. However, major problems still rely on the nature, efficiency and
recyclability of catalysts and processing operating parameters such as temperature,
pressure and time. Greener, cheaper, more environmentally-friendly alternatives to
those catalysts are therefore highly demanded and DES may appear as a valuable

and plausible one.
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2.2. Use of DES in biodiesel production

The study of DESs begun with the investigation of Long et al. [40] in 2010,
when they proposed a ChCl: ZnClz ionic liquid (nowadays known as DES,
emphasizing the tiny border between both families) from soybean oil. They obtained
54.52% vyield after 72 hours using 10%w DES and attributed this low yield to the
weak acidity of the DES. In 2011 Isahak et al. [41] obtained biodiesel from palm oil
using with ChCl: ZnCls DES , reported a 70.4% vyield after only 4h. Additionally, they
improved the initial yield to 92% by adding 20 w% of H2SO4, showing also potential
benefits of combining DES with conventional catalysts. Similarly, in 2013, Huang et
al. [21] implemented ChCI: glycerol as a cosolvent and CaO as a catalyst in the
transesterification of pure rapeseed oil, with a reaction time of 3 hours. Not only they
obtained a yield of 92%, but also separation of the products was much easier and

the reuse of the catalyst enabled for up to 5 cycles.

Hayyan et al. (2014 used DESs to produce biodiesel from residual raw
materials (crude palm oil) using a two-step process. They performed an esterification
with 0.75 %w/w DES (ChCI: PTSA) as catalyst, and then for transesterification used
KOH as catalyst to reach a total yield of 92%. On the other hand, Manurung et al.
(2017) [42] developed a one-step transesterification process starting from palm oil
residues by using 4 %w/w DES (ChCI: Glycerol) as a cosolvent and NaOH as a
catalyst reaching a maximum yield of 83% together with an easy separation process
to isolate biodiesel. More recently, Liu et al. (2020) [18] reported 99.2% vyield from
waste vegetal oil by using a PTSA based DES, at 70.5°C temperature, 24.6 wt%
DES and 12.5 methanol molar ratio. Additionally, they studied the kinetic, finding
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that it follows a pseudo-first order, this mainly because methanol was in excess in

the reaction but the kinetics showed a first order behavior.

2.3. Implementation of additives in biodiesel

Oxygenated additives such as short-chain ethyl esters have been
implemented as additives of biodiesel and diesel-biodiesel mixtures obtaining
improvements in transport properties like density and viscosity. Cao et al. [43]
prepared biodiesel blends with ethyl acetoacetate (EA) at concentrations from 0 to
20 vol% EA and measured the viscosity (at 313.15K), Cloud point (CP), Pour point
(PP), and Flash point (FP). They reported substantial decreases in viscosity, CP, PP
and FP values for all the studied mixtures. Joshi et al. (2011) [25] measured viscosity
(at 313.15K) CP, PP, and FP values for biodiesel blends incorporating ethyl
levulinate (EL) at concentrations from 2.5 to 20 vol% of EL. They also reported
reductions of 4-5°C in CP, 3-4°C in PP, at concentrations of 20 vol% (EL) as well as

decreases in viscosity (23%) and flash point (43%) values.

Similarly, Lei et al. (2015) [44] studied ternary mixtures of ethyl levulinate-
Diesel-biodiesel at concentrations from 0 to 4 vol% EL. They reported decrease of
viscosity but a sligh increase in density with the increase of ethyl levulinate in the
mixtures. Additionally, they found that NOx and CO2 emissions for all blends showed
higher values (18.5% for NOx and 44.1% for CO2) than Diesel emissions. Wang et
al. (2017) [45] prepared ethyl levulinate-Diesel-biodiesel ternary mixtures with 5 to

10 vol% EL. Such as previously described article,they also observed a decrease of
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viscosity (20.8% decrease at 10 vol% EL), and increase in density (3.9% increase
at 10 vol% EL) together with an increase in CO2 and NOx emissions due to the

presence of several oxygen atoms in ethyl levulinate.

Magnesium oxide has been also implemented as a biodiesel additive to
reduce emissions of polluting gases. Keskin et al (2008) [46], prepared mixtures of
biodiesel with magnesium and molybdenum oxides (MoQO) at concentrations of 4, 8,
and 12 ymol-L-' and measured the flash point, viscosity (at 313.15K) and the CO2
and NOx emissions in a Diesel engine. They notably reported decreases in the NOx
(23.19% at 8 umol-L-' MoO) and COz2 (8.82% at 12 ymol-L-* MgO) emissions. Ranjan
et al. (2018) [47] evaluated mixtures of biodiesel with the same additive from 20 to
50 ppm, and noted decreases in CO2 (1.2% average) and NOx (2.67% average)
emissions such as for cetane number as well, but also that the use of MgO caused
increases in viscosity. Moreno-Caballero et al. (2020) [39] studied densities and
viscosities of mixtures of biodiesel with MgO from 1.6 x 106to 5 x 1078 in mass
fraction and from 288.15 to 338.15 K, and reported a maximum reduction of 4% in

viscosity and increases in density of less than 1%.

2.4. Biodiesel emissions analysis using CFD.

Fluid flow systems can be analyzed by computational fluid dynamics (CFD);
it allows to have estimations close to the reality. Diesel and biodiesel blends
combustion have been analyzed using CFD software. Govindam et al. (2014) [30]

have studied Diesel-biodiesel combustion trough simulation using the software
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ANSYS Fluent, and obtained simulated data for high peak temperature and in-
cylinder pressure. The pressure was experimentally validated, and they found a
difference below 2% compared with simulated data. Similarity, Dixit et al. (2019) [32]
realized a CFD combustion analysis of biodiesel blended with Diesel modelling a
cylindrical combustor (250mm x 1800mm) using ANSYS Fluent. The simulation
generated contour plots of the combustion temperature at various blend ratios from
0 to 100%, temperature varied from 2100 K to 1100 K, respectively. They concluded
that appropriate blend ratio for biodiesel-Diesel blends was with up to 20 vol% of
biodiesel, because showed a low temperature of combustion (1750 K), maximum
efficiency and lower emissions. However, the simulation was not experimentally
validated. Balasubramanian et al. (2021) [31] used Dixit's combustor model to
analyze biodiesel-Diesel blends and compared it with real engine emissions. They
reported average error between simulated and experimental results around + 6.9%
for CO2and 6.7% for NOx emissions showing that combustor model can provide

emissions predictions near to reality.

2.5. Life cycle analysis in biodiesel production from wastewater sludge

Life cycle analyses (LCA) have been carried out to assess the environmental
impacts generated by the production of biodiesel from residual fats. Dufour et al.
(2012) [48] evaluated the environmental impact of biodiesel production processes
using different raw materials such as: used cooking oil, beef fat, chicken fat and

wastewater sludge, and it was observed that for all evaluated environmental
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indicators the processes using residual raw materials had lower values than diesel.
Mu et al. (2016) [9] performed a LCA of the two-step (esterification and
transesterification) biodiesel production process using wastewater sludge as raw
material. They concluded that with the implementation of such a kind of greener
process in United States wastewater treatment plants would reduce GHG emissions
about 27.6 million kg of COz, evidencing the high environmental and economic
potential of the process. Hums et al. (2016) [49] realized the LCA of the biodiesel
production process by using waste trap grease (WTG) from restaurants as raw
material with a bubble column reactor system and sulfuric acid as catalyst for the
biodiesel production process. Additionally, the authors compared the environmental
impact of the WTG process with biodiesel production using soya oil (SO) and with
low sulfur diesel (LSD) production process. They found that the environmental
impacts of WTG process were comparable to the one using SO and lower than that
of LSD one and concluded that WTG biodiesel could lead to reduces GHG emissions

impacts between 20-75% by comparison with LSD process.
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3. SCIENTIFIC CONTRIBUTION

The scientific contributions of this project are:

e Proposal of a methodology to produce biodiesel from sewage sludge using
deep eutectic solvents.

¢ Understanding the effect of the implementation of two-phase additives (ethyl
esters-MgO) in biodiesel on physicochemical properties and exhaust gas
emissions.

e Estimate by life cycle assessment (LCA) methodology the environmental
impact generated by the production of biodiesel from wastewater sludge

using deep eutectic solvents.

4. HYPOTHESIS

The use of deep eutectic solvents as catalyst will reduce the reaction time and
increase the yield of biodiesel production from sewage sludge, thereby decreasing
its environmental impact. Likewise, the addition of ethyl esters and MgO as biodiesel
additives will enhance its physicochemical properties, contributing to the reduction

of its greenhouse gas emissions.
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5. OBJECTIVES

5.1. GENERAL OBJECTIVE

Develop a biodiesel production process from sewage sludge using DES as
catalyst and determine the effect of the use of ethyl ester-MgO mixtures as additives

on the physicochemical properties and simulated exhaust emissions.

5.2. SPECIFICS OBJECTIVES

e Synthesize and characterize acid deep eutectic solvents (DES) by using
carboxylic acids as Hydrogen Bond Donors.

e Implement the use of DES as catalysts in the production of biodiesel from
wastewater sludge.

e To determine experimentally the physicochemical properties of biodiesel +
additive mixtures (ethyl ester-MgO) such as: density, viscosity, refractive
index, cetane index, flash point, and calorific power.

e Estimate by numerical simulations the exhaust gas emissions produced by
biodiesel + additive mixtures (ethyl ester-MgO).

e To analyze the environmental impact associated with the biodiesel production
process from wastewater sludge using eutectic solvents as catalysts by using

life cycle assessment.
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6. METHODOLOGY

This section presents the materials and the methodology proposed for the
fulfilment of the general objective and of the specific objectives established in this
research project. Figure 1 outlines the followed methodology for the project with a

five stages roadmap.
- -

V.
-

Figure 1. Diagram of investigation stages.

6.1 Laboratory materials and equipment

In this research, wastewater sludge was used to produce biodiesel; it was
obtained from the northeast water and drainage plant of Monterrey, México. The
reagents implemented with their purity and identification number are shown in Table

1.
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Table 1. Reagents used in this research.

Purity
Reagent (Mass Brand No CAS
fraction)
Methanol 0.990 Merck 67-56-1
Choline Chloride 0.980 Sigma-Aldrich 67-48-1
Oxalic acid 0.975 Sigma-Aldrich 144-62-7
P-toluenesulfonic acid 0.985 Sigma-Aldrich 6192-52-5
Citric acid 0.995 Sigma-Aldrich 77-92-9
Magnesium nitrate 0.981  Sigma-Aldrich  13446-18-9
hexahydrate
Ethyl levulinate 0.997 Sigma-Aldrich 539-88-8
Ethyl pyruvate 0.995 Sigma-Aldrich 617-35-6
Ethyl acetoacetate 0.996 Sigma-Aldrich 141-97-9

The equipment used and respective locations are given in Table 2.

Table 2. Laboratory equipment.

Equipment

Location

Chromatograph with flame ionization
detector (HP 5890A)

X-ray diffractometer

Tensiometro Sigma 701 de anillo
Vibrant Tube Densimeter DMA 5000
Anton Paar
Cannon-Fenske Viscometer
Muffle thermo scientific thermolyne
FB1410M-33

Faculty of Chemical Sciences-Food
Laboratory

Faculty of Chemical Sciences

Laboratory of Physiochemistry-Faculty
of Chemical Sciences Graduate
Division
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6.2 Experimental Procedure:

The different experimental and analytical procedures engaged in the five

stages of this project are hereafter introduced and described.

6.2.1 Stage 1: Catalyst preparation

Three different DESs to be used as catalysts were synthesized according to
published procedures [50] [51] and then. The deep eutectic solvents compounds
were dried before use in a furnace at 105°C, during 12 hours. Typically, DES were
synthesized by mixing two components: (1) a halide salt (choline chloride) as a base
compound and (2) a hydrogen bond donor (PTSA, OA and CA). To form the solvent,
both components were mixed gently at 80 °C with constant stirring of 300 rpm for
one hour, until a liquid homogeneous mixture was obtained. Moisture was controlled
with the implementation of a filter filled with molecular sieve on the top of the reaction
flask [21]. Their respective density and refractive index were measured and

compared with literature reports to for further confirmation.

6.2.2 Stage 3: Biodiesel Production and Characterization
Biodiesel production form sewage sludge was performed in three stages: (1)

grease extraction, (2) biodiesel synthesis, and (3) biodiesel characterization.

For the extraction stage, sewage sludge was filtered using sieves (500 um) to
remove undesired solids they may contain. Then, the filtrated solution was subjected

to a process so-called “acid bath”, where the sludge was mixed at a 1:1 volume ratio
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with a 6%v/v aqueous solution of sulphuric acid during 1 hour at 60°C to promote
the separation of the lipids contained in the sludge. The free fatty acid percentage
(%FFA) of the obtained lipids was measured through titration method (AOAC
942.15) by using phenolphthalein as indicator, this to establish the reaction
parameters (methanol molar ratio and DES quantity) based on the FFA content of

the residual grease.

Biodiesel was produced from the extracted grease through a one-step
process. Methanol and grease were added in a constant molar ratio of 10 (mol
methano/MOI FrFA) t0 a batch system at a constant temperature of 60 °C. DES was
added at different DES: FFA molar ratios between 0.1 and 0.4 (mol pes/mol rra) to
maximize the production of biodiesel. Explored experimental conditions are given in
Table 3.

Table 3. Reaction conditions for biodiesel production.

Temperature Reaction Methanol to FFA DES to FFA
DES o . . .
(°C) time (h) molar ratio molar ratio

0.05
0.1
0.2
0.3

ChCI: PTSA 60 3 10

0.1
0.2
0.3
0.4

ChCl: OA 60 3 10

0.1
ChCl: CA 60 3 10 0.2
0.3
04
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The biodiesel yield was assessed by measuring the reduction of the %FFA
content between starting material and resulting product after isolation/purification.
To determine the kinetic profile, the reaction time of the experiments displaying best
yields was also prolonged up to 8 hours with taken samples every 30 minutes

subsequently titrated to measure the %FFA.

The physicochemical properties of pure produced biodiesel were determined
using different analytical methods shown in Table 4. Additional properties such as
refractive index, density, viscosity, flash point and cetane number were
experimentally determined for biodiesel + additive mixtures, and their quality

evaluated by comparison with the EN14214 standard.

The density was measured with a DMA 5000 vibrating tube density meter
(Anton Paar). A glass tube was filled with the fluid to be analyzed and was subjected
to a harmonic electromagnetic force. The oscillation period of the tube, which is
related to the density of the fluid, was measured by a built-in oscilloscope,. The
density meter was calibrated periodically using dry air and ultra-pure water (density
value = 0.99817 g-cm™ at 293.15 K, and resistivity < 1 uS-cm™') as reference fluids
[52]. The estimated relative standard uncertainty for density is 5x10-4. This value

was calculated by error propagation.

To measure the kinematic viscosity, Cannon-Fenske glass capillary
viscometers number 75 and 100 were used. The viscometer is a container
surrounded with insulating water, controlling the temperature by means of an

Isotemp 3016D (Fisher Scientific) recirculating bath. The measurement was made
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by accounting the time it takes the fluid to cross two standard marks in the
viscometer, the time directly relying on the kinematic viscosity by calibration
equations provided by the manufacturer [52]. The estimated relative standard

uncertainty for viscosity values is 0.03.

Table 4. Analytical methods for the physicochemical properties of biodiesel and the
limits established by standard EN14214.

Property Analysis method Limits
EN 14214

Acid value (mg KOH-g") EN 14104 Max. 0.5
Sediment content (% in volume fraction) ENISO 12937 Max. 0.05
Flash point (K) EN ISO 3679 > 393.15
Methanol content (% in mass fraction) EN 14110 Max. 0.2
Sulfur content (mg/kg) EN ISO 20884 Max. 10
lodine value EN 14111 Max. 120
Density, 15 °C (g-cm3) ENISO 12185  0.86-0.90
Kinematic viscosity, 40°C (mm2-s-) EN ISO 3104 3.5-5.0
Calorific value (MJ-kg™") ASTM D-240 Not reported
Cetane index ASTM D-4737  Min. 51
Distillation (K, 98% in volume fraction ASTM D-86 Not reported

recovered)

Refractive index was measured with an Abbemat 300 refractometer; the
sample was located on a prism radiated by a LED from different angles. The
refractometer measured the critical angle of total reflection and, from this value, the
refractive index (IR) of the sample was determined. The estimated relative standard

uncertainty for refractive index is 2x1074.
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The flash point was determined within a Pensky-Martens meter of closed cup
(K16203, Koehler); the measurement consists of increasing the temperature of the
studied fluid while in contact with an ignition source to reach the spontaneous ignition

temperature [53]. The estimated standard uncertainty in the flash pointis 1 K.

Calorific value was measured using a bomb calorimeter (Parr, 6200)
according to the ASTM D-240 norm. The sample cup was filled with 1 g of fuel and
placed inside the steel pump where the fuel sample ignited in the presence of oxygen
at 3 MPa. The exothermic combustion reaction increases the temperature inside the
bomb and transfers energy to the pump jacket. The calorific value was calculated in
terms of the rise in temperature and the mass of the fuel sample. The estimated

standard uncertainty in the calorific value is 0.2 MJ/Kkg.

The cetane index was calculated with ASTM D-4737 method, using the
sample density (EN ISO 12185) and the distillation curve (ASTM D-86) temperatures
recorded at 10, 50, and 90% of the volume recovered. Distillation curve was
measured with a petroleum product distillation tester (TBT-6536A). The estimated

standard uncertainty in the cetane index is 0.4.

6.2.4 Stage 4: Additive implementation and additive-biodiesel mixtures
characterization

In this research, a biphasic additive was used. Whereas the liquid phase was
a short-chain ethyl ester, the solid phase was magnesium oxide powders dispersed

into the liquid phase.
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Magnesium oxide was obtained using a hydrothermal synthesis. Magnesium
nitrate Mg (NOs3)2-6H20 was used as precursor and sodium hydroxide solution of
0.1M as solvent. The reaction was ran for 2 hours at 180 °C in an autoclave to afford

Mg(OH)2, which was then calcined in a muffle to obtain MgO [54].

Biodiesel was mixed with MgO and three different ethyl esters (ethyl
levulinate, ethyl acetoacetate and ethyl pyruvate)with a constant concentration of 5
ppm mass (ppmm) of MgO, but with biodiesel-ethyl ester mass fraction varied from
0 to 1. To obtain the biodiesel-Ethyl levulinate-MgO mixtures, small amounts of MgO
were weighed on a microbalance (model XPR10, Mettler Toledo) with a resolution
of 0.001 mg, linearity deviation of 0.003 mg and repeatability of 0.0004 mg. To
ensure a vigorous and efficient mixing, each ternary mixture was submitted to
ultrasonic irradiation in an ultrasonic bath (model Bransonic MH, Fisher scientific, 40
kHz) for 30 minutes. Mixtures were stored in transparent glass containers to check
oxide powder agglomeration and before all the measures the mixtures were again
putted in ultrasonic bath for 15 minutes to homogenize it. So-called mixtures were

then characterized in accordance with the procedures set out in step 3.

6.2.5 Stage 5: Combustion simulation

For the combustion analysis, a cylindrical combustor (Figure 2) was simulated
in Ansys Fluent following the methodology reported by Dixit et al. [32], whose used
a 2D axisymmetric geometry to perform combustion analysis of Diesel-Biodiesel

mixtures. The system’s 2D geometry is showed in Figure 2, the whole domain was

31



discretized using fine mesh generation. Then, fuel and air fluxes were applied using
boundary conditions, the fuel entered into the combustor through a small nozzle

placed at the center of the cylinder at 50 m/s while ambient air at 0.5 m/s coaxially.

In order to simulate biodiesel combustion within the combustion chamber, it
is essential to account for the mixing and transport of chemical species. Ansys
facilitates this by solving conservation equations that address convection, diffusion,
and reactions for each species present in the fluid. This combustion is a turbulent
flame, which is the most common kind of flame for internal combustion engines and
industrial burners. Where fuel and the oxidizer enter into the combustion chamber in

turbulent flows to improve its mixing process [55].

In turbulent flames simulation, Ansys considers two model options: Non-
premixed model (NPM) and Species Transport Model (STM). The choice between
the two models depends on the desired level of accuracy and the available
computational capacity. STM allows a clear understanding about chemical reactions
by predicting the local mass fraction of each specie opposite to NPM that solve the
system transport equations for one or two conserved scalars (the mixture fractions)
[56]. Given that the primary goal of this simulation is to analyze the combustion
emissions of biodiesel mixtures, the STM model was selected for its capacity to
deliver a more precise calculation of combustion products, fuel consumption, and

the transport of these species within the combustion chamber.
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The STM model predicts the local mass fractions in the simulated system
through solving convection-diffusion equation of each specie like showed in

Equation 1.
d - -7
= (pY) + V- (pBY) =~V ], +R; (1)

Where Y; is the local mass fraction on specie i, p is the density, and ¥ is the
velocity. The terms in the left, represents the rate of change of the species and the

convective transport, respectively. The right side the terms represent the diffusion

flux of the species (—V ]_l) ) and the production rate of species (R;) [56].

The production rate of species is calculated using a combustion chemistry
model known as the Eddy Dissipation Model (EDM). This model accurately predicts
the combustion chemistry, accounting the effects of temperature and species
concentration fluctuations induced by the turbulent flow. EDM utilizes the rate of

dissipation of eddies (fluid swirls) containing reactants and products to determine the

reaction rates [57], the EDM model calculates the reaction rate of reaction r (Rl-'r)

as the minimum value of the Equation 2 and Equation 3.

, Y,
Ri,r = vi,er,iAp %v}r?r;jle (2)
Ri, = v, M, ABpS222—  (3)

VN7
KZ] vj,.r.Mer
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Where Y5, is the mass fraction of any product specie, Y5 is the mass fraction

of any reactant, v;’w stoichiometric coefficient of product j in reaction r, M, g
molecular weigth for reactant R, € is the turbulent dissipation, K is the turbulent

energy, p is the fluid density, A is an empirical constan, and B is an empirical

constant. For combustion in turbulent flames A is 4.0 and B is 0.5.

The energy changes in the system are calculated by using the energy

equation as:

o

%(pH)+V-(p;H)=V-(£VHJ+Sh (4)

Where pis the mixture density, v is the mixture velocity, H the enthalpy, &,
the thermal conductivity, ¢, is the specific heat capacity. The terms in the right side

of the equation represents the enthalpy variation and the enthalpy due to convective
transport respectively. On the left side, the first term represents the conductive-

diffusive term and S, includes reaction heat or other external heat sources.

To include the effect of solid particles in the fluid the Discrete Phase Model
was used. This model calculates the trajectory of the particles in the fluid by making
a force balance on the particle, using an Eulerian-Lagrangian frame, for x direction

in Cartesian coordinates is expressed as:

dv Ix\Pp—P
d—szD(v—vp)+(p—”)+Fx (5)
14
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Where v is flow phase velocity, v, is the particle velocity, g is gravity, p is fluid
density, p, is particle density, Cj, is the drag coefficient, Re is the Relative Reynolds
number, and d,, is the particle diameter. In the right side of the equation the F, term

is the drag force related with the relative velocity, the second term is related with the
gravity force component and E, represents another external forces that could be

applied to the particle motion.

For this simulation, only the physical effects of the particle will be considered
this mainly to the lack of information in the literature about the chemical effect of the
metal particles on the fuel combustion. Based on this only the heat transfer model of
the DPM was used, this model calculates the inert heating or cooling of the particles
in a fluid by using a heat balance (Equation 7) to relate the particle temperature (T,)

to the convective heat transfer.

dT,
mpcp E = hAp (Too - Tp) (7)
Where m,, is the mass of the particle, ¢, is the heat capacity of the particle, h
is the convective heat transfer coefficient, 4, is the surface area of the particle, T,

is the local temperature of the fluid phase and T,, is the temperature of the particle.

Initially, we simulated the combustion of Diesel, obtaining data profiles
(combustion temperature and exhaust gases mass fraction), and compared the

results with those reported by Dixit et al. [32]to validate the simulation. After that the
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biodiesel-Ethyl ester mixtures that complained with the EN14214 in the experimental

stage were simulated.
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Figure 2. CFD geometry for combustion analysis [32].

In the simulation, mixtures of biodiesel, ethyl esters, and MgO were
incorporated using the materials interface of ANSYS Fluent. Where properties such
as density, viscosity, and specific heat capacity were input into the software based
on a combination of experimental data from the additive implementation step (stage
4) and literature sources. To account for the presence of MgO nanoparticles, we
employed the Discrete Phase Model (DPM) to analyze inert heat transfer. The
chemical effect was not considered, given the absence of a comprehensive reaction
mechanism for MgO additives. Consequently, available data for a chemical

simulation in current studies on nanoparticle combustion was limited. The average
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MgO particle size (16.1 um) was input into the simulation based on data obtained in

a previous study [39].

6.2.6 Stage 6: Environmental Impact Assessment

An environmental impact assessment of biodiesel production from
wastewater sludge using deep eutectic solvents was conducted using ISO 14044
method. The method stablishes four LCA stages: goal and scope definition,
inventory analysis, impact assessment and interpretation of results. Each LCA stage

will be detailed below.

The goal of the LCA was to evaluate the environmental impact generated by
the production of biodiesel on a laboratory scale, using wastewater sludge as raw
material with the implementation of deep eutectic solvents as catalyst. 1 MJ of

biodiesel was used as a functional unit (FU).

Three scenarios were evaluated to analyse if the use of DES in biodiesel
production reduces the environmental impact when compared with a process using
conventional catalysts. The base scenario (scenario A) was two-step process
(esterification and transesterification) based on methodology reported by Moreno-
Caballero et al. [39] using sulphuric acid and calcium oxide as successive catalysts.
The other two scenarios were based on the one-step biodiesel production
methodology proposed in this research by using two different DES as catalyst: ChCI:
PTSA for scenario B and ChCIl: OA for scenario C. Flux diagram and system

boundaries for the three scenarios are showed in Figure 3.
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Figure 3. Boundary diagram for: (a) Scenario A; (b) Scenarios B and C.

The environmental inventory was compiled using experimental data across

three scenarios. For each scenario, we calculated energy and mass inputs and
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outputs based on Functional Unit (FU). Mass quantification relied on experimentally
obtained mass yields for the process stages of each scenario, while energy
requirements were determined using specific equations. These equations covered
sensible heat (Equation 8) for stages involving material heating, latent heat
(Equation 9) for phase changes, and maintaining heat (Equation 10) for processes

requiring temperature stability over a defined period.

Q =m-C,- AT (8)
Q=m'/1vap (9)

Q=U-A-AT,-t (10)

Where m is total mass, C, is the heat capacity, AT, is the temperature
difference between ambient and system, 4,,, is the latent heat of vaporization, U is
the heat transfer coefficient, A is the heat transference area, t is the time, and AT, is
the temperature difference between heating source and heated system. Indeed, it's
worth mentioning that all scenarios showed minimal gas emissions, primarily
because methanol and hexane gases were effectively condensed, preventing any
notable releases. Moreover, in the case of hexanol, it was recycled. As for the solid
residues produced during the grease extraction stages, they were properly managed
in line with the hazardous waste management program established at the
Autonomous University of Nuevo Ledn [58]. Due to this effective handling, gas and
solid emissions from the process were not included into the Life Cycle Assessment

(LCA) calculations.
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The LCA was carried out by using an attributional approach, utilizing the
SimaPro version 8.3 software to construct the assessment model. The LCA
inventory results were analyzed using the ReCiPe 2008 method [18], which
condenses the environmental inventory results into a set of indicator scores that

represent the comparative magnitude of the environmental impact categories.

Five environmental impact midpoint indicators scores were evaluated: climate
change (CC), terrestrial acidification (TA), ozone depletion (OD), freshwater
eutrophication (FE), and fossil depletion (FD). Data for materials production and

electrical generation were taken from the Ecolnvent v3.1 database.
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7. RESULTS

In this section, results obtained from each stage of the methodology are

presented.

7.1. Stage 1: DESs synthesis

Three DESs (ChCI: PTSA, ChCI: OA and ChCI: CA) have been successfully
prepared according to the previously described methodology. All DES were obtained
from solid phase choline chloride and solid Hydrogen Bound Donors PTSA, OA and
CA at molar ratios of 2 (molprsa/molchci), 1 (moloa/molchci) and 0.4 (molca/molchal),
respectively. At the end of the synthesis, all the DESs were transparent showing a
homogeneous phase. Whereas ChCl: PTSA and ChCl: OA were completely fluid at
room temperature, ChCl: CA showed an almost solid character at room temperature,
but turned to liquid estate for temperatures over 40°C, this being due to the high
melting point of the citric acid (156°C) [59]. The homogeneous and fluid character of
the three DES evidences the melting point depletion characteristic of the eutectic
mixtures and confirms the DES formation. The melting point decrease occurs due to
interactions between HBD molecules and choline chloride anions. Those
interactions increase the anions effective size, decreasing their interaction with

cation and leading to the melting point depression [60].

Densities and refractive index of ChCl: PTSA and ChCl: OA were measured
and compare with literature data to verify DESs formation. However, for ChCIl: CA

the density and refractive index measurements were not possible due to the DES’s
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high viscosity (almost solid consistence) rendering difficult to obtain reliable data with
available equipment. However, some researchers have also reported this behaviour

when CA is used as HBD for DES formation [59], [61].

For other DES, density was measured using Anton Paar Vibrant Tube
Densimeter DMA 5000 from 288.15 to 338.15 K at atmospheric pressure. On the
other hand, refractive index was measured with an Anton Paar digital refractometer
Abbemat 350 at the same conditions. Table 5 shows the average absolute
percentage deviation (AAPD) between our densities and refractive indices values
and those reported in literature [51]-[62]. The AADP was calculated as,

100 157 - JiH|
AAPD = T( Ii\lzlﬁ—xp) (11)

1

where J7*? and J{** are the experimental measurements and reported values
in the literature, respectively, and N is the total amount of data. All DESs density
showed similar values those reported in literature, within average absolute
percentage deviations (AAPDs) of 0.38 and 1.69% for ChCl: PTSA and ChCI: OA,
respectively. As well as density, the refractive index values showed low deviations
compared with literature with AAPDs of 0.30% for ChCl: PTSA and 0.56% for
ChCI:OA. The low deviations on the two evaluated properties allowed to confirm that

we successfully synthetized deep eutectic solvents.
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Table 5. Density and refractive index comparison with literature reports for obtained
DES.

Temperature range

DES Literature (K) AAPD (%)
Density (g-cm3)
Cui et al. [51] 288.15 - 338.15 0.49
Zhu et al. [63] 298.15 0.24
ChCl: PTSA (1:2) 318.15-333.15 0.40
Rodriguez et al. [64]
] ] Florindo et al. [65] 293.15 - 338.15 1.42
ChCl: OA (1:1) Saha et al. [66] 298.15 - 338.15 1.95
ChCl: CA (1:0.4) Non available
Refractive Index
ChCl: PTSA (1:2) Cui et al. [51] 288.15 - 338.15 0.30
Florindo et al. [65] 293.15-338.15 0.18
ChClI: OA (1:1) Abbott et al. [50] 298.15 0.27
Jablonosky et al. [62] 298.15 1.22
ChCl: CA (1:0.4) Non available

7.2. Stage 2: Biodiesel Production and Characterization

The free fatty acid percentage (%FFA) of the grease extracted from the raw
sewage sludge was measured by titration method (AOAC 942.15) and was found to
be 81.1%. Once the initial %FFA value was determined, the experiments in Table 3
were performed according to the proposed methodology. As biodiesel is the product
of the esterification of the FFAs contained in the grease, the yield of each experiment

was evaluated by measuring the decrease in the %FFA as shown in Eq. 12.

%F F. Aaﬁerﬂ‘eact[on
%100 (12)

Yield =| 1—-
% FFA

grease
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Where %FFA is initial %FFA of the grease (81.14%) and %FFA

grease after—reaction

is

the %FFA at the end of the reaction.

The biodiesel yield obtained in experiments with ChCl: PTSA are shown in
Figure 4. The yield increases with increasing in the DES ratios from 0.05 to 0.1 where
it reaches a 97.01% value and for DES ratios greater than 0.1 the yield value keeps
constant. This could because reaction have leads to equilibrium at that point. On the
other hand, ChCIl: OXA (Figure 5) and ChCl: CA (Figure 6), showed a parabolic
behavior. This probably because an excess of DES in the reaction can increase the
viscosity of the reaction medium, hindering the mass transfer between the grease
and methanol and reducing the yield [18]. It can be noted, that the parabolic behavior
is more pronounced for ChCh: citric acid that this DES have a considerable higher
viscosity value than the other two DES, evidencing the viscosity effect on the

reaction yield.
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Figure 4. Effect of ChCl: PTSA molar ratio (mol DES/mol FFA) on biodiesel yield at
methanol ratio 10 (mol methanol/mol FFA), temperature 60°C and time 3h.

Experiments at conditions showed in Table 3 for ChCl: OA and ChCI: CA were
also performed by using 10 (mol methano/mol rra). However, at that methanol ratio,
the yields of the reactions barely reached values over 43% and 0% for ChCI:OA and
ChCI: CA respectively. This decrease of yield according to the used DES matches
our previous hypothesis that their high viscosity was increasing the reaction media
viscosity and substantially decreasing the mass transfer. To tackle this, the methanol
ratio was increased from 10 (mol methanol/mol FFA) to 15 (mol methanol/mol FFA).
Both following Figure, Figure 5 and Figure 6, displays results obtained with ChCI:

OA and ChCI:CA DES respectively.
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Figure 5. Effect of ChCIl: OA molar ratio (mol DES/mol FFA) on biodiesel yield at
methanol ratio 15 (mol methanol/mol FFA), temperature 60°C and time 3h.
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Figure 6. Effect of ChCl: CA molar ratio (mol DES/mol FFA) on biodiesel yield at
methanol ratio 15 (mol methanol/mol FFA), temperature 60°C and time 3h
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The yield increase for DES molar ratios from 0.1 to 0.2 to reach 59.74%
(Figure 5) and for DES molar ratios greater than 0.2 the yield reduces to 51.79% for
ChCI:OA one. Whereas similar trend is shown with ChCI:CA DES but definitely with
less conversion yield, probably emphasizing also the less acidity of citric acid as

compared to oxalic acid or paratoluene sulfonic acid.

The results of the experimentation indicates that the most effective DES for
biodiesel production is ChCIl: PTSA with a yield of 97.01% at 0.1 (mol DES/mol FFA)
and 10 (mol methanol/mol FFA). Subsequently, ChCI: OA with yield of 59.74% at 0.2
(mol DES/mol FFA) and 15 (mol methanol/mol FFA), and then ChCI: CA with yield

of 23.10% at 0.2 (mol DES/mol FFA) and 15 (mol methanol/mol FFA).

The trend obtained for biodiesel yields can be explained through two distinct
effects of DESs in the reaction. Firstly, the catalytic effect, which is related with the
acidity exhibited by the HBD of the DES couple. It promotes
esterification/transesterification reactions through a three steps mechanism: (1) the
carbonyl group changes into a carbocation by DES protonation, (2) the carbocation
undergoes a nucleophilic attack from methanol, forming an intermediate (3) the
decomposition of the intermediate into an ester and release of the H* for the next

cycle [18].

The second effect is a physical effect, which is mainly related with the mass
transfer increase that DES bring out to the reaction media. The lipophilic nature of
DES promotes the contact between grease and methanol, decreasing the interphase

tension [18]. This can be explained by liquid-liquid equilibrium between two ternary
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systems: DES + Alcohol + Ester (Biodiesel) and DES + Alcohol + carboxylic acid

(fats).
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Figure 7. Esterification mechanism by using DES (TOAB:PTSA) as catalyst
proposed by Liu et al. [18]

In Figure 8a, the liquig-liquid equilibrium diagram for the system DES + Butyl
hexanoate (BUHE) + Hexanoic acid (HeAc) is presented. It exhibits a negative slope
in the tie lines, indicating the stronger affinity of the HeAc for BUHE compared to the
DES. Additionally, a large immiscible gap is observed, suggesting that varying HeAc
dosage has a minor impact in the phase splitting. Furthermore, Figure 8b (BuHE +
BuOH + DES system) displays tie lines with a positive slope, signifying that BuOH
exhibits greater solubility in the DES than in BUHE. Moreover, the smaller immiscible
gap in Figure 8b implies that BuOH dosage can significantly influence phase

separation. Upon analyzing both systems, it evidences that the poor miscibility
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between DES and BuHE accounts for the pronounced repulsion observed between

them [67].

0 25 50 75 100

DES/% DES/%

Figure 8. Liquid-Liquid equilibrium for ternary system: a) BUHE + HeAc +
DES , b) BUuHE + BuOH + DES [67]

The Liquid-Liquid diagrams evidences the DES capacity to form a homogeneous
phase with alcohol (BuOH) and carboxylic acids (HeAc), facilitating the contact
between the reactants and the catalyst, thereby enhancing the esterification reaction
rate. Additionally, the ester (BuHE) is separated from homogeneous phase due to
its poor miscibility with DES, this mechanism have been proposed by Zhou et al. [67]

as shown in Figure 9.

To correlate the reaction yields with some DES properties related with mass
transfer we have measured the viscosity at 60°C and found that ChCIl: PTSA is the
less viscous with 79.93 mPa-s followed by oxalic acid with 309.32 mPa-s.
Additionally, we have performed and a HLB (Hydrophilic-Lipophilic Balance) by using
the Davies method [68] to analyze hydrophilic (polar) and lipophilic (non-polar)
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character of the DESs. The obtained values were 7.91, 8.40, and 8.49 for ChCl:
PTSA, ChCI: OA, and ChCI: CA, respectively. This indicates a hydrophilic/lipophilic
nature for the three DESs however the ChCIl: PTSA showed the lower value
indicating better affinity with lipophilic species, allowing it to better interact with the
grease phase in the reaction media. Moreover, to further confirm the acidic catalytic
effect of the DES, the acidity of their precursors HBDs have been reported in the
literature, being the PTSA the most acid with a pKa of -2.8 followed by OA (pKa:

1.25) and CA (pKa: 4.14) [59] .

CA OH Ester H,O

Esterification

Ester + H,0O

CA + OH

DES

Figure 9. DES mass mechanism adapted from Zhou et al. [67] (CA:
Carboxylic acid, OH: Alcohol)
Based on the above, the highest yield (97%) obtained using ChCl: PTSA is due
to the DES physical effects because of its lowest viscosity and higher lipophilic
character and its catalytic effect due to its higher acidity when compared with

ChCI:0OA and ChCI:CA.
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Finally, the impact of reaction time on the conversion yield has been also
estudied for ChCl: PTSA and ChClI: OA, with respective results shown in Figures 10-
11. In Figure 10 the reaction yield for ChCIl: PTSA increases with time up to 4 hours
reaching 98.8% and then reaches a plateau with no more significant change in yield
values.. The same behavior can be observed in Figure 11 for ChCl: OA where the

yield increases the first 6 hours to reach a 56% value followed by a plateau.
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Figure 10. Effect of time for ChCl: PTSA on biodiesel yield at 0.1 (mol DES/mol
FFA), methanol ratio 10 (mol methanol/mol FFA), and temperature 60°C.
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Figure 11. Effect of time for ChCl: OA on biodiesel yield at 0.2 (mol DES/mol FFA),
methanol ratio 15 (mol methanol/mol FFA), and temperature 60°C.
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The samples obtained from the experiments with ChCl: PTSA and ChCI: OA
were characterized by using gas chromatography (AOAC 969.33) to obtain the fatty
acid profile (Table 6). The predominant methyl esters were palmitate, oleate,

linoleate and stearate what is match with the typical composition of biodiesel [69].

Table 6. Fatty acid profile for biodiesel produced by using different catalysts.

Biodiesel Biodiesel Biodiesel

Fatty acid methyl ester ChCI:PTSA ChCI:OA H2S04-CaO
(w) (w) (w)

Methyl butyrate 0.0014 0.0000 0.0033
Methyl hexanoate 0.0000 0.0019 0.0043
Methyl tridecanoate 0.0000 0.0000 0.0584
Methyl undecanoate 0.0029 0.0037 0.0000
Methyl myristate 0.0319 0.0344 0.0000
Methyl palmitate 0.4030 0.4129 0.4279
Methyl oleate 0.4135 0.2270 0.2689
Methyl linoleate 0.1029 0.2054 0.0000
Methyl stearate 0.0000 0.0000 0.1749
Methyl arachidate 0.0103 0.0715 0.0000
Methyl-gamma-Linolenate 0.0281 0.0229 0.0000
Methyl tricosanoate 0.0060 0.0150 0.0399

w: mass fraction

7.3. Stage 4: Biodiesel-Ethyl levulinate-MgO mixtures characterization

Characterization of biodiesel + ethyl esters + MgO mixtures are showed next.
Due to delays on sewage sludge collection related with the COVID-19 emergency,
these mixtures have been prepared with biodiesel from a similar raw material (beef
tallow) as some studies showed that sewage sludge biodiesel had similar properties
than the one from beef tallow as showed in Table 7 [39]. The composition of beef
tallow biodiesel (Table 7) was obtained by gas chromatography (AOAC 969.33). It

can be observed that oleate, palmitate and linoleate are the predominant methyl
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esters, like biodiesel from sewage sludge (Table 6). Beef tallow biodiesel was

produced based on methodology presented by Vargas-lbafiez et al. [70].

Physicochemical properties of biodiesel were determined according to the
quality standard EN14214. Property values and its comparison with the standard
limits are shown in Table 8. Biodiesel complies with the permitted limits in all the
properties except in viscosity which shows a slightly higher value than the limit.
However, this problem was overcome with the use of ethyl esters as we will see later

on in that thesis.

The experimental measurements were validated by comparing the viscosity,
density, and refractive index values of pure ethyl esters with literature reports (Table
9). Ethyl pyruvate was not included in the validation because its properties are not
reported in literature under the temperature and pressure conditions covered in this
research. The measured viscosity, density, and refractive index values agree with

literature values with AAPDs of 3.140, 0.056, and 0.027% respectively.
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Table 7. Beef tallow and residual fat biodiesel fatty acid methyl esters composition

[39]

Fatty acid methyl ester

Biodiesel from

Residual fats

Biodiesel from
beef tallow

(w)

(w)

C9:0 Methyl Caprilate

C13:0 Methyl Laureate

C15:0 Methyl Myristate

C15:1 Methyl Myristoleate
C16:0 Methyl Pentadecanate
C16:1 Methyl Pentadecenoate
C17:0 Methyl Palmitate
C17:1 Methyl Palmitoleate
C18:0 Methyl Margarate
C18:1 Methyl Margaroleate
C18:0 Methyl Estearate

C20:1 Methyl Oleate

C19:2 Methyl Linoleate
C19:3 Methyl Linolenate
C21:0 Methyl Arquidate

C21:1 Methyl Gadoleate
C23:2 Mehtyl Eicosadienate
C23:1 Methyl Eruciate

C23:0 Methyl Docosadienoate

0.12
0.25
3.05
0.55
0.41
0.12
30.24
2.65
0.84
0.64
1.55
55.56
0.68
0.42
0.16
0.71
0.22
0.12
1.71

0
0
2.86
0.52
0.39
0.11

24.72

3.09
1.03
0.76
1.89

58.48

4.92
0.14
0.11
0.58
0.15
0.25

w: mass fraction

Table 8. Biodiesel properties comparison with EN14214 standard.

Limits Beef tallow

Parameters EN Test method EN 14214 biodiesel
Acid value (mg KOH-g") EN 14104 Max. 0.5 0.27
Sediment content (% in volume fraction) EN ISO 12937 Max. 0.05 0.02
Flash point (K) EN ISO 3679 > 393.15 405.15
Methanol content (% in mass fraction) EN 14110 Max. 0.2 No detected
Sulfur content (mg/kg) EN I1SO 20884 Max. 10 <0.005
lodine value EN 14111 Max. 120 61
Density, 15 °C (g-cm3) EN ISO 12185 0.86-0.90 0.8881
Kinematic viscosity, 40°C (mm?2-s') EN ISO 3104 3.5-5.0 5.46
Calorific value (MJ-kg-") ASTM D-240 Not reported 41.2
Cetane index ASTM D-4737 Min. 51 62
Distillation
(K, 98% in volume fraction recovered) ASTM D-86 Not reported

Initial boiling point (K) 588.15

Final boiling point (K) 625.15
Average molecular weight (g-mol-)? Not reported 286.96

aEquation 14.

54



Biodiesel was mixed with magnesium oxide and ethyl esters. Magnesium
oxide was maintained constant at 5 ppmm for all the mixtures but ethyl levulinate,
ethyl acetoacetate and ethyl pyruvate were added with varying mass fraction from 0
to 1. Density, Viscosity, and refraction index were measured for all the mixtures in a
temperature range from 288.15 to 338.15 K at atmospheric pressure. Our previous
study on the MgO concentration effects over pure biodiesel properties has revealed
that at concentration near to 5 ppmm, density, viscosity, and refractive index values
are near to biodiesel pure values [39]. For that reason, we will analyze the three
systems: ethyl levulinate-biodiesel; ethyl acetoacetate; ethyl pyruvate as pseudo-

binary systems.

Density, viscosity, and refractive index values for biodiesel + ethyl levulinate+
MgO are shown in Figure 12 as a representative of the three systems, the measured
values for the three systems are reported in Tables A1-A3 in the appendix section.
It was found that densities of the mixtures showed a linear decreasing trend as the
temperature increased (Figure 12a.) this in reason of a rise in the kinetic energy of
the molecules, disrupting intermolecular forces and creating new ones between
different and equal molecules, increasing the volume of the mixture and therefore
reducing the density. As for viscosity (Figure 12b), values showed a decreasing
tendency with increasing temperature, because of a decrease in the cohesion forces
and the ungrouping between the molecules caused by kinetic energy increase.
Finally, refraction index shows linear trend reducing with the increase of both ethyl

levulinate mass fraction and temperature (Figure 12c).
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Table 9. Comparison between the experimental ethyl esters viscosity, n (mPa-s),
Density, p (g-cm™3), and Refractive Index, np, at Temperature T and Literature values
at Pressure, p = 0.1 Mpa.

p/mPa-s plgcm?® np
T/IK This work Literature = AAPD% This work Literature = AAPD% This work Literature @ AAPD%

Ethyl levulinate

2.3151[71]  4.969

28815 24362 54068[73]  3.961

1.01740 1.01728 [72] 0.0118  1.4246 - -

203.15 22078  2:.0966[71] 5891 404053 101239 [72] 00138 14224  14229[74]  0.035
2.1483[73]  2.470 1.4220[71]  0.028

29815 1.9627  1.9049[71] 2943 400765 1.00749[72] 0.0159  1.4201  1.4205[75]  0.023
1.9308[73]  1.357

1.7363[71]  1.836
1.7462[73]  0.567

1.5874[71]  1.910
1.5883[73]  0.055

1.4554 [71]  2.993
1.4522[73]  0.217

1.3380 [71] 3.252
1.3343 [73] 0.280

1.2333 [71] 3.602
1.2313 [73] 0.160

1.1396 [71]  3.527
1.1410[73]  0.123

1.0556 [71] 4.542
1.0614 [73] 0.550

0.9799 [71] 4.435 -
0.9908 [73] 1.105 0.96851  0.96823 [72] 0.0289  1.4034 -

1.4183 [75]  0.019

303.15 1.7688 1.4179 [71] 0.009

1.00277  1.00260 [72] 0.0170  1.4180

308.15  1.6183 0.99789  0.99771[72] 0.0180 1.4159 1.4163 [75] 0.026

1.4142[75]  0.024

313.15  1.5003 1.4138 [71] 0.003

0.99301  0.99281[72] 0.0201 1.4138

318.15 1.383 0.98812  0.98791[72] 0.0213 1.4117 1.4120 [75] 0.017

1.4099 [75] 0.015

323.15  1.2794 1.4097 [71] 0.001

0.98323  0.98300([72] 0.0234  1.4097

328.15  1.1813 0.97833  0.98007 [72] 0.0179  1.4076 - -

333.15  1.1058 0.97342 0.97316[72] 0.0267  1.4055 1.4056 [71] 0.008

338.15  1.0254

Ethyl Acetoacetate
1.9020 [76] 1.505 1.03392[76] 0.107 1.42091 [77]  0.006
288.15  1.8738 - - 1.03282 1.03392[77] 0.107 1.42100 1.42091[76] 0.006

1.02830 [78]

293.15  1.6900 182000781 7694 4 1r766 0.062 4 41879 ) )

15810 [76]  3.473 1.02345[76]  0.100 1.41660 [79]  0.003
298.15 15279  14800[79]  3.437 .. ,. 1.02090[79] 0.150  1.41656 1.41658 78]  0.001

1.6500 [78]  7.989 :

1.3390[79]  3.954 1.01490[79] 0.227 1.41450[79]  0.011
303.15 1.3941 1.5100 [78] 8.312 1.01721 ) ) 1.41434 _ _

1.3440[76]  5.796 1.01300[76] ~ 0.101 ..., 1.41200[79] 0.010
308.15 1.2704  1.2390[79] 2469 1.01198 1.01020[79] 0.176 . 1.41246[78] 0.023

1.3900 [78]  9.417 - - - -
31315  1.1668 | '290_0 [78] 10':562 100674 '007‘_‘0 (78] 0'966 1.40994 i i

1.1440 [76]  5.682 1.00254 [76]  0.104 1.40803 [78]  0.021
318.15  1.0825 1.00150

- - 1.00254 [77] 0104 4 4577,  1.40803[76]  0.021

323.15  1.0036 i i 0.99625 i © 1.40554 i i
32815 0.9341 0.981 _o [76] 5.(221 0.99099 0.992?6 [771 0.1_ 28 40331 1.403&_36 [78] 0.(339
333.15  0.8712 i i 0.98572 i i 1.40106 i i

338.15  0.8153 0.8470 [76] 3.892 0.98044 0.98158([77] 0.116  1.39882 1.39949[78] 0.048
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Figure 12. Properties of Biodiesel-Ethyl Levulinate mixtures at different mass
fraction and temperature



Density and viscosity values of all mixtures were compared with European
standard EN 14214, this in the aim to select adequate mixtures that could be used
as a new biodiesel-based alternative fuel. EN 14214 standard stablishes density limit
between 0.86 and 0.90 g/cm?® at 15°C and viscosity limit between 3.5 and 5 mm?s-"
at40°C. Figure 13 shows values comparison with EN 14214 standard. Viscosity and
density values complies with the standard limits at ethyl levulinate mass fractions
from 0.1 to 0.2. For ethyl acetoacetate and ethyl pyruvate, viscosity and density
values comply the standard limits at ester mass fractions of 0.1. Therefore, those

mixtures could be considered a new biodiesel-based fuel alternative.

Flash point, cetane index, and calorific value were measured for the biodiesel

mixtures that complies with EN14214 standard. The results are shown in Table 10.

Table 10. Flash point, Cetane Index, and Calorific Value of Biodiesel Mixtures.

Flash Point Cetane index  Calorific value
Sample (ENISO 3679) (ASTM D-4737)  (ASTM D-240)
K MJ/kg
Biodiesel (1) 405 62.4 41.2
Biodiesel (1) + MgO (5 ppmm) 407 62.4 415
Biodiesel (0.9) + Ethyl Levulinate (0.1) 379 57.1 39.8
Biodiesel (0.8) + Ethyl Levulinate (0.2) 347 59.1 37.9
Biodiesel (0.9) + Ethyl Acetoacetate (0.1) 356 45.8 36.6
Biodiesel (0.9) + Pyruvate (0.1) 366 59.3 35.0
Biodiesel (0.9) + Ethyl Levulinate (0.1) + MgO (5ppmm) 381 57.0 40.1
Biodiesel (0.8) + Ethyl Levulinate (0.2) + MgO (5 ppmm) 349 59.2 38.3
Biodiesel (0.9) + Ethyl Acetoacetate (0.1) + MgO (5 ppmm) 358 45.9 36.8
Biodiesel (0.9) + Ethyl Pyruvate (0.1) + MgO (5 ppmm) 368 59.2 35.3

It can be observed that addition of 5 ppm. of MgO promoted the increase of
the pure biodiesel flash point from 405 to 407K. Probably because of attractive
interactions between MgO particles and biodiesel molecules, that promotes a less

presence of biodiesel molecules at the mixture’s free surface [80]-[81]. On the other
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hand, the addition of ethyl esters leaded to the decrease of pure biodiesel flash point
due to the high volatility and low flash point of the ethyl esters. Furthermore, addition
of MgO and ethyl esters together resulted in a lower flash point than pure biodiesel.
it can be observed in Table 10 that flash point showed a linear cumulative effect of

the pure components present in the mixture.

The calorific value of biodiesel increased with the addition of MgO (5 ppmn)
from 41.2 to 41.5 MJ/kg, certainly due to the high energy density of MgO
nanoparticles [82]. Also, it can be seen in Table 10 that the addition of the ethyl
esters diminished the calorific power, this may be attributed to the addition of the
shorter carbon chains of the ethyl esters to the mixtures. Additionally, it can be
observed that the decrease of the calorific value is concomitant with the decrease of
the carbon chain (ethyl levulinate (C7) > ethyl acetoacetate (Cs) > ethyl pyruvate
(Cs)), emphasizing the major impact of the presence of ethyl esters on calorific

values of biodiesel mixtures.

Cetane index did not change with the addition of MgO as shown in Table 10
but decreased with the addition of the ethyl esters, probably because of the low

cetane number of the ethyl esters.

Excess molar volumes (VE) were calculated from experimental data using

Equation 13.

VE/(cm3® - mol™) = x, M, (% - i) + x,M, (% - p—t) (13)
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Where p is the mixture density; p1y p2 are the densities of pure components
biodiesel (1) and ethyl levulinate (2), respectively; M1 y M2 are molecular mass of

components 1 and 2. Biodiesel molar mass have been calculated using Equation 14.

MBLodLesel/(g ’ moz_l) = g;I;AME X - M; (14)

Where Mg, qieser 1S the average molar mass of biodiesel, M; and x; are the
molar mass and the molar fraction of the FAME in the mixture, and i-FAME is the
FAME that compounds biodiesel. The molar fractions of mixtures were calculated

using Equations 15 and 16.

my

M,
X, = — (15
=g (19)

x2=1—x1 (16)

Where mi and M; are the mass and molecular mass of pure component i.
Additionally, the hydrophilic (polar) and lipophilic (non-polar) character of biodiesel
and ethyl esters were evaluated through a HLB (Hydrophilic-Lipophilic Balance) by
using the Davies method [68]. Biodiesel showed a lipophilic character with HLB value
of 1.60 while ethyl levulinate, ethyl acetoacetate, and ethyl pyruvate showed a

hydrophilic-lipophilic character with HLB values of 7.50, 7.98, and 8.45, respectively.
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Figure 13. Comparison of experimental kinematic viscosity v (exp) at 313.15 K,
and density p (exp) at 288.15 K, @, of biodiesel mixtures as a function of mass
fraction w2: (a) biodiesel (1) + ethyl levulinate (2) + MgO; (b) biodiesel (1) + ethyl
acetoacetate (2) + MgO; (c) biodiesel (1) + ethyl pyruvate (2) + MgO, with the
EN14214 standard limits for the kinematic viscosity, — — , and density, = - = - .
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VE of biodiesel-ethyl levulinate mixtures (MgO 5 ppm) showed positive
deviations in all concentration and temperature ranges (Figure 14a), it also increased
with temperature increase for all the mixtures. Positive deviations in excess molar
volume indicates an increase of the mixture volume derived from a rise in the kinetic
energy of the molecules, this reduces intermolecular associations between ethyl
levulinate and methyl ester molecules [83]. Although, ethyl ester-biodiesel mixtures
have not yet been widely studied, similar studies with systems like biodiesel-alcohol
mixtures are available. As for example, Iglesias-Silva and Vargas-lbanez [6]
attributed VE positive values due to a volume expansion of the mixture produced by
a higher molecular interaction between different types of molecules compared to the
interactions between molecules of the same type. On the other hand, Barabas [84]
and Djojoputro [83] reported that positive VE may be attributed to different factors
like repulsion forces due to electronic charges between ethyl levulinate and biodiesel

molecules and steric hindrance in methyl ester molecules.

On the other hand, VE of biodiesel-ethyl acetoacetate and biodiesel-ethyl
pyruvate (both with MgO 5 ppm=.) mixtures showed a sign change from negative to
positive (Figures 14b and 14c) at molar fractions between 0.65 and 0.7. Negative
values of VE are the result of dipole-induced dipole interactions between FAME and
ethyl ester molecules, leading to the mixture contraction. This molecular behavior
matches results obtained from the HLB of the pure components. Likewise, negative
values of VE arise from differences in the structure and size of the ethyl acetoacetate
(or ethyl pyruvate) and FAME molecules. This leads to the packing of the smaller

molecules (ethyl esters) into the free volume of the FAME molecules, reducing the
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molar volume of the mixture [85]-[86]. At high ester concentrations (between 0.65-
0.7 molar fractions), the VE changed from negative to positive. This occurs because
the increase of ethyl ester concentration in the mixture decreases the free volume
into the FAME molecules, causing a dispersion of the molecules in the medium and

therefore an increase in the volume of the mixture.

It can be noted that biodiesel + ethyl levulinate (MgO 5 ppm=) mixtures shows
positive VE deviations in all compositions and at all the temperatures. This behavior
could be due to the greater carbon chain length (C7) of ethyl levulinate compared to
ethyl acetoacetate (C6), and ethyl pyruvate (C5). This could hinder the packing of
ethyl levulinate molecules into the free volume of the biodiesel molecules and

prevent the ungrouping of the ethyl levulinate molecules in the medium.

Viscosity deviation (An) was calculated using Equation 17.

An/(mPa-s) =n— i xm; (17)

Where n and n: are the dynamic viscosities of mixtures and pure components,
respectively, xi is the molar fraction; and i indicates the component. Figure 15 show
viscosity deviation values for the three systems at all the considered temperature
and concentration ranges. It can be seen in Figure 15a that An tents to negative
values over the whole concentration range for biodiesel-ethyl levulinate mixtures.
This indicates the presence of dispersion forces between the mixture components

due to their different molecular shapes and sizes. [6], [70], [87].
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Figure 14. Excess molar volumes, V", for biodiesel mixtures as a function of the
mole fraction x2: (a) biodiesel (1) + ethyl levulinate (2) + MgO; (b) biodiesel (1) +

ethyl acetoacetate (2) + MgO; (c) biodiesel (1) + ethyl pyruvate (2) + MgO: Il
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On the other hand, biodiesel-ethyl acetoacetate (Figure 15b) and biodiesel-
ethyl pyruvate (Figure 15c) mixtures presents a An sign change from positive to
negative at ethyl ester molar fractions of 0.65 and 0.75, respectively. The initial
negative deviations are attributed to dipolar interactions between unlike molecules
(biodiesel-ethyl ester). This kind of interactions are promoted when does exist a
great difference between the hydrophilic and lipophilic parts of the molecules that
constitute the mixture [88]. Additionally, it can be noted that An negatives values
increase with the increase in the chain length of ethyl ester (ethyl acetoacetate >
ethyl pyruvate), indicating that dispersion interactions increase is proportional to the

molecular size of ethyl esters [89].

Refractive index deviation (Anp) was calculated using Equation 18.

Any/(mPa - s) = np — Yy x;np, (18)

Where nj, and np, are the refractive index of mixtures and pure components,
respectively, x; is the molar fraction; and i indicates the component. Figure 16 shows
refractive index deviation for the three systems at all the considered temperature
and concentration range. It shows that deviation tents to zero, this allowing to
approximate mixture refractive index as a weighted mole fraction average of the

refractive index of the pure components [70].
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Figure 15. Viscosity deviations, A1 for biodiesel mixtures as a function of
the mole fraction x2: (a) biodiesel (1) + ethyl levulinate (2) + MgO; (b) biodiesel (1)
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Figure 16. Refractive index deviations, 2>, for biodiesel mixtures as a function of
the mole fraction x2: (a) biodiesel (1) + ethyl levulinate (2) + MgO; (b) biodiesel (1)
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7.4.Stage 5. CFD Simulation validation

Combustor model showed in methodology section was simulated in Ansys
Fluent 2021 R1 Academic to perform emission quantification. Temperature and CO:
mass fraction contours were used to compare our simulation results with those
reported by Dixit [32] and Balasubramanian [33]. Initially 2D geometry (Figure 2) was
created by using Ansys Modeler. Then the geometry was meshed (Figure 17)
resulting in a 12000 elements mesh with 0.99 orthogonal quality and 5.93E-3
skewness, these quality values indicate that mesh was adequate to perform the

analysis.

ANSYS
= 2OR R
ACADEMIC

’l—

0.000 0300 0.600(m)
| EE— [ ES—

150 0450

Figure 17. Combustor 2D geometry mesh.

Species Transport Model (STM) ,previously explained in section 6.2.5, was used
for combustion analysis in Ansys software. To use this model the pure biodiesel and
mixtures properties like density, viscosity, specific heat, and thermal conductivity

was feed to the model to solve species transport and energy equations. Turbulence
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in the combustor was modeled using k-€ model. Combustion reaction was performed
using Eddy Dissipation (ED) model, which simulates rapid reactions in turbulent flow,
being this the main characteristic of the combustion flames observed in internal
combustion engines. If the reactions where slower and the flux where laminar the
chemical kinetics will make an important influence so the Arrhenius model should be

included in the reaction rate calculation [32].

In EDM combustion occurs whenever turbulence is present (k/e > 0) and
reaction rates are assumed to be controlled by the turbulence, this because
turbulence enhances reaction rates by increasing the mixing of reactants and
increasing the reaction surface area. This allows to assume that under turbulent
conditions the reaction rates depends on how well reactant species are mixed and
transported allowing to modeling the system depending on the species physical
properties, avoiding Arrhenius kinetic calculations that implies the need of high
computational resources [30]. For every fuel (Diesel, biodiesel or mixtures) EDM
requires the chemical reaction and the fuel properties. For Diesel, ED model

assumes a single reaction (Equation 19).

CyoH,5 + 15.50, — 10C0, + 11H,0 + Heat (19)

The boundary conditions were established for C1oH22 (Diesel) and air inlets with
linear velocity of 50 m/s and 0.5 m/s respectively, for air flux 0.23 Oz mass fraction
was used. Once the boundary conditions were set the analysis was started, at the
end of the calculations, temperature and species mass fractions profiles were

obtained.
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Temperature contour (Figure 18) shows a high temperature peak at 2110 K for
Diesel combustion. On the other hand, Figure 19 shows CO2 mass fraction and
exhaust emissions varied between 0.16 and 0.18 molar fraction. Obtained
Temperature and CO2 mass fraction data shows similar trend than those reported
by Dixit [32] and Balasubramanian [31] with the same conditions. Small differences
in temperature values and regions in the profile could be to possible differences in
properties like thermal conductivity of Diesel non-reported by the authors. Beside the
slightly different values and profiles, simulation of a Diesel combustor was
successfully built, allowing a preliminary validation of the data obtained in the

simulation for the temperature and CO2 mass fraction in Diesel combustion.
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Figure 18. Temperature contour for Diesel combustion (a) this work (b) Dixit et
al [32].
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Figure 19. CO2 mass fraction contour for Diesel combustion (a) this work (b)
Dixit et al [32].

Initially, the temperature and CO2 mass fraction profiles for pure biodiesel and
three biodiesel binary mixtures were simulated using the same boundary conditions

than for fossil Diesel simulation. The biodiesel mixtures were composed of 0.9
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biodiesel mass fraction and 0.1 mass fraction of the three ethyl esters already
aforementioned (ethyl levulinate, ethyl acetoacetate, and ethyl pyruvate). The single
step reaction used for biodiesel; biodiesel + ethyl levulinate; biodiesel + ethyl
acetate; and biodiesel + ethyl pyruvate is represented in the Equations 20, 21, 22,
and 23, respectively. The values of combustion temperature and CO2 mass fraction,
obtained from the simulation, as well as the physical properties used in each

simulation are shown in Table 11.

C,,H.,0, +24.50,—>17CO, +17TH,0+ Heat (20)

C,H,,0, +C,H,,0, +330,—>24C0, + 23H,0+Heat ~ (21)

C,H,,0, +C,H,,0, +31.50,—>23C0, +22H,0+ Heat ~ (22)

C,,H,,0, + C,H,0, +300,—>22CO, +21H,0+ Heat  (23)

Table 11. Simulated values for combustion temperature (T Max) and CO2 mass
fraction for Biodiesel pure biodiesel and biodiesel binary mixtures.

Sample T Max r(r:gszs Density  Viscosity Cp

(K) fraction (g/cm3) (mPa*s) (J/kg*K)
Biodiesel 1477.9 0.19324 0.8739 6.98 2050
Biodiesel 0.9 + Levulinate 0.1 1335.5 0.17484 0.8849 5.99 2041
Biodiesel 0.9 + Acetoacetate 0.1 1418.6 0.17642 0.8883 6.14 2031
Biodiesel 0.9 + Pyruvate 0.1 1425.9 0.18091 0.8937 6.55 1959

The simulated combustion temperature for the biodiesel produced in this
study was 1477.9 K, some differences can be noted when is compared with the
biodiesel combustion values reported by Dixit et al. [32] and Balasubramanian et al.
[31] for their respective biodiesel samples which were 1350 K and 1520 K,

respectively. These variations can be attributed to the different physical properties
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like density and viscosity of this work biodiesel compared to the biodiesel simulated
in the literature, this because the physical properties limits the reaction rates in the
simulation. On the other hand, the addition of an ethyl ester allows to decrease the
combustion temperature, because the addition of the ester affects the properties
related with the temperature estimation (Equation 4) that is directly proportional to
the mixture density and inverse to the mixture specific heat (Cp). As it can be seen
in Table 11, the lowest combustion temperature (1335.5 K) was obtained in the
mixture biodiesel + ethyl levulinate, that presents the lowest density and highest C,

values among the three evaluated mixtures.

The addition of ethyl esters to biodiesel decreased the CO2mass fraction. The
lowest CO2 mass fraction (0.17484) was obtained with 0.9 biodiesel + 0.1 ethyl
levulinate mixture. According to chemical reactions (Equations 20-23), one would
expect that the total combustion of the mixture would produce more CO2 than pure
biodiesel combustion. This observation prompted us to consider the possibility that
fuel mixture might not be undergoing complete combustion. To verify this, we
examined the fuel mass fractions contour for the Biodiesel 0.9 + Levulinate 0.1
mixture (Figure 20), It was observed that there were some traces of unburned fuel
at the combustor outlet, indicating incomplete combustion under the initial conditions

established for the simulation.
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Figure 20. Biodiesel mass fraction profile for sample 0.9 biodiesel + 0.1 Levulinate

The incomplete combustion observed in Figure 20 can be attributed to the
slightly higher density of the biodiesel mixture compared to pure biodiesel. This leads
to more mass of the fuel entering the combustor, thereby affecting the air-fuel ratio
(AFR). The AFR represents the amount of air required for the complete combustion
of a specific mass of fuel. It is directly influenced by the composition of the fuel and
is determined through the stoichiometry of the combustion process. However,
accurately predicting the AFR for fuel mixtures is a complex task due to the intricate
chemistry involved. Estimating the AFR for mixtures necessitates empirical

modeling, which relies on either experimental or simulated data [90].

We used the simulation approach to determine the appropriate air ratio for
biodiesel + ethyl levulinate mixture because it was the one with the lower
temperature. This was achieved by maintaining a constant air linear velocity of 0.5
m/s and adjusting the mixture flow rate until no CO2 mass fraction was observed at
the combustor outlet. The fuel linear velocity that ensured complete combustion of
the 0.9 biodiesel + 0.1 levulinate mixture was determined to be 21 m/s. The biodiesel

mass fraction profile is presented in Figure 21. Subsequently, with the revised air-
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fuel ratio, we recalculated the CO2 mass fraction, which was determined to be
0.16664. This remains below the value observed for pure biodiesel, primarily due to
its lower viscosity compared to the other mixtures. It is worth noting that CO:2
emissions are greatly influenced by the atomization of the fuel in the combustion

chamber, which is directly tied to the viscosity of the fuel [91].
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Figure 21. Biodiesel mass fraction profile for 0.9 biodiesel + 0.1 Levulinate mixture
with adjusted air:fuel ratio

The MgO particles flux was included in the simulation for 0.9 biodiesel + 0.1
ethyl levulinate mixture, we have simulated the presence of MgO nanoparticles with
16x10® m particle diameter as obtained in previous researching [39]. We varied the
MgO particles flux from 0.0005 kg/s to 0.001 kg/s to observe the variation of the
temperature and emission of the mixture with the inclusion of MgO. Additionally we
have enabled the NOx model to simulate the mixture NOx emissions. The simulated
results for maximum combustion temperature, maximum CO2 mass fraction and

maximum NOx mass fraction are showed in Table 12.
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Table 12. Simulated temperatures and emissions for Biodiesel + Ethyl levulinate +
MgO mixture.

Sample MgO T Max CO: NOx
(kg/s) (K) mass fraction Mass fraction
Biodiesel 0 1477.9 0.19324 4.20 x108
Biodiesel 0.9 + Levulinate 0.1 0 1422.2 0.16663 2.01 x10®
Biodiesel 0.9 + Levulinate 0.1 0.0005 1421.3 0.16719 2.01 x10®
Biodiesel 0.9 + Levulinate 0.1 0.0010 1417.0 0.16728 1.89 x108
Biodiesel 0.9 + Levulinate 0.1 0.0015 1412.6 0.16732 1.75 x108
Biodiesel 0.9 + Levulinate 0.1 0.0020 1407.9 0.16734 1.65 x108

It can be seen from Table 12 that the CO2 mass fraction slightly increase
0.42% with the addition of 0.0025 kg/s MgO particles, in comparison with 0.9
biodiesel + 0.1 Levulinate mixture. This could be to a slight increase in the mixture
viscosity caused because the MgO particles represents obstacles inside the mixture
that increase its resistance to flow, as reported by Moreno Caballero et al [39]. As
mentioned before, the simulated reaction rate is influenced by physical properties.

Therefore, an increase in viscosity leads to more CO2 formation.

The combustion temperature decreased with the increase in the mass rate of
MgO particles. Temperature had 15 K reduction for 0.0020 kg/s MgO particles
compared with the 0.9 biodiesel + 0.1 levulinate mixture. This because metal oxide
particles can lead changes in the thermal conductivity and heat release transfer rates
[27]. Metallic oxide particles could be a heat sink during combustion process, this to

its high thermal conductivity, affecting the combustion temperature [92].

On the other hand, NOx mass fractions have also decrease with the presence
of MgO particles. 17.9% less NOx emission with the addition of 0.0020 kg/s MgO

particles, compared with the mixture 0.9 biodiesel + 0.1 Levulinate. This because
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NOx formation is directly related with the combustion chamber temperature. Thermal
NOx formation is mainly due to the molecular N2 dissociation under and oxidizing
environment and high temperatures, decreasing the combustion temperature avoids

the N2 dissociation and decrease the NOx emissions [93].

7.4. Stage 6. Environmental impact assessment

The assessment of the environmental impact of the process consisted in three
scenarios comparison, all scenarios’ boundaries being limited to the biodiesel
production process including catalyst synthesis and grease extraction as shown in

Figure 3 in the methodology (section 6.2.6).

The base scenario (scenario A) was the conventional biodiesel production
process from sewage sludge, based on the methodology reported by Moreno-
Caballero et al. [39] (Figure 3a). The other two scenarios consisted in one step
process for biodiesel production using two different DES as catalysts: The scenario
B with ChCl: PTSA and the scenario C with ChCI:OA respectively. Table 13 displays

the main reaction parameters set for each scenario.

We have stablished 1 MJ biodiesel as functional unit (FU), and environmental
inventory of mass and energy fluxes was built for all the scenarios (Table 14). Mass
quantities were obtained through mass balances using experimental data and

energy was calculated using energy equations showed in the methodology section.
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Table 13. Reaction conditions for the three scenarios analyzed in the LCA.

Parameter Scenario A  Scenario B Scenario C

Biodiesel yield (Y%w/w) 90 97.01 65.37
Methanol (molmethanol/MOlgrease) 6 10 15
Reaction time (h) 9 4 6
Catalyst (Wcatalyst/Wgrease)

H2SO4 0.07

CaO 0.01

ChCI: PTSA 0.092

ChCl: OA 0.10°

Equivalent to 0.1 mol DES/mol FFA
b. Equivalent to 0.2 mol DES/mol FFA

From environmental inventory (Table 14) it can be observed that base
scenario (Scenario A) consumes 246.3 kJ/MJbiodiesel, displaying the highest electrical
consumption of the three scenarios. Indeed, scenario A not only involves a certain
number of grease extraction stages but has also the longest reaction time to produce
biodiesel itself (9 hours). Scenario B showed the minor energy consumption, 73.1%
less than base scenario, because of lesser purification stages and a shorter reaction
time of 4 hours promoted by ChCIl: PTSA DES. Scenario C showed also less energy
consumption than base scenario but higher than scenario B, using 59.8% less
energy than base scenario. Similarly to scenario B, improvements are brought up as
compared to scenario A because of less purification stages but with a higher reaction
time of 6h than 4h with ChCI:PTSA DES. These differences between scenarios B

and C highlight the major impact of the DES on the faith of the reaction.
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Table 14. Environmental inventory

Scenario Units
A: H2SOq4 B: PTSADES C: OADES

Inlets
Material
Sewage sludge 76 69 99 g
Sulfuric acid 54 3.6 4.4 g
Methanol 3.3 25.2 54.5 g
Water 291 261 37.7 g
Hexane 98 - - g
Eggshell 0.5 - - g
Choline chloride - 0.67 2.4 g
Bound donor - 1.8 1.5 g
Energy
Electric power (Grease extraction) 126 21.4 29.6 kdJ
Electric power (Catalyst synthesis) 39.4 2.7 3.3 kdJ
Electric power (Esterification) 70.5 - - kdJ
Electric power (Transesterification) 10.5 - - kdJ
Electric power (One step) - 42.3 66.1 kJ

Total Energy 246.3 66.3 99.0 kJ
Outputs
Products
Biodiesel 1 1 1 MJ
Glycerol 0.1 0.1 0.1 MJ

An attributional approach LCA was conducted using environmental inventory
data (Table 14), the background data of inventory materials and energy production
were taken from the Ecolnvent v2.2 database. The assessment model was made
through the LCA software SimaPro 8.3® (PRe-Consultants, Amersfoort, the
Netherlands). The life cycle assessment (LCA) was performed according to the
ReCiPe method. The primary objective of the ReCiPe method is to transform a long
list of life cycle inventory results into a limited number of indicator scores. These

indicator scores express the relative severity of an environmental impact category.
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Five environmental impact indicators were obtained for the three scenarios:
climate change (CC), terrestrial acidification (TA), ozone depletion (OD), freshwater
eutrophication (FE), and fossil depletion (FD). Figure 22 shows the five indicators
values and the main contribution to their values for scenario A. Indicators in scenario
A have the highest values between the three scenarios. The main contributors to the
environmental impact of the scenario A were the electricity consumption (53.70%
CC, 39.75% TA, 11.94%0D, 82.56% FE and, 20.30% FD), hexane (38.53% CC,
44.22% TA, 81.41%0D, 9.77% FE and, 68.73% FD), and to a lesser extent methanol
(6.62% CC, 9.35% TA, 5.36% OD, 2.11% FE and, 9.78% FD). The critical stage of
this scenario was the Soxhlet extraction due to its high consumption of hexane (98
gr/MJ biodiesel) and electricity (246.3 kJ/MJ biodiesel). The high impacts of
electricity are strongly related to its fossil origin. Around 78% of Mexican electricity
is produced through the combustion of fossil fuels being those mainly natural gas
(42.6%), heavy fuel oil (21.6%) and coal (14%) [94]. On the other hand, Hexane’s
high environmental impacts are because it is produced by the naphtha distillation
and according to Ecolnvent database to produce 1 kg of hexane is needed 1.02 kg

of naphtha and 3.2 MJ heating energy.

Indicators values for scenario B are given in Figure 23. The main contributors
to the environmental impact of scenario B were methanol (41.61% CC, 41.45% TA,
62.44% OD, 48.74% FE and, 65.15% FD), followed by electricity (34.15% CC,
17.74% TA, 28.06% OD, 31.40% FE and, 13.01% FD) and to a lesser extent PTSA
from DES (18.51% CC, 7.65% TA, 2.04% OD, 5.39% FE and, 20.07% FD). Methanol

environmental impacts resides on the fact that it is obtained from natural gas
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reforming process that requires high amount of energy. According to Ecolnvent to
obtain 1 kg of Methanol 0.43 Nm?3 of gas natural and 7.7 MJ heating energy is
needed. On the other hand, we can observe that impacts related to the DES (ChCl:
PTSA) come mostly from the HBD that in this case is PTSA. This because one of
the precursors of the PTSA is toluene (2.21 kg/ kg of PTSA [95]) that such as hexane

is an organic solvent of fossil origin.

The indicators values for scenario C are shown in Figure 24. This scenario
has lower values for four out of the five indicators as compared with scenario A (base
scenario). The percentage reductions for the indicators were: 1.81% CC, 52.59%
OD, 76.47% FE and, 18.77% FD. On the other hand, the TA indicator showed
15.21% increase as compared with base scenario. The main contributor to the
environmental impact of scenario C is methanol (40.17% CC, 89.58% TA, 66.85
%0D, 49.38% FE and, 71.64% FD) as in scenario B, followed by oxalic acid from
DES (29.06% CC, 50.97% TA, 12.60% OD, 13.75% FE and, 10.46% FD) and
electricity (23.02% CC, 26.89% TA, 10.55% OD, 22.31% FE and, 10.52% FD). For
this scenario, the increase in the methanol quantity has been reflected in a higher
environmental impact that can be almost close or higher to the base scenario as we
have seen for CC and TA indicators, respectively. Also, in this scenario oxalic acid
represents another important factor to the environmental impact being close to the
electricity contribution. This, since oxalic acid synthesis requires the use of high

amounts of nitric acid (2.1 kg / kg oxalic acid) and heat (19.77 MJ/ kg oxalic acid).
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Indicator values for scenario B are shown in Figure 23. This scenario displays
the lowest values for all midpoint indicators evaluated. Compared with the base
scenario, the percentage reductions for the indicators were: 56.3% CC, 52.17% TA,
76.42% OD, 88.82% FE and, 56.6% FD. A much lesser electricity consumption, a
shorter reaction time and the suppression of two purification stages, i.e. Soxhlet
extraction and evaporation, are the ingredients of a much more environmentally
friendly process. Without the Soxhlet extraction due to the use of DES, scenario B
directly omits the critical stage of the scenario A discarding all the environmental
impacts produced by the hexane, showing the adequacy of DES as ecofriendly but

efficient catalysts for biodiesel production.
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8. INTENSIFICATION OF THE BIODIESEL PRODUCTION BY USING
ULTRASOUND

This thesis was carried out under a double degree agreement between
Autonomous University of Nuevo Ledn (UANL) and Grenoble-Alpes University
(UGA). The preceding sections detail the research conducted at UANL in the first
two years of the doctoral program. In this chapter, the experimental work carried out
at the Rheology and Processes Laboratory (LRP) at UGA during the final year of the
doctorate is presented. This work involved exploring ways to enhance biodiesel
production using Deep Eutectic Solvents (DES) through the evaluation of additional
DES together with low frequency ultrasound to overcome viscosity and

heterogeneity of the reacting medium.

8.1. INTRODUCTION

In the previous sections, we have demonstrated the adequate use of DES as
novel catalysts for high biodiesel production, while highlighting their advantages like
non-toxicity, easy preparation, short reaction times and reutilization possibility. The
effectiveness of DES in biodiesel production, as detailed in Section 7.2, is a product
of its dual functionality: enhancing mass transfer (Physical effect, governed by DES
miscibility) and proton donation (Catalytic effect, governed by DES acidity). Even so,
the strong heterogeneity of the reacting medium asks to further increase the

effectiveness of DES by enhancing mass transfer. To overcome this, some studies
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have combined DES biodiesel production with other green techniques like

microwaves and ultrasound.

Microwave heating has been employed in biodiesel production using IL and
DES as catalysts. As for example, Investigations like that of Balaraman et al. [96]
have used microwave-assisted biodiesel production from karanja and chicken lard
oils using a deep eutectic solvent consisting of benzyl-trimethyl-ammonium chloride
(BTMAC) and oxalic acid (OA) at a 1:1 molar ratio and reached a 96.4% yield using
1:4 (moloil:MOlmethanal), 8 %Vv/v DES and 25 min reaction time. Their conclusion was
that microwave enhanced the miscibility of the acyl donor with fatty acid under
acidified conditions, thereby improving the mass transfer area by interaction of these
components. Zhang et al. [97] conducted microwave-assisted production of
biodiesel from horn seed oil using immobilized enzyme Novozym 435 in a DES
composed of Choline chloride (ChCl) and glycerol (Gly). They reported a 95% vyield
with 8 % Novozym ratio, 1:4 (moloi:mMOlmethanol), 400 W microwave power, 323 K and
120 min reaction time. Their findings indicated that microwaves promoted shorter
reaction time as compared to conventional heating. However, It was crucial to control

the temperature, because high temperatures could lead to the enzyme denaturation.

Similarly to microwave technology, ultrasound-assisted biodiesel synthesis
offers several advantages over conventional mechanical stirring. These include
higher yields with shorter reaction times and moderate to low energetic consumption.
These improvements are attributed to capability of low frequency ultrasound to
emulsify immiscible liquids; this phenomenon is driven by the collapse of cavitation
bubbles, which disrupts the boundary between the different liquid phases, inducing
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emulsification through the powerful ultrasonic jets directing one liquid into another

one [98].

Two crucial parameters come into play when utilizing ultrasound in a reaction
to improve a chemical system while paying attention to the energetic demand:
amplitude (ultrasonic power) and continuous/pulse irradiation mode. Amplitude
denotes the applied power to the system and is directly linked to the delivered energy
to the submitted medium. Increasing the amplitude results in a greater energy input
to the reaction medium, thus facilitating the reaction progress. The effect of
amplitude is tied to the formation and implosion of cavitation bubbles. A greater
amplitude accelerates bubble formation, facilitating mixing between the reacting
species. However, excessively high amplitudes can lead to the generation of
ineffective cloud bubbles. The formation of such clouds leads to the attenuation of
ultrasonic waves. This is attributed to the absorption and scattering phenomena due
to the presence of numerous bubbles under highly turbulent conditions.
Consequently, the energy supplied to the system is dissipated, hindering emulsion

in the reaction media [99].

Ultrasonic devices can operate in continuous or pulse mode. The pulse mode
is represented as a ratio ON:OFF periods, were 'ON' denotes the time with
ultrasound irradiation, and ‘OFF’ period represents the interval when ultrasound is
not active. Pulse is an important parameter because it drives the energy
consumption and related economic aspects of the process. Continuous ultrasound
operation has shown higher energy consumption compared with pulsed operation
and it can lead to erosion of the ultrasound equipment. Although several studies
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[100]-[101] have explored biodiesel production using both continuous and pulsed
ultrasound radiation, a clear consensus on which method yields superior biodiesel
output remains elusive and seems to be highly related on the physicochemical
properties of the components of the reaction (density, viscosity, etc.). Some
researchers have achieved better results using pulse mode, while others have

demonstrated advantages with continuous mode [100].

Masri et al. [99] and Ji et al. [102] have obtained best yields under continuous
ultrasound irradiation, and both concluded that pulse led to less ultrasonic power
supplied to the system and in that way less mixing effects. On the other hand,
Martinez-Guerra et al. [103] have obtained 98% biodiesel yield under pulse
sonication and 91% for continuous sonication. They concluded that pulsed
irradiations could lead to better yields than continuous irradiation when reaction
times are long, this being confirmed by Salamantinia et al. [104] and Chand et al.
[101]. As already aforementioned, the main physicochemical properties of the
starting material to undergo biodiesel should be more finely scrutinized to eventually
find out why in some cases continuous mode is more efficient than pulse one and
vice-versa. In anyway, despite the varied opinions on the efficacy of pulse or
continuous modes, a unanimous consensus emerged among researchers regarding
the superior performance of low frequency ultrasound processing over magnetic
stirring. This observation has prompted for deeper exploration of combining

ultrasound with efficient catalysts like IL and DES.

Masri et al [99] enabled biodiesel production from oleic acid using a new
dicationic ionic liquid [DABCODBS][CF3SOs]2 under 20 kHz ultrasound irradiation
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and achieved a 93.2% yield at optimized conditions [0.64 %mol catalyst, 14:3
(moloil:MOlmethanat), 59°C temperature and 83 min reaction time]. They evaluated the
esterification reaction in the absence of ultrasound or of the catalyst. In the absence
of the ionic liquid catalyst, Masri et al. conducted the reaction under mechanical
stirring and ultrasound and obtained 7% and 14%, respectively. This increase in yield
with ultrasound alone in the absence of a catalyst strongly suggests an
emulsification-enhancing effect due to cavitation bubbles generated by ultrasonic
irradiation with the capacity of ultrasound to homogenize at most the heterogeneous
medium. In the presence of the same catalyst, the yield further improved to 59%
(with magnetic stirring) and 89% (with ultrasound). This enhancement was attributed
to the acidic protonating effect of the ionic liquid, able to catalyse the reaction

process.

Moreover, Balaraman et al. [105], investigated the ultrasound-assisted (20
kHz) biodiesel production from Chlorella salina using a Deep Eutectic Solvent (DES)
consisting of Benzyl tributyl ammonium chloride (BTBAC) and Tartaric acid (TA).
They reported a 90.8% biodiesel yield under the following conditions: 62.5% v/v
DES/methanol ratio, 338 K temperature, and 25 min reaction time. They highlighted
that low frequency ultrasound eliminated the need for required pre-extraction stages
by damaging the algal cell walls, thus facilitating the extraction of lipids from the algal
membrane. Additionally, the use of an acidic DES in the transesterification process
reduced undesirable side reactions, enhancing the selectivity and quality of the

biodiesel. This is attributed to the ability of low-viscosity DES to disperse efficiently
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throughout the reacting medium, enhancing the reaction rate of the esterification

process.

The protonation ability of the DES is closely tied to its acidity level. Greater
acidity signifies a higher protonation capacity. The Hammett acidity method is an
UV-analytical technique able to measure/quantify the acidity of neoteric solvents
such as ionic liquids (IL) and DES whatever their hydrophobic/hydrophilic character.
It monitors the protonation of a strong base, generally 4-nitroaniline compound,
induced by an acidic substance present in the solution, which in this case is the DES
(or the lonic Liquid). This protonation process is measured by monitoring variations
in the UV-vis absorbance of the strong base resulting from the addition of an acid

[106].

Some researchers like Cui et al. [51] have used Hammett method to measure
the acidity of four different DES at room temperature. They have performed Hammett
method by using 4-nitroaniline and water as solvent to measure the acidity of four
different DES. All of the DES were based on choline chloride (ChCl) and four different
hydrogen donors: p-toluenesulphonic acid (PTSA), trichloroacetic acid (TCA),
monochloroacetic acid (MCA), and, propionic acid (PA). They measured the
maximum absorbance of 4-nitroaniline in water without DES at 380 nm, which
decreased with the increasing added amount of the DES in the solution. They
reported that the acidity sequence from the most acid DES was ChCI:PTSA >
ChCI:TCA > ChCI:MCA > ChCI:PA. This mainly because higher acidity of the PTSA
as hydrogen bond donor. Furthermore, we have observed that the sequence found
by Cui et al. [51] follows the sequence of the pKa values of the pure acids: PTSA
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(pKa: -2.84) > TCA (pKa: 0.66) > MCA (pKa: 2.86) > PA (pKa: 4.88). This indicates
that the Hammett acidity scale aligns with the pKa values, highlighting the significant

influence of the HBD on the acidity of the DES.

Based on the above, the research stay in France was structured around two
main objectives: (i) Screen, synthesize, and select acidic DES for biodiesel
esterification, along with establishing their acidity sequence via the Hammett acidity
method, and (ii) Improve biodiesel production by integrating the use of DES as
catalyst and the use of low frequency ultrasound irradiation with most favorable

operating parameters.

8.2. METHODOLOGY

This section outlines the methodology designed to accomplish the two

proposed objectives during the international research stay.

8.2.1 DES synthesis and characterization

Seven different DES were synthetized by classical thermal method, as
already exposed in the previous section 6.2.1. DESs were synthesized by mixing
two components: (1) a halide salt as Hydrogen Bond Acceptor (HBA) and (2) a
carboxylic or sulfonic acid as Hydrogen Bond Donor (HBD). The components for the

seven DES are showed in Table 15.
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Table 15. DES components and molar ratios.

Hydrogen bond acceptor

Hydrogen bond donor

Molar ratio

(HBA) (HBD) (mol HBA:mol HBD)
p-toluene sulfonic acid
(PTSA)
o)
2 1:2
HsC S-0OH
—@—6
Choline chloride (ChCl)
CH,
| Oxalic acid (OA)
N CI™ O
He 7/ N Now HO 1:1
e OH
0
Citric acid (CA)
0. OH
0 2 1:1
HO Ly ToH
p-toluene sulfonic acid
(PTSA
o 1:1
Hg,c—< :}—S—OH
Benzyltriethylammonium o
chloride (BTEAC) Oxalic acid (OA)
= 0
(7 oy i
ﬁ c OH
[, o
" Citric acid (CA)
0. OH
0 2 1:1
HO Ly ToH
Menthol
e Decanoic acid (DA)
L/V\N\ 1
: OH HO CHy
HaC” CHy

To form the DES, both components were mixed at 80 °C with constant stirring

of 300 rpm for one hour, until a liquid homogeneous mixture was obtained [19].
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Subsequently, the DES was transferred to a glass flask and purged with nitrogen to
prevent moisture absorption from the environment. The flask was then placed in a
desiccator. The second choice of HBA is of particular insight. Indeed, several authors
[107] [108] [109] highlighted that, in the dissolution process of cellulosic materials,
this compound could help to enhance celluloses dissolution by further favorable
intermolecular interactions notably London forces with celluloses. If so, with a same
HBD, DES with BTEAC moiety may presumably enable London forces with our fats

to improve biodiesel production [107].

Infrared (IR) analyses were conducted to confirm the formation of DES using
a Thermo Scientific NICOLET iS10 spectrophotometer equipped with a diamond
crystal. Both pure reagents and resulting DES were dehydrated in a vacuum
desiccator with CaCp2 for 10 to 15 hours before IR analyses on ATR (Attenuated

Total Reflectance) mode, with 64 scan sweeps.

Several different protocols to draw a Hammett acidity scale can be found in
literature [106][110][111][112]. Therefore, a protocol had to be developed, tested,
and validated for this research. This part of the project was developed in
collaboration with two master students of Savoie Mont-Blanc University. Acidity of
DES was measured by adapting methodologies in particular reported by [111][112].
4-nitroaniline was used as the strong base indicator and anhydrous
dimethylsulfoxyde (DMSO) as solvent to allow the test of both hydrophilic and
hydrophobic DES. The UV absorbance measurements were made in a UV-1900
SHIMADZU spectrophotometer. Initially, the indicator solutions were prepared by
setting a 4-nitroaniline of 5 x 10> mol/L in DMSO. Subsequently solutions of DES in
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DMSO were prepared; the DES concentration was 2.5 x 10° mol/L (50% of 4-
nitroaniline concentration). Then, a constant quantity of each DES solution was
added to indicator solutions (10 uL of DES solution added, equivalent to 2.5 x 10”7
mol). These solutions were stirred for 20 minutes before being analyzed using UV-

Visible spectroscopy.

8.2.2. Ultrasound-assisted biodiesel production

Biodiesel production from residual fat involved two stages: (1) grease
extraction, and (2) biodiesel synthesis. It is worth mentioning that the sludge from
residual plants in the Grenoble area could not be utilized as raw material due to its
very low grease content. As an alternative, waste from the grease trap of a local

restaurant was employed.

In the extraction stage, waste from the grease trap was initially filtered to
remove any undesired solids it may contain. The filtered material was then subjected
to an acid bath process. However, the grease did not exhibit phase separation. This
could be attributed to the fact that fats from grease traps do not contain as many
suspended solid materials as sewage sludge, allowing for the recovery of grease
through filtration alone. Therefore, the acid bath was omitted from this process. The
percentage of free fatty acids (%FFA) in the obtained lipids was determined using
the titration method (AOAC 942.15), with phenolphthalein as the indicator. This was
done to establish the esterification conditions based on the FFA content of the

residual grease.
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Biodiesel was produced from the extracted grease through a one-step
process. Methanol and residual grease were added in a constant molar ratio of 10
(mol methano/mol Fra) to a jacket reactor system at a constant temperature of 40 °C,
the jacket temperature was maintained using a Lauda RK20 recirculating bath. The
reactor was coupled to a Branson Sonifier 450 (20 kHz). The methanol ratio was
chosen based on the optimal parameter identified in the prior Mexican investigation.
Additionally, the temperature was selected to prevent methanol from undergoing

evaporation.

To analyze the effects of pulse/continuous modes and intensity levels on the
biodiesel production, we employed the DES ChCI:PTSA based on results obtained
in section 7.2 , where ChCI:PTSA demonstrated the highest yield (97%) at a molar
ratio of 0.1 (mol DES/mol FFA), maximizing biodiesel production. Intensity was
varied from 50% to 90%, and pulse ranged on ‘ON’ mode from 30% to 100% . All
experiments were conducted with a set reaction time of one hour. After determining
the optimal settings for intensity and pulse, we replicated the ultrasound-assisted
reaction using the other DES. To assess changes in yield between the two methods,
we conducted experiments under mechanical stirring conditions, so-called “silent”
conditions, with same applied operating parameters. The only difference was that
the mechanical stirring reaction was conducted for 3 hours as the reaction

proceeded much more slowly than under ultrasound.

The biodiesel yield was determined by quantifying the reduction in %FFA
content from the initial material to the final product using the acid-base titration
method, as detailed in section 6.6.2.
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8.2. RESULTS
In this section, the experimental findings are presented, with each part

corresponding to the specific objectives of the research stay.

8.2.1. DES synthesis and characterization

Seven DESs have been prepared according to the methodology previously
described in the last section. All DESs were obtained from solid phases HBD and
HBA. At the end of the synthesis, all DESs were transparent showing a
homogeneous phase. Whereas ChCl: PTSA, BTEAC:PTSA, ChCIl: OA, BTEAC:OA
and Menthol:DA were fluid at room temperature, ChCl: CA and BTEAC: CA showed
an almost solid character at room temperature, but turned to liquid estate for
temperatures over 40°C , this being due to the high freezing point of the citric acid

(156°C) [52].

8.2.1.1. FTIR analysis

To confirm the DES formation, IR analyses were done on the HBDs and HBAs
alone and subsequently formed DESs and respective spectra were superposed to
assess the formation of the DES. Typical results for the DES ChCI:CA and

Menthol:DA (ratio 1:1) are presented in Figures 25 and 26.
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Figure 26. IR spectra superposition for ChCI:CA

The overlapping of the three IR spectra of a given DES highlights small changes in

the aspect of the peaks in particular in the 2500-3500 cm-1 region. It can be noted
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that IR spectra of the DES are less well resolved than those of their corresponding
powdered reagents. This could be due to the highly viscous nature of DES, which
hinders the vibrations of the bonds due to strong intermolecular interactions. One
solution to improve the resolution of these spectra could be to either to make an IR
analysis with diluted DES or to make such an analysis at higher temperature to

facilitate the movement and vibrations of molecular bonds.

In anyway, IR spectra show several characteristic peaks at 3200 cm’
(Hydroxyl group), 2850 cm-! (C-H stretching), peaks in the range between 1500 and
1000 cm' representing C-O stretching and C-H bending, and peaks in the 1750 -
1690 cm™ ' range corresponding to the carboxylic groups (C = O) [113]. IR spectra
of DES show attenuation of the 3200 cm™' peak (Figure 25 and Figure 26) and
formation of broader peaks between 3500 and 2500 cm™' (Figure 25). These
observations suggest the establishment of hydrogen bonding interactions. In the
case of Menthol:DA, it arises between the OH groups of menthol and decanoic acid
[114], while for ChCI:CA, it forms between the chlorine anion (CI) and the hydrogen
from the citric acid [113]. This confirms the formation of the deep eutectic solvent

(DES) through hydrogen bonding interactions between the HBA and HBD.

8.2.1.2. Hammett acidity analysis

The Hammett method consists on measuring the variation in the absorbance
values of a strong basic indicator solution. As the added DES is more acidic, the

non-protonated form of the basic indicator shows a decrease in absorbance,
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characterizing the occurring acid-base reaction. To estimate the relative acidity of

the DES the Hammett acidity function (Equation 24) was calculated as follows:

Ho = pK(I) +log () (24)

[1H*]

Where pK is a constant value that depends on the indicator. In this case of 4-
nitroaniline, it is 0.99. [I] is the molarity of the non-protonated form of the indicator,
[IH*] is the molarity of the protonated form of the indicator. The [I]/[IH*] ratio was
obtained from the differences in absorbance measured after adding an equal molar

amount of DES.

We measured the UV absorbance of eight samples, the first one is a solution

of DMSO with concentration of 4-nitroaniline (5.10-5 mol/L, pKa=0.99) this solution

is the Blanc solution and its maximum absorbance (Amax) value was 1.110 at 393
nm. After this, we have measured the absorbance of seven indicator solutions
bearing different concentrations mixed with a constant DES concentration (10 pL of
DES solution, equivalent to 2.5.107 mol). The UV spectra for the eight samples is

showed in Figure 27.
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It can be seen in Figure 27 that the DES addition promotes a decrease in the

absorbance values of the indicator solution. The trend of absorbance reduction

among the seven DES was: ChCI:CA > Menthol:DA > BTEAC:CA > ChCI:PTSA >

BTEAC:PTSA > BTEAC:OA > ChCI:OA. Once the absorbance values were

obtained, we calculated H,, , the values are showed in Table 16.

Table 16. Hammet acidity values for seven DES.

DES Amax [I]% [IH+]% Ho
Blanc 1.110 100.0 0 -
ChCI:.CA 0.961 86.6 13.4 1.80
Menthol:DA 0.941 84.8 15.2 1.74
BTEAC:CA 0.933 84.1 15.9 1.71
ChCI:PTSA 0.912 82.2 17.8 1.65
BTEAC:PTSA 0.904 81.4 18.6 1.63
BTEAC:OA 0.886 79.8 20.2 1.59
ChCI:OA 0.881 79.4 20.6 1.58
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The acidity order of the formed DES, based on Hy values, was as follows:
ChCI:OA > BTEAC:OA > BTEAC:PTSA > ChCI:PTSA > BTEAC:CA > Menthol:DA >
ChCI:CA. This results indicates that ChCI:OA seems to exhibit relatively stronger

Bregnsted acidity as compared to the other six DES used in this study.

The found acidity values of the DES have been reported on a different manner
on Figure 28 where the impact of the HBA (either ChCl or BTEAC moieties) is
assessed. This figure highlights that the nature of the HBA does not exert any
discernable influence on the found acidity values contrary to the nature of the HBD.
A discernible trend emerged among the HBD pairs, indicating their influence on the
overall DES acidity (Oxalic < PTSA < Citric). Notably, DES containing oxalic acid
showed notably lower absorbance compared to those with citric acid and PTSA.
However, we should also note that the acidity values of both OA and PTSA-based
DES do exhibit similar values considering the error bars, rendering rather difficult to
say with exactitude which of PTSA and OA-Based DES are really the more acidic
moieties. When considering pKa values (PTSA: -2.8, OA: 1.2, CA: 4.1), this
absorbance order seems inconsistent with their respective acidities. This
discrepancy could arise from the fact that pKa values are indicative of acidity in
water, notin DMSO. Additionally, the possible presence of water in the DES samples
could have played a significant role in these results. Moisture levels were not
controlled during measurements, potentially introducing variability. A more drastic
methodology would be maybe needed to control the water level at all stages to

prevent unwanted variations in found UV-Values as water, because to its amphoteric
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character can play either the role of an acid or of a base, in particular here a role of

acid by reacting with the 4-nitroaniline base UV-probe.
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Figure 28. UV absorbance comparison between HBD and HBA pairs.

Based on this Hammett acidy results, we opted to proceed with five out of the
initially proposed seven DES for the reaction tests. The chosen DES include
ChCI:PTSA, BTEAC:PTSA, ChCI:OA, BTEAC:OA, and Menthol:DA. The DES
containing CA were excluded due to their low acidity and high viscosity. Despite
Menthol:DA displaying low acidity in the Hammett test, we included it in the study to
explore whether its hydrophobic nature could influence its performance as a catalyst

or could ease its recycling at the end of the biodiesel production.
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8.2.2. Ultrasound-assisted biodiesel production

The free fatty acid percentage (%FFA) of the filtrated grease from the grease
trap waste was measured by titration method (AOAC 942.15) and was found to be
95%. Once the initial %FFA value was determined, we have performed
esterification/transesterification reaction with the best conditions found in Mexico
using ChCI:PTSA at 0.1 (molpes/molrra), 10 (MOlmethano/molrra), 300 rpm magnetic
stirring and 3 hours reaction time. Biodiesel yield was evaluated by measuring the
decrease in the %FFA as previously showed in Equation 5. The yield for this first
experiment was 98.90%, a similar value to those obtained in Mexico under the same
conditions by using sewage sludge as raw material (97%). This experiment
confirmed that those experimental conditions allowed to obtain high biodiesel yield

from any kind of lipid material independently of its FFA content.

The next stage was then to implement ultrasound in the biodiesel production
in the presence of these acidic DES. ChCI:PTSA was selected among the 5 DES as
catalyst and the same conditions previously mentioned but under ultrasound
conditions were applied. The reaction time under ultrasound has been intentionally
decreased to 1h as compared to the 3h on mechanical stirring since it is expected
that the mechanical effects brought by ultrasound up, would fight the strong
heterogeneity of the system by mixing intimately components of the reaction and by
increasing overall mass transfer. We have therefore set to 1 hour time irradiation
time and 40°C temperature, this because exothermic release of heat from ultrasound

process could promote the easy evaporation of methanol in temperatures near to its
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boiling point (65°C). At first, we explored the impact of the ultrasound intensity from

40 and 90% on continuous irradiation mode as showed in Figure 29.
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Figure 29. Effect of ultrasound intensity in biodiesel yield by using ChCI:PTSA as
catalyst.

As it can be seen in Figure 29, biodiesel yield increased with the increase of
the ultrasound intensity. This could be because ultrasound intensity represents the
power that is applied to the reaction medium, higher energy promotes more efficient
mixing in the reaction media and overcomes the mass transfer barrier between the
immiscible methanol and grease phases [99]. For Intensity values higher than 70%,
the biodiesel yield does not increase anymore significantly (less than 3% between
70 and 90% of intensity) showing that at one stage, giving more energy to the
reaction medium does not improve much production yield. In a bid to minimize
energy consumption, we have selected 70% intensity considering that from that

point, none major yield improvements are expected as shown Figure 29.
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After determining the better ultrasound intensity value, we conducted
experiments under 70% ultrasound intensity, but by varying pulse values between
30 and 100% on “ON” mode. Figure 30 display results found on the variation of “ON”
pulse intervals on biodiesel yield. Amazingly and controversially to some previous
published works, the highest yield was obtained by using 30% pulse, whereas at
higher pulse values, the yield decreased. This behavior could be because constant
ultrasound irradiation (pulse 100%) promotes the formation of ineffective cloud
bubbles, making a gaseous cushion that attenuates the ultrasound waves. On the
other hand, pulsed irradiation promotes smaller bubbles size avoiding the cloud
formation and its negatives effects over the ultrasound waves allowing a better
energy distribution in the reaction media and enhancing the mixing effects [99]. It
may also be highly desirable to explore further some key physicochemical properties
of the biomaterial to be transformed, notably density, viscosity, etc. to eventually link

those to the choice of either continuous or pulse irradiation mode.

After stablishing the best conditions of ultrasound intensity and pulse
conditions, the next stage was to determine the adequate reaction time with other
set operating parameters unchanged (methanol:oil molar ratio in 10:1, DES quantity
at 0.1 molpes/molrra and temperature at 40°C). We varied the reaction time between

30 and 90 min and the results are shown in Figure 31.
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Figure 31 shows clearly that the yield does increase up to 60 minutes to then

decrease with increased reaction time. Notably, high yields of 90.3% and 93.3%

were achieved at reaction times of 30 and 60 min whereas at 90 minutes, the yield

decreased. The increase of the yield from 30 to 60 minutes could be attributed to the

enhancement of the mass transfer in the reaction media caused by ultrasound

making that reaction reach equilibrium in short times. On the other hand, beyond 60

min the yield decreased. This could be attributed to a reduction in the amount of

grease in the reaction medium. Since esterification is a reversible reaction, the

decrease in grease and the increase in biodiesel content may lead to a shift in the

equilibrium towards the reactants [115].
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Experiments varying the reaction time revealed that equilibrium is reached at

60 minutes. This could help to explain better the yield difference obtained between

pulsed and constant ultrasound irradiation. Typically, Masri et al. [99] and Martinez-

Guerra et al. [103] indicated that continuous irradiation afforded better yields than

pulsed one under short reaction times. This implies that 60 minutes might be

excessive for the system under investigation in this research, and there may be

potential to achieve higher yields in less than 30 minutes with continuous irradiation.

Future studies should delve into this area to determine the most economically and

environmentally viable option.
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To further explore the key parameters in ultrasound-assisted biodiesel
production with DES as catalysts, we investigated the influence of DES quantity to
ensure using the optimal amount of catalyst to afford the highest possible biodiesel
yield. We conducted ultrasound-assisted reactions under the established conditions
of pulse (30%), ultrasound intensity (70%), reaction time (60 min), temperature
(40°C), and methanol-to-grease molar ratio (10:1). The amount of DES was varied
0.05 to 0.3 molpoes/molrra and found results are presented in the Figure 32. Highest
yield was 96.6% at 0.2 molpes/molrra. please note here that this result matches
closely yields obtained in Mexico (97%) using sewage sludge as raw material,
highlighting consistency of the presented results here. The slight difference between
the optimum DES quantity 0.1 (Mexico) and 0.2 (France) could be attributed to
differences between the initial %FFA of the raw materials that was 81% and 95%

respectively in Mexico and in France.
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Figure 32. Effect of DES quantity in biodiesel yield by using ChCI:PTSA as catalyst
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So-far presented results in this section have allowed us to determine key
optimized parameters in the presence of ChCI:PTSA DES; whose are: intensity
70%, pulse 30, reaction time 60 min, temperature 40°C, methanol:grease molar ratio

10:1, and 0.2 molpes/molFra.

The final parameter but not the least to be determined is the adequacy of the
tested DES for the biodiesel production. We performed biodiesel reaction by using
the selected DES from Hammett analysis: ChCl:OXA, BTEAC:PTSA, BTEAC:OXA,
and Menthol:DA without omitting ChCI:PTSA which has been used previously to
optimize other operating parameters. We have performed several reactions under
both magnetic stirring and ultrasound irradiation with the conditions showed in Table

17 and results can be observed in Figure 33.

Table 17. Reaction conditions for ultrasound and magnetic stirring experiments.

Intensity Pulse Temperature Time Methanol DES

Agitation (%) (%)  (°C) (h)  (molme/molera)  (Molpes/moleea)
Magnetic stirring - - 60 3 10 0.1
Ultrasound 70 30 40 1 10 0.1
Ultrasound 70 30 40 1 10 0.2

We can observe from Figure 33 that higher yield was obtained by using PTSA
as HBD. This could be because among all the HBD used, it is the one with the
highest acidity value; what is also in agreement with the results obtained in Mexico.
It can be observed that obtained yields between ChCI:PTSA and BTEAC:PTSA were
quite similar allowing to demonstrate that for this DES the change in the HBA does
not affect significantly to the biodiesel yield. This similar trend can be also observed

for OA-based DES. Furthermore, ultrasound showed to greatly acelerate the
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reaction rate as foreseen, allowing to obtain almost the same yield in one-third part

of the time and 20°C less temperature when compared with magnetic stirring. This

is attributed to the improvement in the mass transfer due to emulsifying effect of

ultrasound of the reaction medium.
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Figure 33. Biodiesel yield by using magnetic stirring and ultrasonic irradiation for

five different DES.

Furthermore, it can be observed that ChCI:OA and BTEAC:OA exhibitsimilar

yield values under magnetic stirring (40.0% and 44.2% respectively), consistent with

the trend observed in experiments using PTSA as the HBD, where the yields achieve

close values despite the change in HBA. This trend also persisted in the first scenario
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using ultrasound and 0.1 molpes/molrra, with values of 28.9% for ChCI:OA and
25.3% for BTEAC:OA. These values were lower than the yields obtained in reactions
using magnetic stirring. This could be attributed to the reaction time. As seen in
Figure 8 in section 7.2, esterification takes longer to reach equilibrium when using
OA as HBD, due to the lower acidity of OA compared to PTSA. This suggests that
one hour of reaction time may not be sufficient to obtain higher yields when using a

DES with OA as HBD. This point is currently under investigation in our laboratory.

It was also observed that increasing the amount of DES from 0.1 to 0.2
molpes/molrra led to a certain improvement in yield what can be expectable
considering that more acidity within the reacting medium could lead to a more
efficient acidic catalysis. In the case of ChCI:OA, this increase in DES quantity
resulted in a yield of 54.5%, which is relatively close to the maximum yield found in
previous experiments conducted in Mexico (59.7%). These experiments in Mexico
determined that the optimal DES amount for ChCI:OA was 0.2 molpes/molrra. It is
worth noting that in the ultrasound-assisted process, the methanol:grease molar
ratio was 10:1, whereas in the experiments in Mexico, it was 15:1. As previously
mentioned, a high methanol:grease ratio of 15:1 was used in experiments conducted
in Mexico to reduce the viscosity of the reaction medium and to facilitate better mass
transfer. The experiment conducted with ultrasound, using the same amount of DES
and less methanol, confirms that the limiting factor in the experiments showed in
section 7 was indeed mass transfer in the medium due to its high viscosity and high
heterogeneity of the reacting medium. This limitation can be overcome through the

use of ultrasound.
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Ultrasonic Experiments with BTEAC:OA also demonstrated an increase in
yield with an increase in DES. However, the yields were not as high as those
obtained with ChCI:PTSA. This could be because the DES with BTEAC:OA is more
viscous than that made with ChCI, probably because of enhanced London forces
between FFA and the DES when using BTEAC as compared to ChCl HBA. An
excess of this DES can therefore affect the reaction yield. It is important to
emphasize that experiments using OA as HBD were carried out under the most
favorable conditions established with ChCI:PTSA. To conduct a comprehensive
analysis using OA as the hydrogen bond donor (HBD), additional studies are
imperative. These studies will find the optimum conditions but also enable us to
ascertain if the trends observed in the experiments with PTSA persists under the

refined parameters.

Finally, the lowest yield was obtained by using Menthol:DA as catalyst this
could be explained because rather low acid value, the lowest of all tried DES when
considered both Hammett methodology and pKa values of the corresponding free
acids. It should be noted that also this one is the less viscous among the DES used
for this study, being completely fluid at room temperature, so it allows us to say that
even with a very low viscosity if the DES does not have strong acidity, the yield would
not be high. The ultrasound experiments allowed to probe this point because

increasing the mass transfer at maximum did not had any impact on the yield.
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In this section, we observed that ultrasound and DES combination led to
improvements in the reaction time and yield values. In the case of the DES with OA,
it led to a decrease in the methanol:grease ratio, from 15:1 under magnetic stirring
to 10:1 under ultrasound. This reduction is particularly significant for the
environmental impact, as highlighted in the Life Cycle Assessment conducted in
section 7.4. Methanol emerges as a substantial contributor to the environmental
impact of the process. Studies varying the methanol molar ratio for DES with PTSA
could have the same results, allowing decreasing the methanol.oil molar ratio to
values lesser than 10:1. This part of the investigation opens the opportunities to
conduct more studies about the biodiesel ultrasound-assisted production from
residual greases and using DES as catalyst to study a complete optimization of the
parameters of the process and by including energetic, environmental and economic

factors.
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9. CONCLUSIONS

This project successfully produced biodiesel from wastewater sludge using deep
eutectic solvents. This approach markedly reduced the process's environmental
impact. Additionally, the inclusion of ethyl levulinate and magnesium oxide led to
improved biodiesel properties, meeting European quality standards. These
outcomes signify a substantial step towards sustainable, high-quality biodiesel
production by using waste raw materials, green catalyst and combined effect

additives.

The highest biodiesel yield (97%) was achieved using 0.1 ChCI:PTSA : FFA molar
ratio. The experimentation showed the importance of lower viscosity and higher
acidity values in the esterification reaction. Recognizing these factors is essential,
given the tunable nature of DES, which allows for the selection of components

that enhance these properties.

Biodiesel-Ethyl ester-MgO mixtures from 0.1 and 0.2 ethyl levulinate; 0.1 ethyl
acetoacetate and 0.1 ethyl pyruvate mass fraction complied the limit values
stablished by European biodiesel standard EN 14214. These mixtures introduce

a promising category of biofuels, characterized by their minimal additive content.

Excess molar volume and viscosity deviations reveal interactions among biodiesel

mixture components, aiding in the comprehension of how properties like density
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and viscosity change with additive inclusion and the impact of additive chain
length, which produced the reduction of packing of ethyl ester molecules into the
free volume of the biodiesel. This understanding is valuable for setting optimal

operational parameters in internal combustion engines.

The addition of 5 ppmm MgO increased the flash point and calorific value of the
biodiesel. Conversely, the addition of ethyl esters to the biodiesel decreased the
flash point, calorific value, and cetane index of the mixture at the same MgO
concentration. This shows that the MgO concentration used can affect the
properties of pure biodiesel. However, in biodiesel-ethyl ester mixtures, an
increased MgO concentration is required to mitigate the effects on the flash point,

calorific value, and cetane index, as observed previously.

The addition of ethyl esters to biodiesel reduced simulated temperature and CO2
mass fractions due to their viscosity-lowering effect. Viscosity emerged as a
crucial parameter in biodiesel combustion modeling. These initial results were
obtained under ideal and simplified conditions and will require further investigation

through detailed chemistry to determine if viscosity remains a dominant factor.

The inclusion of MgO particles in the combustion simulation have shown to

decrease combustion temperature and NOx emissions. This effect can be

attributed to the particles thermal dissipating effect. This insight allows for the
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deliberate targeting of properties, such as thermal conductivity, when considering

particulate additives for biodiesel.

Environmental impact assessment shows that the use of hexane and the high
electric consumption are the main contributors to environmental impact in the
base scenario of biodiesel production from sewage sludge, this mainly due to the
fossil origin of both factors. It emphasizes the necessity of prioritizing materials

with sustainable origins, aligning with green chemistry principles.

Biodiesel production using DES demonstrated a lower environmental impact
compared to the base scenario. This can be attributed to reduced reaction time
and purification stages, resulting in decreased electricity consumption and the
elimination of hexane usage in the process. It is important to note that while the
environmental benefits are promising, further research is needed to conduct an
economic analysis, as none LCA has been performed with DES so far, except our
current study. However, this represents a significant starting point for future

investigations.

In the scenario utilizing Oxalic acid DES, the notable increase in methanol
consumption compared with the scenario involving PTSA DES, evidences that in
high quantities methanol is also a critical aspect of the environmental impact, due
to its fossil origin. For this reason, minimize the methanol use in the process must

be necessary to decrease the biodiesel production impacts.
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The incorporation of ultrasound into biodiesel production using DES as a catalyst
has shown significant advantages. This includes the reduction of key parameters
like reaction time, temperature, and methanol molar ratio. These findings pave
the way for future research to optimize the entire process. This includes evaluating
the impact of ultrasound on the Life Cycle Assessment (LCA), ensuring its

potential for substantial environmental impact reduction
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APPENDIX A

Experimental densities, viscosities, and refractive index for biodiesel + ethyl ester + MgO (5 ppm.) mixtures

Table A1. Experimental Densities, p(g-cm™), Viscosities, n(mPa-s), and Refractive Index np, for Biodiesel (1) + Ethyl
Levulinate (2) + MgO (3), ws = 5 ppm. in mass fraction, at p = 0.1 MPa?

w2 X2 P n np P n np P n np P n np
T=288.15K T=293.15K T=298.15K T=303.156K
0.000 0.000 0.8812 9.46 1.4521 0.8776 8.06 1.4501 0.8739 6.98 1.4481 0.8703 6.06 1.4462
0.100 0.181 0.8924 8.08 1.4489  0.8886 6.91 1.4469 0.8849 5.99 1.4449  0.8811 5.21 1.4430
0.200 0.332 0.9039 6.93 1.4459  0.9000 5.94 1.4439 0.8961 5.15 1.4419  0.8923 4.49 1.4399
0.300 0.460 0.9159 5.96 1.4430  0.9119 5.13 1.4409 0.9079 4.45 1.4389  0.9039 3.89 1.4369
0.400 0.570 0.9282 5.14 1.4402  0.9241 4.45 1.4381 0.9200 3.86 1.4360 0.9159 3.38 1.4340
0.500 0.666 0.9413 4.46 1.4374  0.9371 3.88 1.4353 0.9329 3.37 1.4332  0.9286 2.96 1.4311
0.600 0.749 0.9551 3.89 1.4346  0.9508 3.41 1.4325 0.9464 2.97 1.4304  0.9420 2.62 1.4283
0.700 0.823 0.9697 3.40 1.4318  0.9652 3.01 1.4297 0.9607 2.63 1.4276  0.9562 2.34 1.4255
0.800 0.888 0.9847 2.99 1.4291 0.9801 2.67 1.4270 0.9754 2.34 1.4248  0.9708 2.10 1.4228
0.900 0.947 1.0006 2.65 1.4267  0.9959 2.39 1.4246 0.9912 2.10 1.4224  0.9864 1.89 1.4203
1.000 1.000 1.0174 2.36 1.4246 1.0125 2.15 1.4224 1.0077 1.90 1.4202 1.0028 1.71 1.4180
T=308.15K T=313.15K T=318.156K T=323.156K
0.000 0.000 0.8666 5.33 1.4442  0.8630 4.72 1.4422 0.8599 4.21 1.4402  0.8557 3.77 1.4382
0.100 0.181 0.8773 4.60 14410 0.8736 4.09 1.4390 0.8703 3.66 1.4371 0.8660 3.29 1.4351
0.200 0.332 0.8884 3.97 1.4379  0.8845 3.54 1.4359 0.8811 3.17 1.4339  0.8767 2.86 1.4319
0.300 0.460 0.8999 3.44 1.4349  0.8959 3.08 1.4329 0.8923 2.77 1.4309  0.8879 2.50 1.4289
0.400 0.570 0.9118 3.00 1.4320  0.9077 2.70 1.4300 0.9040 2.43 1.4280  0.8995 2.20 1.4259
0.500 0.666 0.9244 2.64 1.4291 0.9202 2.39 1.4271 0.9164 2.16 1.4251 0.9118 1.96 1.4231
0.600 0.749 0.9377 2.35 1.4263  0.9333 2.14 1.4243 0.9292 1.94 1.4223  0.9246 1.77 1.4202
0.700 0.823 0.9517 211 1.4234  0.9472 1.93 1.4214 0.9429 1.76 1.4194  0.9383 1.61 1.4174
0.800 0.888 0.9662 1.90 1.4207  0.9616 1.75 1.4187 0.9571 1.60 1.4167  0.9524 1.47 1.4147
0.900 0.947 0.9817 1.72 14183  0.9769 1.59 1.4162 0.9722 1.46 1.4142  0.9674 1.35 1.4122
1.000 1.000 0.9979 1.56 1.4159  0.9930 1.45 1.4139 0.9881 1.34 1.4118  0.9832 1.23 1.4097

aStandard uncertainties u are u(wz) = 0.002, u(x2) = 0.002, u{p) = 5x104, u{n) = 0.03, u{np) = 2x10*4, u(T) = 0.01 K for
density, u(T) = 0.03 K for viscosity, u(T) = 0.05 K for refractive index and u(p) = 10 kPa.
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Table A1. Continued

w2 X2 o) n Nnp o) n no o) n np
T=328.15K T=333.15K T=338.15K

0.000  0.000 0.8521 3.40 1.4362 0.8484 3.08 1.4342 0.8448 2.81 1.4322
0.100  0.181 0.8623 2.98 1.4331 0.8585 2.71 1.4312 0.8547 2.48 1.4292
0.200  0.332 0.8729 2.60 1.4299 0.8690 2.37 1.4280 0.8651 2.17 1.4260
0.300  0.460 0.8839 2.28 1.4269 0.8799 2.09 1.4249 0.8759 1.92 1.4229
0.400  0.570 0.8954 2.01 1.4239 0.8913 1.85 1.4219 0.8872 1.70 1.4199
0.500  0.666 0.9076 1.80 1.4210 0.9033 1.66 1.4190 0.8991 1.53 1.4170
0.600  0.749 0.9202 1.63 1.4182 0.9159 1.51 1.4162 0.9115 1.40 1.4141
0.700  0.823 0.9338 1.49 1.4153 0.9293 1.38 1.4133 0.9248 1.28 1.4113
0.800  0.888 0.9478 1.36 1.4126 0.9431 1.27 1.4106 0.9385 1.18 1.4086
0.900  0.947 0.9626 1.25 1.4101 0.9579 1.16 1.4081 0.9531 1.08 1.4060
1.000 1.000 0.9783 1.14 1.4076 0.9734 1.06 1.4055 0.9685 0.99 1.4034

aStandard uncertainties u are u(wz) = 0.002, u(x2) = 0.002, u{p) = 5x104, u{n) = 0.03, u{np) = 2x104, u(T) = 0.01 K for
density, u(T) = 0.03 K for viscosity, u(T) = 0.05 K for refractive index and u(p) = 10 kPa.
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Table A2. Experimental Densities, p(g-cm™3), Viscosities, n(mPa-s), and Refractive Index np, for Biodiesel (1) + Ethyl
acetoacetate (2) + MgO (3), ws = 5 ppmn, at p = 0.1 MPa?

w2 X2 o n np o) n np P n np P n np
T=288.15K T=293.15K T=298.15K T=303.15K
0.000 0.000 0.8812 946 14521 0.8776 8.06 1.4501 0.8739 6.98  1.4481  0.8703 6.06  1.4462
0.100 0.197 0.8959 824  1.4494  0.8921 7.06 14472  0.8883 6.14  1.4451 0.8845 535  1.4430
0200 0.355 0.9096  7.03  1.4464  0.9057 6.05 14442  0.9017 527  1.4420 0.8978 4.61 1.4399
0.300 0.486 0.9230 596  1.4432  0.9190 5.14 14410  0.9149 449 14388 09108 3.94  1.4366
0.400 0595 0.9367  5.02  1.4401 0.9325 4.34 14379  0.9283 3.80 14357  0.9241 334  1.4334
0.500 0.688 0.9507  4.19  1.4372  0.9464 3.64 14350  0.9420 319  1.4327 09376 282  1.4305
0600 0.768 09654 349 14340  0.9609 3.05 14316  0.9564 270 14293  0.9519 240  1.4270
0.700 0.837 0.9807 292  1.4304  0.9761 2.58 1.4281 0.9714 230  1.4258  0.9667 206  1.4235
0.800 0.898 09973 249 14271 0.9925 2.22 14248  0.9876 1.99 14224 0.9828 179 1.4201
0.900 0.952 1.0148 215  1.4240  1.0098 1.93 14216  1.0048 174 14193  0.9997 158  1.4169
1.000 1.000 1.0328  1.87 14210 1.0277 1.69 14188  1.0224 153 14166  1.0172 139 1.4143
T=308.15K T=313.15K T=318.15K T=32315K
0.000 0.000 0.8666  5.33  1.4442  0.8630 472 14422  0.8599 421 14402  0.8557 377  1.4382
0.100 0.197 0.8807  4.73  1.4408 0.8768 4.20 14387  0.8736 3.75 14365 0.8693 3.37  1.4344
0200 0.355 0.8939  4.08 1.4377  0.8899 3.63 14355  0.8865 325 14334  0.8820 293 14312
0.300 0.486 0.9067 349 14344 0.9026 3.1 14322  0.8990 279 14300 0.8945 252  1.4279
0.400 0595 0.9198 297 14312 0.9156 2.65 14290  0.9118 239 14268  0.9072 216  1.4246
0.500 0.688 0.9333 251  1.4283  0.9289 2.26 1.4261 0.9249 205 14238  0.9202 186  1.4216
0.600 0.768 0.9474 215  1.4248  0.9428 1.95 14225  0.9386 178 14203  0.9338 163  1.4181
0.700 0.837 0.9620 1.86  1.4212  0.9573 1.69 14190  0.9528 155 14167  0.9479 143  1.4144
0.800 0.898 0.9779 162  1.4178  0.9730 1.48 14156  0.9683 136  1.4133  0.9633 126 1.4110
0.000 0.952 0.9947 143  1.4146  0.9896 1.31 14124  0.9846 121 14102 0.9795 112 1.4080
1.000 1.000 1.0120 127 14121  1.0067 1.17 14099  1.0015 1.08  1.4077 0.9963 1.00  1.4055

aStandard uncertainties u are u(wz) = 0.002, u(x2) = 0.002, u{p) = 5x104, u{n) = 0.03, u{np) = 2x10*4, u(T) = 0.01 K for
density, u(T) = 0.03 K for viscosity, u(T) = 0.05 K for refractive index and u(p) = 10 kPa.
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Table A2. Continued

w2 X2 o) n Nnp o) n no o) n np
T=328.15K T=333.15K T=338.15K

0.000  0.000 0.8521 3.40 1.4362 0.8484 3.08 1.4342 0.8448 2.81 1.4322
0.100  0.197 0.8655 3.05 1.4323 0.8617 2.76 1.4301 0.8579 2.50 1.4279
0.200  0.355 0.8781 2.64 1.4290 0.8742 2.40 1.4268 0.8702 2.18 1.4246
0.300  0.486 0.8904 2.28 1.4257 0.8863 2.08 1.4234 0.8822 1.90 1.4212
0.400  0.595 0.9030 1.97 1.4224 0.8987 1.80 1.4201 0.8945 1.65 1.4179
0.500  0.688 0.9158 1.71 1.4194 0.9114 1.57 1.4171 0.9071 1.44 1.4149
0.600 0.768 0.9292 1.49 1.4158 0.9247 1.38 1.4135 0.9202 1.28 14112
0.700  0.837 0.9432 1.32 1.4122 0.9385 1.22 1.4099 0.9338 1.13 1.4076
0.800  0.898 0.9584 1.17 1.4087 0.9535 1.09 1.4064 0.9486 1.01 1.4041
0.900  0.952 0.9744 1.04 1.4057 0.9693 0.97 1.4035 0.9643 0.91 1.4012
1.000 1.000 0.9910 0.93 1.4033 0.9857 0.87 1.4011 0.9804 0.82 1.3988

aStandard uncertainties u are u(wz) = 0.002, u(x2) = 0.002, u{p) = 5x104, u{n) = 0.03, u{np) = 2x104, u(T) = 0.01 K for
density, u(T) = 0.03 K for viscosity, u(T) = 0.05 K for refractive index and u(p) = 10 kPa.
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Table A3. Experimental Densities, p(g-cm™3), Viscosities, n(mPa-s), and Refractive Index np, for Biodiesel (1) + Ethyl
Pyruvate (2) + MgO (3), ws = 5 ppmn, at p = 0.1 MPa?

w2 X2 o n np P n np o) n np o) n np
T=288.15K T=293.15K T=298.15K T=303.15K
0.000 0.000 0.8812 946 14521 0.8776 8.06 14501  0.8739 6.98  1.4481  0.8703 6.06  1.4462
0.100 0.215 0.9016 865 1.4485  0.8977 7.48 1.4465  0.8937 6.55  1.4444  0.8898 575  1.4424
0200 0.382 0.9168  7.22  1.4440 0.9127 6.25 14419  0.9085 547  1.4399  0.9044 479 14378
0.300 0.514 0.9308 579  1.4395  0.9265 4.99 14374  0.9221 437 14352  0.9177 3.83  1.4331
0.400 0.622  0.9451 470 14351  0.9406 4.06 14329  0.9360 3.56  1.4307 0.9315 313 1.4286
0500 0.712 0.9604  3.74  1.4307  0.9556 3.24 14284  0.9508 285  1.4262  0.9460 2.51 1.4240
0.600 0.788 0.9760 297 1.4259  0.9710 2.59 14237  0.9660 228 14214  0.9610 202  1.4192
0700 0.852 0.9929 238 14209 0.9877 2.09 14186  0.9824 185 14163  0.9772 165  1.4141
0.800 0.908  1.0111 1.91  1.4170  1.0056 1.69 14146  1.0001 151 14123  0.9946 136 1.4100
0.900 0.957 1.0314 157 14126  1.0256 1.41 14104  1.0198 127 14080  1.0139 115  1.4055
1.000 1.000 1.0530 129  1.4079  1.0469 1.17 1.4055  1.0409 1.07 14030 1.0348 0.98  1.4006
T=308.15K T=313.15K T=318.15K T=323.15K
0.000 0.000 0.8666  5.33  1.4442  0.8630 472 14422  0.8599 421 14402  0.8557 3.77  1.4382
0.100 0.215 0.8858 510  1.4404  0.8819 450 14384  0.8785 400 1.4363  0.8740 357  1.4343
0200 0.382 0.9002 424  1.4357  0.8961 3.78 14337  0.8925 3.37 14317 0.8878 3.01 1.4296
0.300 0514 09134  3.39 14310  0.9090 3.01 14289  0.9052 268  1.4268  0.9003 2.41 1.4247
0400 0.622 0.9269 279 14264  0.9224 2.50 14242  0.9182 225 14221  0.9133 204  1.4200
0500 0.712 0.9412 223 14219  0.9364 2.00 14197  0.9320 1.80  1.4175  0.9269 163  1.4153
0.600 0.788 0.9560  1.81  1.4169  0.9510 1.64 14146  0.9463 149 14124  0.9410 137  1.4102
0700 0.852 09719 150  1.4118  0.9667 1.37 14095  0.9616 125 14073  0.9562 115  1.4050
0.800 0.908 0.9890  1.24  1.4076  0.9835 1.14 14053  0.9781 1.05  1.4030 0.9724 097  1.4007
0.900 0.957 1.0081 1.05 1.4031 1.0023 0.97 1.4008 0.9965 0.90 1.3984 0.9906 0.84 1.3960
1,000 1.000 1.0287 090  1.3982  1.0226 0.83 1.3958  1.0165 0.77 1.3934  1.0104 0.72  1.3909

aStandard uncertainties u are u(wz) = 0.002, u(x2) = 0.002, u{p) = 5x104, u{n) = 0.03, u{np) = 2x10*4, u(T) = 0.01 K for
density, u(T) = 0.03 K for viscosity, u(T) = 0.05 K for refractive index and u(p) = 10 kPa.
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Table A3. Continued

w2 X2 o) n Nnp o) n no o) n np
T=328.15K T=333.15K T=338.15K

0.000  0.000 0.8521 3.40 1.4362 0.8484 3.08 1.4342 0.8448 2.81 1.4322
0.100  0.197 0.8655 3.05 1.4323 0.8617 2.76 1.4301 0.8579 2.50 1.4279
0.200  0.355 0.8781 2.64 1.4290 0.8742 2.40 1.4268 0.8702 2.18 1.4246
0.300  0.486 0.8904 2.28 1.4257 0.8863 2.08 1.4234 0.8822 1.90 1.4212
0.400  0.595 0.9030 1.97 1.4224 0.8987 1.80 1.4201 0.8945 1.65 1.4179
0.500  0.688 0.9158 1.71 1.4194 0.9114 1.57 1.4171 0.9071 1.44 1.4149
0.600 0.768 0.9292 1.49 1.4158 0.9247 1.38 1.4135 0.9202 1.28 14112
0.700  0.837 0.9432 1.32 1.4122 0.9385 1.22 1.4099 0.9338 1.13 1.4076
0.800  0.898 0.9584 1.17 1.4087 0.9535 1.09 1.4064 0.9486 1.01 1.4041
0.900  0.952 0.9744 1.04 1.4057 0.9693 0.97 1.4035 0.9643 0.91 1.4012
1.000 1.000 0.9910 0.93 1.4033 0.9857 0.87 1.4011 0.9804 0.82 1.3988

aStandard uncertainties u are u(wz) = 0.002, u(x2) = 0.002, u{p) = 5x104, u{n) = 0.03, u{np) = 2x104, u(T) = 0.01 K for
density, u(T) = 0.03 K for viscosity, u(T) = 0.05 K for refractive index and u(p) = 10 kPa.
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