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Preface to ”Optimization of Biodiesel and Biofuel

Process”

Although the utilization of green hydrogen as an energy vector for the decarbonization of the

planet seems to be an irreversible decision, the transition from current energy sources to this new

technology requires a period of no less than three or four decades. In addition, the enormous number

of transport vehicles currently operating with diesel combustion engines must be considered because

they must continue to operate throughout their useful life with diesel fuels or biofuels with similar

properties.

To this very high number of vehicles currently in use, those that are currently being built and

those with foreseeable construction in the next two or three decades must be added, providing that

the deadlines set by the main car, truck, boat, and aircraft builders are met. Therefore, this energy

transition needs the contribution of viable technical and economic solutions in order to gradually

replace the fossil fuels currently used by several biofuels, both to reduce the levels of CO2 emissions

and polluting emissions in cities that seriously affect the health of citizens.

In this Special Issue, a series of papers are collected that try to contribute to this effort, in order

to enable the substitution of fossil fuels, in the greatest proportion possible in this transition period,

which could be extended even for several decades. Thus, some research works are collected here that

provide solutions to make the manufacture of conventional biodiesel more viable or that provide

solutions for the reuse of glycerin, which is currently being produced in conventional biodiesel

production plants. With glycerin, which is practically a waste, it is proposed to manufacture additives

that improve the quality of polluting emissions. Solutions are also provided to try to avoid the

production of glycerin as a residue, integrating this molecule directly as a derivative in biofuels.

However, the most viable and effective solution at this time would be the direct application of straight

vegetable oils in triple mixtures, with fossil diesel and an organic solvent, of a renewable nature such

as ethyl ether or ethyl acetate. Even non-renewable gasoline can be used in a triple blend to adapt

the viscosity of vegetable oils for use in conventional diesel engines. These triple blends avoid any

synthesis process for the production of a biofuel and are capable of making a current diesel engine

work correctly, with high levels of substitution of fossil fuels and with a notable reduction in polluting

emissions.

Diego Luna, Antonio Pineda, Rafael Estevez

Editors

ix
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Solids, as Biocatalyst for the Synthesis of Biofuels:
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Abstract: Two inorganic solids have been evaluated as supports of Lipozyme RM IM,
a Rhizomucor miehei lipase immobilized on a macroporous anion exchange resin, in order to improve
its application as a biocatalyst in the synthesis of biofuels. The experimental conditions have been
optimized to get the selective transesterification of sunflower oil, by using a multi-factorial design
based on the response surface methodology (RSM). In this way, the effects of several reaction
parameters on the selective ethanolysis of triglycerides to produce Ecodiesel, a biodiesel-like biofuel
constitute by one mole of monoglyceride (MG) and two moles of fatty acid ethyl ester (FAEE),
have been evaluated. Thus, it was obtained that a 6:1 oil/ethanol molar ratio, 0.215 g of biocatalyst
supported in silica-gel (0.015 g Lipase/0.2 g silica-gel), 50 μL of 10 N NaOH, together with previous
optimized reaction parameters, 35 ◦C reaction temperature and 120 min of reaction time, gave the
best results (conversions around 70%; selectivity around 65%; kinematic viscosities about 9.3 mm2/s)
in the reaction studied. Besides, Lipozyme RM IM, supported on silica-gel, biocatalyst exhibited a
very good stability, remaining its activity even after 15 cycles.

Keywords: biodiesel; Ecodiesel; selective ethanolysis; sunflower oil; Lipozyme RM IM;
Rhizomucor miehei; ANOVA method; response surface methodology

1. Introduction

The transport sector is currently facing an unprecedented challenge. On the one hand, fossil fuels
represent more than 95% of the energy employed in this sector, increasing day by day. However,
as fossil fuels have a finite nature, they cannot cope with this demand indefinitely. On the other hand,
the control of greenhouse gas emissions, including CO2, is mandatory for environmental purposes.
Thus, an smooth transition from the current scenario, in which diesel engines work mainly with fossil
fuels, to another in which these engines will work mainly with renewable biofuels would allow to
respond the increasing demand on fuels, as well as to partially solve the environmental issues [1,2].

In fact, biofuels have been postulated as the best option to replace fossil fuels, since to date, electric
motors or vehicles capable of using fuel cells cannot compete yet with explosion or combustion engines,
especially in the field of heavy trucks [3], aviation [4,5], or the shipping sector [6]. Therefore, research
on renewable fuels capable of replacing fossil fuels and allowing current engines to operate without
any modification constitutes a first order priority [7,8]. Among biofuels, biodiesel is considered the
best option to replace fossil fuels in compression ignition diesel engines, since no modifications have

Energies 2019, 12, 831; doi:10.3390/en12050831 www.mdpi.com/journal/energies1
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to be performed [8–11]. Industrial production of biodiesel is currently carried out by homogeneous
alkali-catalyzed transesterification of vegetable oils with methanol [12]. After the reaction, biodiesel is
repeatedly washed with water to remove glycerol and soaps [13]. In this process, the generation of
glycerol as byproduct is a major issue for both, the high amount of glycerol generated (10% by weight
of the total biodiesel produced) and the high amount of water employed for removing it [14]. Thus,
to solve this drawback, several alternative methods are being investigated.

One option is the production of glycerol derivatives, with rheological properties like methyl
esters of fatty acids, during the same transesterification process. This process allows its dissolution
in the biofuel and/or in the fossil diesel, increasing the yield of the process and also avoiding the
separation of glycerol [15,16]. To do that, methanol is replaced by other donor agents, such as ethyl
(or methyl) acetate or dimethyl carbonate. Different catalysts have been investigated, including several
lipases [17,18]. As a result of these transesterification reactions, a mixture of three molecules of FAME
or FAEE (fatty acid ethyl ester) and one of glycerol carbonate or glycerol triacetate (triacetin) are
obtained [19,20].

Other valuable option is the production of a biofuel, with similar physicochemical properties as
biodiesel, which integrates glycerol in the form of monoglyceride. In this field, our Research Group has
an extensive background, specifically in the production of Ecodiesel, a biofuel obtained by a selective
1,3-regiospecific enzymatic transesterification of the triglycerides (Scheme 1), so that a mixture of two
parts of FAEE and one part of MG is obtained [21]. The experimental conditions of the enzymatic
process to produce Ecodiesel are much milder than those required for a conventional homogenous
process. In addition, the atomic efficiency of the process is very high, since the yield of the process
is practically 100%, avoiding, then, any process to eliminate impurities from the biofuel obtained.
Last but not least, as a reagent, ethanol is used, a cheaper compound than dimethyl carbonate or
ethyl acetate, both described as alternatives for obtaining biofuels that integrate glycerin as soluble
compounds in the biofuel.

Scheme 1. Ecodiesel synthesis by 1,3-selective ethanolysis of triglycerides, which integrates the glycerol
as monoglyceride.

The Ecodiesel synthesis was patented using a pig pancreatic lipase PPL [22], although remarkable
results have been also obtained over different microbial lipases [23,24]. To optimize the different
reaction conditions, such as the effect of temperature, the pH, the oil/alcohol molar ratio, etc. statistical
analysis of variance (ANOVA) and response surface methodology (RSM) have been previously
employed in Ecodiesel production [25].

Anyhow, despite lipases can be employed as catalyst to perform the Ecodiesel synthesis, their high
production cost is still a huge limitation for their use at industrial scale. To overcome this, lipases must
be able to be reused in subsequent reactions, being a viable option its immobilization on a support.
In this sense, we have recently reported the immobilization of Lipozyme RM IM, a Rhizomucor miehei
lipase, on a macroporous anion exchange resin and its use as heterogeneous biocatalyst in the selective
transesterification of sunflower oil with ethanol [26]. Despite the good results obtained, the low density
of the polymer resin lipase makes its recovery very difficult, needing a centrifugation operation at
3500 rpm for 5 minutes. Furthermore, a maximum of six reuses can be attained before the loss of the
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activity. From an economical point of view, six reuses are not enough if we take under consideration
the high price of the lipase.

Hence, in this research, two different aspects have been addressed. On one hand, to avoid the
centrifugation process for recovering the biocatalyst, several immobilization methods on inorganic
supports have been evaluated. For that purpose, two different cheap inorganic materials, sepiolite and
silica, have been evaluated as supports using covalent immobilization and/or physical adsorption.

On the other hand, several reaction parameters have been studied by ANOVA and RSM, to have
better insights into the production of Ecodiesel over the Rhizomucor miehei lipase. We consider this
statistical method very helpful because, as we previously observed employing other enzymes, during
the production of Ecodiesel, the properties of the enzymes change depending on these reaction
parameters, influencing the measured reaction rates [21,25,27]. In this study, we have evaluated the
influence of the amount of lipase, the amount of 10 N NaOH and the oil/ethanol molar ratio in the
production of Ecodiesel.

2. Materials and Methods

2.1. Materials

Sunflower oil for food use was obtained from a local market. Its standard fatty acids profile
is: 63.5% linoleic acid, 24% oleic acid, 6.5% palmitic acid, 5% stearic acid and 2% of palmitoleic,
with minor amounts of linolenic, behenic, and cetoleic acids. It exhibits a kinematic viscosity value
of 32 mm2/s. The water content as determined by the Karl Fisher method was <0.08% and acidity
degree 0.2%, expressed as oleic acid content. The palmitic acid, stearic acid, oleic acid, linoleic acid
and linolenic acid methyl esters used as standards were obtained from AccuStandard, Inc. 125 Market
Street, New Haven, CT 06513, USA and methyl heptadecanoate was purchase from Sigma–Aldrich,
San Luis, Misuri, Estados Unidos. All of them were chromatographically pure. Absolute ethanol and
sodium hydroxide pure analytical compounds (99%) used were purchased from Panreac, Carrer del
Garraf, 2, 08211 Castellar del Vallès, Barcelona, Spain. The Lipozyme RM IM, a Rhizomucor miehei lipase
immobilized in beads from macroporous anion exchange resins was kindly provided by Novozymes
A/S, Krogshøjvej 36, 2880 Bagsværd, Denmark.

2.2. Immobilization of Rhizomucor Miehei Lipase on Inorganic Supports

2.2.1. Immobilization of Lipozyme RM IM by Physical Adsorption

The physical adsorption of Lipozyme RM IM has been studied on two different inorganic supports,
a natural sepiolite (Tolsa S.A., Zaragoza, Spain) and a commercial silica gel. The sepiolite is a cheap
natural silicate with high surface area (226 m2/g) and a fibrous structure. The theoretical formula of the
unit cell is Si12O30Mg8(OH)6(H2O)4·8H2O, where the Si4+ and the Mg2+ can be partially substituted
by Al3+, Fe2+ and alkaline ions. Each Mg atom completes its coordination with two molecules of water
(Figure 1). The physical adsorption of lipases on sepiolite requires a previous acid demineralization
step, in which the different metal hydroxides, i.e., Al, Fe, alkaline ions and mostly Mg, are extracted [28].
In this case, 40 g of the sepiolite was stirred at RT with a 1M solution of hydrochloric acid (HCl),
until no presence of magnesium is detected (24 h).

Afterwards, the channels of the sepiolite can be filled with the lipase, producing its immobilization
by physical adsorption. For its part, the immobilization on a silica gel does not require any activation
treatment of the silica. Thus, the physical immobilization was carried out according to the following
procedure. In a 25 mL round bottom flask, 0.2 g support, 0.01 g of Lipozyme RM IM lipase and 3.5 mL
of absolute ethanol are mixed and stirred for 30 min at 700 rpm and 35 ◦C. As a matter of density of
the solids, the corresponding amount of demineralized sepiolite employed as inorganic support was
1.0 g. The biocatalysts obtained by immobilization will be denoted as Lipo-Sep and Lipo-silica, either
if Lipozyme was adsorbed on demineralized sepiolite or on silica-gel.
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Figure 1. Structure of hydrated natural sepiolite.

2.2.2. Covalent Immobilization of Lipozyme RM IM on Sepiolite

Analogously to the physical adsorption, sepiolite cannot be directly employed as support for
covalent immobilization of lipases. First of all, it has to be subjected to a surface activation process by
sol-gel precipitation of AlPO4 on powdered solid sepiolite, in a proportion Sepiolite/AlPO4 80/20 [24].
Then, two different linkers, p-hydroxybenzaldehyde or 4-aminobenzylamine, were employed to
interact with the Bronsted acid sites of the support, following a reported procedure [28], as it is shown
in Schemes 2a and 3a,b. If 4-aminobenzylamine is employed to modify the functional groups in the
surface, tereftaldicarboxaldehyde is also added to react with 4-aminobenzylamine and form the imines
bond. Briefly, the immobilization of Lipozyme was carried out at room temperature, by introducing
the functionalized inorganic solid (0.2 g) with the Lipozyme RM IM (0.01 g) in a reaction flask with
6 mL of ethanol, stirring in a refrigerator for 24 h. Finally, prior to its use, ethanol (6 mL) was
added to the mixture and the solid, with the immobilized Lipozyme was separated by centrifugation.
These supports will be denoted as 1-Sep/AlPO4 for the support modified with p-hydroxybenzaldehyde
and 2-Sep/AlPO4 for the support modified with 4-aminobenzylamine and tereftaldicarboxaldehyde.
Finally, the covalent immobilization of the lipase on the modified amorphous Sepiolite/AlPO4 can
be achieved by chemical interaction of the organic groups available in the lipase either with the
amino group or the aldehyde group, Schemes 2b and 3c. The final biocatalysts will be denoted as
Lipo-1Sep/AlPO4 and Lipo-2Sep/AlPO4.

 

(a) 

(b) 

Scheme 2. Solid phase synthesis, step by step, for the immobilization of the enzyme through the
ε-amino groups of the lysine residues. In Step 1, surface OH groups of the supported Sepiolite/AlPO4

are activated by microwave heating with p-hydroxybenzaldehyde; before covalent immobilization of
the enzyme through the ε-amino group of lysine residues (step 2).
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Scheme 3. Solid phase synthesis, step by step, for the immobilization of the enzyme through the
ε-amino groups of the lysine residues. In Step 1, surface OH groups of the supported AlPO4/sepiolite
are activated by microwave heating with 4-aminobenzylamine; In Step 2, tereftaldicarboxaldehyde
is reacted through imines bonds also obtained by microwave heating; Finally, in Step 3 covalent
immobilization of the enzyme is obtained through the ε-amino group of lysine residues. It must be
clarified that water is formed in steps (a)–(c).

Figure 2 shows the inorganic supports employed to immobilize the Lipozyme RM IM. As can be
seen, despite the fact 1 g of sepiolite was employed instead of 0.2 g of the rest of the solids, the final
volume was similar for all the supports.

 

Figure 2. Inorganic supports used to immobilize Lipozyme RM IM: (a) demineralized sepiolite, (b) silica
gel, (c) AlPO4/sepiolite activated with 4-aminobenzylamine and terephthalato dicarboxaldehyde (d)
AlPO4/sepiolite activated with p-hydroxybenzaldehyde.

2.3. Ethanolisis Reactions

The transesterification reactions of sunflower oil were carried out according to the experimental
procedure previously described [26]. Briefly, a 25 mL volume round bottom flask was immersed in a
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thermostatic bath in which temperature and stirring speed were controlled. The temperature was set
to 35 ◦C whereas the stirring speed was set at 700 rpm to avoid mass transfer limitations. In a typical
run, 9.4 g (12 mL, 0.01 mol) of sunflower oil was introduce in the batch reactor together with variable
oil/ethanol volume ratio, corresponding to a molar ratio between 1/4 and 1/6, different amounts
of supported Lipozyme RM and also different amounts of NaOH 10N (0–75 μL). Blank experiments
in presence of the highest quantity of NaOH 10N solution were performed to rule out a potential
contribution from the homogeneous NaOH catalyzed reaction. In these blank experiments, less than
10% of conversion was obtained, indicating that the homogenous catalysis contribution is negligible
under the investigated conditions. At the end of the reaction, the biocatalyst was employed without
any treatment, in order to simulate the operational conditions employed in the industry. Thus, by
simple decanting for half an hour, the biocatalyst is maintained at the bottom of the flask and the
product is retired. Then, a new charge of reactants is added and the reaction is launched again.

2.4. Analytical Method

Reaction products were monitored by capillary column gas chromatography, using a 5890 series
II instrument (Hewlett-Packard, Palo Alto, California, USA) equipped with a flame ionization detector
(FID) and an HT5 capillary column (25 m × 0.32 mm × 0.10 μm), using n-hexadecane (cetane) as
internal standard. The heating ramp was: 50 to 200 ◦C at a rate of 7 ◦C/min, followed by another
ramp from 200 to 360 ◦C at a rate of 15 ◦C/min, maintaining the oven temperature at 360 ◦C for
10 min [29]. The quantification of the ethyl esters (FAEE), monoglycerides (MG), diglycerides (DG)
and triglycerides (TG) allow to determine the Conversion, i.e., Conv = FAEE + MG + DG, whereas
the Selectivity is calculated as the sum of FAEE + MG. The differentiation between both parameters
is determined by the similarity of the FAEE and MG with the standard n-hexadecane. Therefore,
it represents the proportion of biofuel directly comparable with fossil fuels.

2.5. Determination of Kinematic Viscosity

The kinematic viscosity has been measured in an Ostwald-Cannon-Fenske capillary viscometer
(Proton Routine Viscometer 33200, size 150, Proton Technology AB, Sjöåkravägen 28, SE-564
31 Bankeryd, Sweden), determining the time required for a certain volume of liquid to pass between
two marked points on the instrument, placed in an upright position. From the flow time (t), expressed
in seconds, we obtain the kinematic viscosity expressed in centistokes, υ = C·t, where C is the calibration
constant of the measurement system in mm2/s2, which is specified by the manufacturer (0.040350
mm2/s2 at 40 ◦C, in this case). All measures have been carried out in duplicate and are presented
as the average of both, proving that the variation is below 0.35% between measures, as required by
the standard American Society for Testing and Materials ASTM D2270-79 method for the calculating
viscosity index from kinematic viscosity at 40 and 100 ◦C.

2.6. Experimental Design

The effect of process parameters in the enzymatic transesterification reaction and the optimum
conditions for the selectivity and viscosity were studied using a multifactorial design of experiments
with three factors run by the software StatGraphics®version XVI centurion; Statgraphics.Net, C/Bravo
Murillo 350, 1º, 28020 Madrid, Spain. Two of the variables were studied at three levels and the other
one at two levels (Table 1), giving us 36 runs. The experiments were performed in random order.
The experimental parameters selected for this study were immobilized lipase amount, oil/ethanol
molar ratio and NaOH 10N amount. Table 1 shows the coded and actual values of the process
parameters used in the design matrix.

6
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Table 1. Process parameters in factorial design: coded and actual values.

Variables Unit
Levels

−1 0 1

Immobilized Lipozyme RM IM g 0.01 0.02 0.03
Oil/ethanol ratio (v/v) mL/mL 12/2.9 - 12/3.5

NaOH 10N amount μL 25 37.5 50

As can be seen in Table 1, the ranges studied are the following: weight of Lipozyme RM
IM, from 0.01 to 0.03 g, oil/ethanol volume ratio between 12/2.9 to 12/3.5 mL/mL (equivalent
to molar ratios from 1/4 to 1/6, approximately) and the amount of 10N NaOH between 25 and 50 μL.
Each experiment is done in triplicate to ensure about the reproducibility of each reaction and improve
the model.

2.7. Statistical Analysis

The experimental data obtained from experimental design were analyzed by RSM [29,30].
A mathematical model, following a second-order polynomial equation, was developed to describe the
relationships between the predicted response variable (selectivity or viscosity) and the independent
variables of reaction conditions, as shown in Equation (1), where y is the predicted response
variable; β0, βi, βii, βij are the intercept, linear, quadratic and interaction constant coefficients of
the model, respectively; Xi, Xj (i = 1, 3; j = 1, 3; i �= j) represent the coded independent variables
(reaction conditions):

y = β0 +
3

∑
i=1

βiXi +
3

∑
i=1

βiiXi
2 + ∑

3

∑
i<j=1

βijXiXj (1)

Response surface plots were developed using the fitted quadratic polynomial equation obtained
from regression analysis, holding one of the independent variables at constant values corresponding
to the stationary point and changing the order two variables. The quality of the fit of the polynomial
model equation was evaluated by the coefficient of determination R2. Likewise, its regression coefficient
significance was checked with F-test. Confirmatory experiments were carried out to validate the model,
using combinations of independent variables which were not part of the original experimental design,
but included in the experimental region.

3. Results and Discussions

3.1. Immobilization of the Commercial Biocatalyst Lipozyme RM IM on an Inorganic Support

Table 2 shows the conversion and selectivity values obtained in the ethanolysis reaction with
the Lipozyme RM IM over all the different supports here studied, as well as the viscosity of the
biofuel synthesized.

Table 2. Ethanolysis reactions with Lipozyme RM IM immobilized on different inorganic supports,
under the standard experimental reaction conditions: 12 mL of sunflower oil, 3.5 mL of absolute
ethanol, at a temperature of 35 ◦C, 25 μL of 10 N aqueous solution of NaOH, 0.01 g of Lipozyme RM
IM, 2 h reaction times and an agitation of 700 rpm, and the indicated amounts of support.

Support Viscosity (cSt) Conversion (%) Selectivity (%)

Unsupported Lipozyme 7.9 100 62.4
Lipo-Sep 18.8 - -

Lipo-Silica 11.6 83.0 31.4
Lipo-1Sep/AlPO4 23.7 1 - 1 -
Lipo-2Sep/AlPO4 16.2 1 - 1 -

1 The two initial phases of the reaction mixture (oil and ethanol) are kept separate, an unambiguous sign of inactivity
in the reaction.
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As can be seen, the covalent immobilization of the Lipozyme RM IM on Sepiolite support,
independently on the procedure employed, produce its complete deactivation. It seems that the
presence of functional groups that make possible the covalent immobilization of the lipase, cause the
deactivation of its active site somehow. Likewise, the adsorption of the Lipozyme on the demineralized
sepiolite also caused the deactivation of the lipase. However, if the Lipozyme is physically adsorbed
on silica-gel, reasonably good results are obtained. This immobilization would be well-founded by a
physical interaction between the microporous anion exchange resins, in which the lipases is already
immobilized, and the silica support. Thus, the interaction allowed increase the low density of the
organic polymer without affect the actives sites of the lipase. In order to corroborate the economic
feasibility of the lipase immobilization procedure, the performance of the lipase after different reuses
must be evaluated. Figure 3 shows the conversion, selectivity and the viscosity of the biofuel obtained,
after 15 successive reactions, over the Lipo-silica biocatalyst. As can be seen, the stability of the
Lipo-silica is outstanding. In fact, even after the 15th reuse, the conversion and the selectivity are
pretty similar to that obtained after the first use. Furthermore, the viscosity of the biofuel obtained
is the same for every reaction (10.5 ± 0.5 cSt). These results are very encouraging, above all if we
compare it with those obtained with the Lipozyme without immobilize, with which only six reuses
before a total loss of the activity is observed [26]. Furthermore, considering the operative aspects at
plant scale, the Lipo-silica catalyst only requires that the product of the reaction be extracted from the
reactor and then, a new charge of reactants can be added for starting the subsequent reaction. For its
part, the Lipozyme without immobilization requires a centrifugation process, much more difficult
from an operational point of view.

Figure 3. Reuse of the Rhizomucor miehei system of Novozyme (Lipozyme RM IM) immobilized with
silica gel (Lipo-silica), by simple physical attraction, operating under the standard conditions indicated
in Table 2.

3.2. Analysis of Variance (ANOVA) and Optimization of the Reaction Parameters by RSM

Given the good behavior of the Lipo-silica biocatalytic system in the Ecodiesel production,
a multilevel factorial experimental design has been carried out in order to analyze the effects of
experimental parameters in the enzymatic selective ethanolysis reaction of sunflower oil. In this
sense, on the basis of previous researches [27], the weight of Lipo-silica, the oil/ethanol volume ratio
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and the amount of 10 N NaOH have been selected as the most relevant parameters. To evaluate the
magnitude of these parameters on the selectivity of the partial ethanolysis reaction of sunflower oil,
some limits have been set for each variable, as indicated in Table 1. It is also intended to determine the
influence of these variables on the kinematic viscosity of the final mixture, given that the viscosity is
the parameter which determines whether the biofuel obtained can be employed in current engines.
Therefore, the experimental design consists of 18 experiments (runs) carried out in duplicate and in
a random way to minimize possible errors. The sequence of the performed experiments is shown
in Table 3.

Table 3. Experiments matrix of factorial design and the response obtained for viscosity and selectivity.

Run

Studied Variables Output Variables

Amount Lipozyme
RM IM (g)

Oíl/ethanol
ratio (mol/mol)

Amount of 10
N NaOH (μL)

Viscosity (cSt) Selectivity (%)

1 1 −1 0 11.36 39.7
2 1 1 −1 10.16 50.1
3 −1 1 1 9.98 67.9
4 0 1 −1 9.88 49.8
5 −1 −1 0 11.48 45.3
6 1 −1 1 11.56 47.6
7 −1 1 −1 10.56 51.4
8 −1 1 0 9.09 55.2
9 0 −1 −1 11.84 40.7
10 0 −1 0 11.52 41.1
11 0 1 1 8.92 69.8
12 1 1 0 10.14 51.6
13 −1 −1 1 10.82 52.7
14 0 1 0 9.31 56.2
15 0 −1 1 9.98 48.7
16 1 1 1 9.86 67.1
17 1 −1 −1 11.64 35.1
18 −1 −1 −1 12.29 43.2

Repeated experiments

19 1 1 1 9.94 58.7
20 0 −1 1 9.94 53.1
21 1 −1 1 11.09 44.4
22 −1 1 1 10.18 64.5
23 1 −1 −1 12.21 34.5
24 −1 1 0 10.01 60.5
25 −1 −1 0 11.52 45.7
26 −1 1 −1 10.01 54.7
27 0 1 −1 8.89 56.6
28 −1 −1 −1 11.56 36.8
29 0 1 1 9.53 61.8
30 0 1 0 9.73 59.7
31 0 −1 0 10.44 44.3
32 1 1 0 10.88 54.3
33 0 −1 −1 11.26 33.2
34 1 −1 0 11.48 37.4
35 −1 −1 1 10.26 50.2
36 1 1 −1 10.03 50.1

From these data, we are able to determine the correlation between the experimental variables
here studied with the output variables (selectivity and kinematic viscosity), by using the Statgraphics
software and a multivariate statistical analysis (ANOVA). As can be seen in Tables 4 and 5, the quadratic
polynomial model was highly significant, allowing us to understand which variables have a greater
impact on the selectivity and kinematic viscosity.
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Table 4. Analysis of variance (ANOVA) for selectivity.

Source Sum of Squares Freedom Degree Mean Square F-Ratio p-Value

A: Amount Lipozyme RM 137.76 1 137.76 17.05 0.0003
B: Ratio oil/Ethanol 1969.88 1 1969.88 243.81 0.0000

C: Amount NaOH 10N 941.254 1 941.254 116.50 0.0000
AA 13.6068 1 13.6068 1.68 0.2058
AB 6.93375 1 6.93375 0.86 0.3628
AC 0.09 1 0.09 0.01 0.9168
BC 0.63375 1 0.63375 0.08 0.7816
CC 23.0068 1 23.0068 2.85 0.1035

blocks 4.48028 1 4.48028 0.55 0.4632
Total error 210.071 26 8.07964
Total (corr.) 3307.72 35

R2 = 0.849; R2(Adj.) = 0.805.

Table 5. Analysis of variance (ANOVA) for viscosity.

Source Sum of Squares Freedom Degree Mean Square F-Ratio p-Value

A: Amount Lipozyme RM 0.279504 1 0.279504 1.59 0.2189
B: Ratio oil/Ethanol 17.5701 1 17.5701 99.77 0.0000

C: Amount NaOH 10N 2.8497 1 2.8497 16.18 0.0004
AA 3.39301 1 3.39301 19.27 0.0002
AB 0.00220417 1 0.00220417 0.01 0.9118
AC 0.158006 1 0.158006 0.90 0.3523
BC 1.51504 1 1.51504 8.60 0.0069
CC 0.0325125 1 0.0325125 0.18 0.6710

Blocks 0.0568028 1 0.0568028 0.32 0.5750
Total error 4.57882 26 0.176109
Total (corr.) 30.4357 35

R2 = 0.936; R2(Adj.) = 0.917.

The correlation coefficients values, R2, were 0.849 and 0.936 for selectivity and kinematic viscosity,
respectively. These results imply a good fit between models and experimental data in Pareto graphics
(Figure 4). Furthermore, the adjusted correlation coefficients R2(Adj) were 0.805 for selectivity and
0.917 for selectivity and kinematic viscosity (Tables 4 and 5). The results here collected pointed out
that all the parameters studied has an important influence on the selectivity of the process, specially
the oil/ethanol ratio (v/v) and. However, according to the kinematic viscosity, the most relevant
parameters are the oil/ethanol ratio (v/v) and the amount of 10 N NaOH employed (p < 0.05).

(a) (b) 

Figure 4. Pareto graphics: (a) for selectivity and (b) for viscosity.

Likewise, if we represent the influence of the different factors on selectivity and kinematic viscosity
(Figure 5), it is easy to deduce that the higher the positive slope, the higher the effect of the factor. Thus,
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it can be seen in Figure 5a,b, how the oil/ethanol ratio is the parameter with the highest statistical
significance not only on the selectivity but also on the kinematic viscosity.

(a)  (b) 

Figure 5. Graphical representation of the different factors on: (a) selectivity; (b) on the viscosity.

Furthermore, the software also allows obtaining equations, after the elimination of non-influent
parameters in the model, for selectivity and kinematic viscosity, whose R2 values were 0,741 and 0.873,
respectively. The equations obtained were quite simpler as compared to initial ones. These equations
describe the created model and gives solutions for the dependent variable based on the independent
variable combinations, whether they are or not significant in the response. Thus, considering that R is
the Oil/Ethanol ratio (v/v); N is the amount of 10 N NaOH in μL and A, amount of Lipozyme RM,
we have the following equations:

Selectivity = 50.1194 + 7.39722R + 0.1625RN − 1.30417A2 (2)

Viscosity = 10.1458 + 0.107917A − 0.698611R + 0.65125A2 (3)

The surface plots described by the regression model were drawn to display the effects of the
independent variables on selectivity and kinematic viscosity, Figure 6. This model shows that the
optimum values for the parameters to maximize selectivity were: low lipase amount (0.012 g),
high oil/ethanol molar ratio (1/6) and high 10 N NaOH amount (50 μL). Regarding the optimum
values to maximize the viscosity: lipase amount (0.017 g), which is a bit higher than that for selectivity,
oil/ethanol molar ratio (1/6) and amount of 10 N NaOH (50 μL). Thus, a selectivity value around 66%
and viscosity around 9.5 cSt can be achieved under these conditions. The biofuel obtained at these
conditions is feasible to be employed in a mix with diesel fuel in blends of 50%, or even more, falling
within the acceptance limits of the EN 14214.

To validate the proposed models, a serie of experiments, whose conditions are among the range of
the studied variables, has been carried out. Thus, the experimental values of selectivity and kinematic
viscosity have been collected in Table 6. Furthermore, a comparison between the experimental values
and the theoretical ones has been also compiled. As can be seen in Figure 7, a good adjustment of
the model, with values of R2 of 84.955%, for Selectivity and 93.649% for Viscosity, has been obtained,
corroborating the good correlation between the experimental values and those predicted by the model.
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(a) 

 
(b) 

Figure 6. Graphic representation of the different factors on: (a) selectivity; (b) viscosity.

 
(a) (b) 

Figure 7. Probability graphs of (a) Selectivity and (b) Viscosity.

Therefore, it can be concluded that the model created to correlate the reaction parameters (amount
of lipase, ratio oil/ethanol and amount of NaOH 10N aqueous solution) with the selectivity and
the kinematic viscosity is acceptable, since it is able to explain the variability produced in these
experimental parameters.
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Table 6. Experiments matrix of factorial design and the response obtained for selectivity and viscosity.
Experimental values obtained for each reaction of the experimental design for the Selectivity and
Kinematic Viscosity at 40 ◦C, collected in Table 3, compared to the values obtained when applying the
theoretical model proposed.

Run

Studied Variables Selectivity (%) Viscosity (cSt)

Amount Lipozyme
RM IM (g)

Oíl/ethanol
Ratio

Amount of
10 N NaOH

Exp. Value Predicted Exp. Value Predicted

1 1 −1 0 39.7 38.8375 11.36 11.6529
2 1 1 −1 50.1 50.0528 10.16 10.1667
3 −1 1 1 67.9 66.6194 9.98 9.7834
4 0 1 −1 49.8 53.1403 9.88 9.51653
5 −1 −1 0 45.3 44.7042 11.48 11.4179
6 1 −1 1 47.6 46.5583 11.56 11.0927
7 −1 1 −1 51.4 53.6194 10.56 10.1688
8 −1 1 0 55.2 58.4236 9.09 10.0399
9 0 −1 −1 40.7 38.6708 11.84 11.4162

10 0 −1 0 41.1 43.075 11.52 10.8842
11 0 1 1 69.8 65.9903 8.92 9.32986
12 1 1 0 51.6 54.7069 10.14 10.2365
13 −1 −1 1 52.7 52.575 10.82 10.659
14 0 1 0 56.2 57.8694 9.31 9.48694
15 0 −1 1 48.7 50.8708 9.98 10.2246
16 1 1 1 67.1 62.7528 9.86 10.1788
17 1 −1 −1 35.1 34.5083 11.64 12.0856
18 −1 −1 −1 43.2 40.225 12.29 12.0494

Repeated experiments

19 1 1 1 58.7 62.0472 9.94 10.0994
20 0 −1 1 53.1 50.1653 9.94 10.1451
21 1 −1 1 44.4 45.8528 11.09 11.0133
22 −1 1 1 64.5 65.9139 10.18 9.70396
23 1 −1 −1 34.5 33.8028 12.21 12.0062
24 −1 1 0 60.5 57.7181 10.01 9.96042
25 −1 −1 0 45.7 43.9986 11.52 11.3385
26 −1 1 −1 54.7 52.9139 10.01 10.0894
27 0 1 −1 56.6 52.4347 8.89 9.43708
28 −1 −1 −1 36.8 39.5194 11.56 11.9699
29 0 1 1 61.8 65.2847 9.53 9.25042
30 0 1 0 59.7 57.1639 9.73 9.4075
31 0 −1 0 44.3 42.3694 10.44 10.8047
32 1 1 0 54.3 54.0014 10.88 10.1571
33 0 −1 −1 33.2 37.9653 11.26 11.3368
34 1 −1 0 37.4 38.1319 11.48 11.5735
35 −1 −1 1 50.2 51.8694 10.26 10.5795
36 1 1 −1 50.1 49.3472 10.03 10.0873

4. Conclusions

In this research work, the immobilization of Lipozyme RM IM, a Rhizomucor miehei lipase,
on different supports has been evaluated by its use as biocatalyst in the synthesis of Ecodiesel,
a biodiesel-like biofuel obtained by selective transesterification of sunflower oil with ethanol. The best
results have been obtained using a commercial silica gel 60 as support, achieving similar results
to those obtained over the non-immobilized Lipozyme. Likewise, the optimization of the reaction
parameters as well as the influence of these parameters in the enzymatic transesterification has been
carried out by a statistical multifactorial design of experiments with three factors run by the Software
StatGraphics. The analysis of variance showed that, in order to obtain an improvement in selectivity
and kinematic viscosity, the reaction conditions should be an oil/ethanol molar ratio of 1/6 and a high
amount of 10 N NaOH, 50 μL, whereas the amount of lipase employed depends on which parameter
wanted to be optimized, i.e., 0.012 g of lipase to achieve the best selectivity value or 0.017 to achieve
the best kinematic viscosity. Furthermore, the quadratic models obtained showed good results in
terms of predicting the selectivity and viscosity of the investigated systems, as it was corroborated by
experimental reactions.
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The stability of the heterogeneous biocatalysts was studied by successive reactions in order
to evaluate the feasibility and economic viability of its application in industrial scale. In this way,
by means of simple physical immobilization of the Lipozyme on silica-gel, 15 reuses can be obtained
without an evidence of activity loss. This fact allows us to assume that it is possible to perform a much
greater number of reuses. These results are very remarkable, taking into account that the commercial
Lipozyme RM IM, immobilized in an organic polymer is able to perform only 6 reuses before the total
loss of activity.

Besides, an improvement in the operational separation of the biocatalyst from the reaction medium
was obtained, since the commercial Lipozyme has to be separated by centrifugation, whereas the
supported Lipozyme can be separated by decantation.
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Abstract: This research evaluates the possibility of using straight oils such as castor oil, which
is not suitable for food use, and sunflower oil, used as a standard reference for waste cooking
oils, in blends with gasoline as second-generation biofuels. To this end, a study of the rheological
properties of biofuels obtained from these double blends has been carried out. The aim is to take
advantage of the different properties of gasoline, i.e., its low viscosity and its high energy density
to obtain blends whose rheological properties allow the substitution of fossil diesel in high extent.
The incorporation of fossil diesel to these gasoline/oil mixtures produces diesel/gasoline/oil triple
blends, which exhibited the suitable rheological properties to be able to operate in conventional diesel
engines. Therefore, the behavior of these blends has been evaluated in a conventional diesel engine,
operating as an electricity generator. The triple blends allow the substitution of fossil diesel up to 40%
with sunflower oil, and up to 25% with castor oil, with excellent power results achieved for blends in
which diesel is substituted up to 40%, and also in fuel consumption at high demand in comparison to
conventional fossil diesel. Besides, a significant reduction in the emission of pollutants has also been
obtained with these triple blends.

Keywords: gasoline oil blends; castor oil; sunflower oil; biofuel; diesel engine; electricity generator;
smoke opacity; Bacharach opacity; straight vegetable oils (SVO)

1. Introduction

Nowadays, fossil fuels constitute the main source of energy supply for transport. In fact,
about 11 billion tons of fossil fuels are consumed each year worldwide [1]. Furthermore, it is
expected that the fossil fuel demand will continue to rise, which will unavoidably lead to a scenario
where fossil fuels run out [2]. In addition to the depletion of fossil fuels, as the demand for energy
continues growing, the undesirable environmental effects linked to its production and consumption
are becoming more evident by the day. In fact, emission of smoke, particulate matter (PM), carbon
monoxide (CO), carbon dioxide (CO2), nitrogen oxides (NOx) and unburnt hydrocarbons (UBHC)
from fossil fuel combustion are the primary causes of both atmospheric pollution and human health
damage. For this reason, the generation of a safe, efficient and clean energy system is a priority
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Energies 2019, 12, 2181

objective [3]. Then, there is an urgent necessity for a transition from non-renewable and polluting
energies, used up to now by society as a resource to guarantee their energy needs, to other renewable
and environmentally sustainable alternatives [4]. However, in order to be competitive and viable,
this energy transition model cannot ignore the actual vehicle fleet (more than one billion) operating
with fossil fuels [5]. This is the reason why biofuels seem to be the right candidates to start the energetic
transition abovementioned. The use of biofuels diminishes the fossil fuels depletion, minimizes the
negative impact of Greenhouse Gases (GHG), and also allows using the current car fleet without any
mechanic modification of compression-ignition (CI) or diesel engines [6]. In addition, biofuels can be
easily integrated into the logistics of the global transport system, through the gradual replacement of
fossil fuels by mixtures of diesel/biofuel. In this sense the EU stated that, in 2010, traffic fuels must
contain at least 5.75% renewable bio-components, increasing this percentage up to 20% in 2020 and 30%
in 2030. These measures foresee to achieve a reduction of 40% in the Greenhouse Gases emissions in
comparison to those in the year 1990, with 27% of energy consumption from renewable sources and, at
least, an increase of 27% in energy efficiency [7]. Despite these objectives that are apparently not difficult
to achieve, replacement of fossil diesel with conventional biodiesel is still considered economically
unfeasible, due to different factors associated to the biodiesel purification process, e.g., long reaction
times and high energy consumption. Furthermore, during biodiesel production, glycerol is obtained
as a by-product, being approximately 10 wt % of the total biodiesel produced.

To solve this problem, selective transesterification of triglycerides with ethanol has been described
to produce monoglycerides (MG) as soluble glycerol derivatives using different lipases as catalysts [8].
Thus, through the partial transesterification of one mole of triglyceride (TG) with ethanol, two moles
of ethyl esters (FAEE) and one mole of monoglyceride (MG) are generated, obtaining a biofuel called
Ecodiesel that integrates glycerol in the form of a derivative soluble in the FAEE mixtures [8,9]. Recent
studies stated that the presence of ethanol and other short-chain alcohols has a favorable effect on the
emissions of the biofuels [10]. These mixtures improve the volatility of the fuel and constitute the
so-called E-diesel, oxidiesel or oxygenated diesel, which in addition to reducing the emissions of the CI
engines, improves the flow properties (viscosity) and the essential parameters that limit the application
of diesel when operating at low temperatures, such as the “Cloud Point” (CP), “Pour Point” (PP),
cold filter plugging point temperature (CFPP), point of occlusion of the cold filter (POFF), and emission
levels of the motors without any significant negative effect in most of the parameters that define the
quality of biodiesel [11].

In addition, the use of straight vegetable oils (SVO) in double blends with conventional diesel can
be also considered as a potential option. All the relevant physicochemical properties of these blends
are analogous to conventional diesel, except for the viscosity, which is much higher in oils than in
diesel. Since fossil diesel has a much lower viscosity than oils, there will be a maximum percentage for
each oil to be mixed with diesel in order to comply with regulations of the EN 14214 standard [12,13].
In this sense, it has been reported that blends with 10–20% of vegetable oil in diesel can be directly
employed in diesel engines without any mechanic modification [14]. Following a strategy similar to
that of E-diesel production, the incorporation of alcohols to form triple blends (diesel/biodiesel/alcohol)
would further allow increasing the substitution of diesel. However, short-chain alcohols will have
difficulty if to be blended with SVO due the different solubility, and also because a phase separation
occurs after a short period of time, limiting the use of short-chain alcohols, mainly methanol and
ethanol, with vegetable oils in the triple blends abovementioned. In addition, ethanol is corrosive and
cannot be easily employed in today’s engines or be shipped cheaply through current pipelines [15].

Nevertheless, there is a very interesting exception when castor oil is employed as an SVO due
to the special structure of ricinoleic acid, which favors its solubility with alcohols, making possible
a higher incorporation of them in triple blends. In fact, a diesel/castor oil/2-propanol triple blend
in a proportion of 50/25/25 has been employed in conventional diesel engines, achieving very good
results [16,17].
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Regarding the use of vegetable oils, another strategy consisting the blending of them with less
viscous and lower cetane (LVLC) has also been reported [18]. Pine oil (viscosity value of 1.3 cSt)
has been employed in mixtures with castor oil to compensate for the high viscosity of it (226.2 cSt).
The properties of castor oil and pine oil are mutually balanced causing a good balance of generated
smokes [18], although the low cetane number of pine oil limits its amount in the blends (30% by
volume) due to engine knocking problems. In addition to pine oil, eucalyptus, camphor and orange oils
have been also considered as LVLCs [19]. Likewise, gasoline exhibits viscosity values sufficiently low
to obtain important reductions in the viscosity of the oil/gasoline blends. Furthermore, the high energy
density of gasoline, only slightly lower than diesel and of course higher than short chain alcohols, as
well as its high availability, would allow its use as a blending agent in a more advantageous way than
with other renewable compounds already described.

With this in mind, in this study, gasoline has been evaluated, for the first time, as a blending agent
to produce a gasoline/oil mixture acting as a LVLC in blends with diesel. This is possible due to the
high solubility of any type of vegetable oil with gasoline. The main goal of this research is to achieve
a high substitution of fossil fuels, in a feasible way from a technical and economic point of view, and in
a short period of time. To do so, two types of oils, which do not compete with food uses and which
present high availability, have been chosen. On one hand, sunflower oil has been studied as a standard
reference of waste cooking oils and, on the other hand, castor oil has been studied as a reference to oils
which are not employed in food uses.

To obtain the optimum gasoline/oil mixture which can be blended with diesel, and maintaining
the appropriate parameters of the EN 590 standard, the kinematic viscosity at 40 ◦C has been chosen as
the most significant parameter, since this is the unique parameter that varies significantly with the
proportions of the gasoline/oil blend. The effect of biofuel blends on the performance and emissions
of internal combustion engines can be extremely complex to predict, because oils and gasoline show
antithetic effects on engine performance in important parameters such as the cetane index (or energy
density) and flash point, which promotes positive or negative interactions that are difficult to predict
a priori. Furthermore, the cloud and pour point of the blends have been studied.

Once the adequate diesel/gasoline/oil blends were obtained, i.e., met the EN 590 standard
parameters, they were tested in a conventional CI engine, operating as an electricity generator, as it
is foreseeable that they exhibit different behaviors. The efficiency obtained is related to the effective
electrical power, determined from the voltage and amperage generated by the engine. Furthermore,
the contamination degree obtained from the opacity values of the generated smokes has been evaluated,
as well as the fuel consumption of the different blends employed.

2. Materials and Methods

2.1. Double Blends of Gasoline/Oil and Triple Blends of Diesel/Gasoline/Oil

Commercial sunflower oil (food quality), locally obtained, and castor oil (Panreac, Castellar Del
Valles, Spain) were blended with gasoline in a first step to obtain the double blends. The double blends
which met the requirements of the EN 14214 standard for being employed as biofuels were blended
with fossil diesel (from a Repsol service station) in different proportions to obtain the triple blends.

2.2. Characterization of the Biofuel Mixtures

The rheological properties that influence most in the correct performance of biofuels are the
kinematic viscosity, measured at 40 ◦C, and cold flow properties. The cold flow properties are determined
by several parameters that define its behavior at low temperatures, such as Cloud Point, Pour Point,
and point of obstruction of the filter at low temperatures. At low temperatures, the formation of nuclei
of solid crystals occurs, increasing in size as the temperatures decrease. The temperature at which
the crystals become visible (diameter ≥ 0.5 mm) is defined as the Cloud Point, because the crystals
typically form a cloudy cloud or suspension. The Cloud Point usually occurs at a temperature higher
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than the Pour Point. Solids and crystals grow quickly and block the passage of fuel lines and filters
causing operational problems [20].

2.2.1. Viscosity Measurements

The kinematic viscosity has been measured in an Ostwald–Cannon–Fenske capillary viscometer
(Proton Routine Viscometer 33200, size 150), determining the time required for a certain volume of liquid
to pass between two marked points on the instrument, placed in an upright position. From the flow time
(t), expressed in seconds, we obtain the kinematic viscosity expressed in centistokes, υ = C·t, where C
is the calibration constant of the measurement system, specified by the manufacturer (0.040350 mm2/s2

at 40 ◦C). All measures have been performed in duplicate and are presented as the average of both,
with an experimental error less than 0.35%, as required by the standard ASTM (American Society for
Testing and Materials) D2270-79 method for calculating the viscosity index from kinematic viscosity at
40 and 100 ◦C [16].

2.2.2. Determination of the Pour Point and Cloud Point of Biofuels

The Pour Point and Cloud Point are determined by introducing the different double or triple
blends, of different composition, in a glass tube having a flat bottom [16]. The tube was tightly closed
with the help of a cork carrying a thermometer with a temperature measuring range of −36 to 120 ◦C.
The tube was introduced in a digitally controlled temperature refrigerator for twenty-four hours.
The tubes were brought out from time to time and checked until the oil did not show any movement
when the jar was horizontally tilted for 5 s. After this time, the loss of transparency of the solution is
evaluated. The appearance of turbidity in the samples is indicative that the Cloud Point temperature
has been reached (Cloud Point). After a progressive decrease in temperature, the samples are kept
under observation until they stop flowing (Pour Point).

2.2.3. Energy Performance and Pollutant Emissions Generated in a Diesel Engine Electric Generator,
Fueled with Different Biofuel Blends

Following a previously described experimental methodology [16], the mechanical and
environmental characterization of a compression ignition diesel engine has been carried out, working
at a rate of 3000 rpm coupled to an AYERBE electric generator, 5KVA, 230v type AY4000MN, for the
generation of electricity, operating at a crankshaft constant rotation rate and under different degrees of
demand for electrical power. This is achieved by connecting heating plates of 1000 watts each one
(Figure 1a). This diesel engine will operate at a constant rate of rotation of the crankshaft and torque,
so that the different values of electrical power obtained will be an exact consequence of the mechanical
power obtained after the combustion of the corresponding biofuel. Different tests were obtained by
providing to the engine double and triple mixtures of different biofuels. The electrical power generated
can be easily determined from the product of the potential difference (or voltage) and the electric
current intensity (or amperage), see Equation (1), both obtained by means of a voltmeter-ammeter.

Electrical power generated (Watts) = voltage (Volts) × amperage (Amps). (1)

The consumption of the diesel engine was calculated estimating the speed of consumption
of the biofuel studied with the engine working at a pre-determined demand of electric power.
Thus, by operating under the same volume of fuel (0.5 L), different operation times are achieved.
It must be indicated that the values represented are the average of at least three measurements.
The error bars are not indicated in Figures for better display, although in none of the cases the error in
the measurements exceeded the 5%.

The contamination degree is evaluated from the opacity of the smoke generated in the combustion
process. This is obtained by using an opacimeter (TESTO 308, Arquitecsolar, Granada, Spain) under
the operating conditions studied, Figure 1b [16]. The data here compiled are the media of three
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repeated measures, attaining an experimental error lower than 6%. The results obtained with the
biofuels evaluated were compared with the measurements obtained when conventional diesel was
fueled. The opacity value can be expressed as a percentage (being 100% totally cloudy and 0% totally
clear) or as an equivalent number called the k value (Opacity Bacharach) in a scale which goes from
white (0 Bacharach unit) to black (9 Bacharach units), as established by the ASTM D 2156-94, Standard
Test Method for Smoke Density in Flue Gases from Burning Distillate Fuels [21].

 
  

(a) (b) 

Figure 1. Electrogenerator AYERBE, 5KVA, 230v tipo AY4000MN, heating plates of 1000 watts of power
each and voltmeter-ammeter devise (yellow color, on the floor) (a); TESTO 308 opacity meter, which
operates as established by the ASTM D 2156-94, Standard Test Method for Smoke Density in Flue Gases
from Burning Distillate Fuels (b).

3. Results and Discussion

3.1. Rheological Properties of Gasoline/Oil Double Blends, and Diesel/Gasoline/Oil Triple Blends.

The major difference between diesel fuel and vegetable oils is the viscosity. In general, vegetable
oils exhibit viscosity values in the range of 30–45 mm2/s or cSt, although castor oil has a much higher
value of 227.0 cSt. For its part, fossil diesel exhibits values in the range of 2.5–6 cSt. The viscosity
of the biofuel for being employed in a conventional diesel engine has to be in the range of 2.0 to
4.5 cSt (UNE EN ISO 3104). Therefore, viscosity is the essential parameter to modify in any vegetable
oil, by mixing it with gasoline, for being employed in current diesel engines. In this respect, due to
the importance of viscosity, its correct determination is critical to evaluate the quality of the biofuel.
Thus, the viscosity, Cloud Point and Pour Point values of the different gasoline/oil blends studied
are collected in Tables 1 and 2. As can be seen, an increase in the gasoline content in the blends
promotes a decrease in their viscosity values, as well as a decrease in the Cloud and Pour Point of the
double blends.

Table 1. Viscosity values at 40 ◦C (ASTM D2270-79), cloud point and pour point of the gasoline/sunflower
oil blends. Errors are always calculated as the average of three measurements.

Gasoline (%) Viscosity (cSt) Cloud Point (◦C) Pour Point (◦C)

0.0 37.80 −7.0 ± 0.3 −15.0 ± 0.6
10.0 20.64 −8.0 ± 0.4 −15.6 ± 0.6
15.0 17.07 −8.6 ± 0.5 −16.0 ± 0.6
20.0 13.01 −9.1 ± 0.5 −16.7 ± 0.7
25.0 9.67 −10.0 ± 0.5 −17.1 ± 0.6
30.0 7.52 −10.5 ± 0.4 −17.9 ± 0.7
35.0 5.73 −11.2 ± 0.5 −18.3 ± 0.7
40.0 4.42 −12.0 ± 0.4 −19.0 ± 0.7
45.0 3.46 −12.8 ± 0.4 −19.4 ± 0.8
50.0 2.74 −13.6 ± 0.6 −20.2 ± 0.8
100.0 1.17 −19.0 ± 0.7 −27.0 ± 1.1

21



Energies 2019, 12, 2181

Table 2. Viscosity at 40 ◦C (ASTM D2270-79), cloud point and pour point values of the gasoline/castor
oil blends. Errors are always calculated as the average of three measurements.

Gasoline (%) Viscosity (cSt) Cloud Point (◦C) Pour Point (◦C)

0.0 226.20 −4.0 ± 0.2 −24.0 ± 1.1
10.0 137.13 −7.0 ± 0.3 −24.2 ± 1.1
15.0 100.73 −7.5 ± 0.3 −24.3 ± 1.1
20.0 58.96 −8.1 ± 0.4 −24.7 ± 1
25.0 45.23 −8.9 ± 0.4 −24.9 ± 1.2
30.0 36.52 −10.3 ± 0.5 −25.0 ± 1.2
35.0 28.52 −11.0 ± 0.5 −25.2 ± 1.1
40.0 24.47 −11.8 ± 0.6 −25.4 ± 1.1
45.0 19.93 −12.2 ± 0.6 −25.7 ± 1.1
50.0 10.26 −13.0 ± 0.6 −25.8 ± 1.2
55.0 7.52 −13.7 ± 0.7 25.9 ± 1.2
60.0 5.01 −14.1 ± 0.7 −26.0 ± 1.1
65.0 3.58 −14.7 ± 0.8 −26.1 ± 1.2
70.0 2.98 −15.1 ± 0.8 −26.2 ± 1.2
100.0 1.17 −19.0 ± 1 −27.0 ± 1.2

When sunflower oil is employed, optimum viscosity values for operating in compression ignition
engines are achieved with the addition of 35–45% gasoline. In the case of castor oil, given its higher
viscosity, it is necessary to incorporate a greater amount of gasoline in the blends (60–70%) to
achieve an adequate viscosity value. Anyway, the gasoline/oil blends, in variable proportions, can be
employed as a biofuel, even with oils which exhibit higher viscosity values, as is the case of castor
oil. It must be highlighted that the presence of gasoline allows pure castor oil to be used without any
chemical treatment, i.e., eliminating the transesterification to convert this oil in biodiesel and, therefore,
considerably reducing the cost of the process. Be that as it may, the viscosity measurements indicate
that it is possible to obtain biofuels with suitable rheological properties for being employed in diesel
engines, complying with the European regulations EN 590, which stablish that viscosity at 40 ◦C must
be in the range of 2.0–4.5 cSt.

Regarding the behavior of the double blends at low temperatures, the gasoline/oil blends began to
solidify (Pour Point) at temperatures around −12 ◦C and they were completely frozen (Cloud Point) at
−20 ◦C. This behavior is very similar to that exhibited by conventional fossil diesel, with temperatures
around −10.0 ◦C and −18.5 ◦C for Pour Point and Cloud Point, respectively. However, the standard
EN 590 classify the diesel fuel into two groups (with several subclasses) destined for specific climatic
environments, depending on the geographical areas where it will be used. Therefore, the values of
cloud point and pour point are in a wide range, between +5 and −34 ◦C.

As abovementioned, triple blends have been obtained by mixing different proportions of diesel
with both a gasoline/sunflower oil blend with 40% of gasoline (Table 3) and also with a gasoline/castor
oil blend with 60% of gasoline (Table 4). These triple blends are designated with the percentage that
represents the corresponding gasoline/oil mixture, considering its biofuel character.

Hence, the B20 triple blend contains 80% of diesel, whereas the remaining 20% is a mix of gasoline
and oil, in the proportions of the double blend previously studied. Therefore, with sunflower oil, since
it is used in a double mixture containing 40% gasoline, the resulting triple blend corresponding to
80/8/12 diesel/gasoline/sunflower oil. In the case of castor oil, as the double mixture selected contains
60% of gasoline, the resulting triple blend corresponds to the proportion 80/12/8, diesel/gasoline/castor
oil. The gasoline/oil double blends are represented as B100.
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Table 3. Viscosity values of the triple blends, diesel/gasoline/sunflower oil, obtained by adding different
amounts of fossil diesel to a double mixture of gasoline/sunflower oil, containing 40% gasoline.

Nomenclature Diesel/Gasoline/Sunflower Oil Viscosity (cSt)

B20 80/8/12 3.94
B30 70/12/18 4.06
B40 60/16/24 4.06
B50 50/20/30 4.18
B60 40/24/36 4.29
B70 30/28/42 4.41
B80 20/32/48 4.53
B100 0/40/60 4.42

Table 4. Viscosity values of the triple blends, diesel/gasoline/castor oil, obtained by adding different
amounts of fossil diesel to a double mixture of gasoline/castor oil, containing 60% gasoline.

Blends Diesel/Gasoline/Castor Oil Viscosity (cSt)

B20 80/12/8 4.49
B30 70/18/12 3.82
B40 60/24/16 3.82
B50 50/30/20 3.70
B60 40/36/24 3.70
B70 30/42/28 3.46
B80 20/48/32 3.22
B100 0/60/40 5.01

3.2. Energy Performance and Pollutant Emissions Generated in a Diesel Engine Electric Generator, Fueled with
Different Biofuel Blends

As was expected, the triple blends of diesel/gasoline/sunflower oil and diesel/gasoline/castor
oil exhibited adequate viscosity values to be employed as biofuels in a conventional diesel engine.
Therefore, those blends were tested to ensure whether they present enough energy to guarantee the
adequate performance of the engine. Furthermore, for comparative purposes, conventional diesel fuel
was also employed as reference in the same conditions.

Thus, Figure 2 shows the power generated (Figure 2a) and the opacity in the smokes (Figure 2b) at
different power demanded for the triple blends of diesel/gasoline/sunflower oil. In general, a stabilization
of the power generated occurs between 3000 and 4000 W. In all the cases, at the highest value of power
demanded (5000 W), a decrease in the power generated was observed. This generalized behavior
could be explained by considering that the engine responds to the energy density of the fuel used,
i.e., to the cetane index of the blend. Thus, the engine has a nominal capacity of 5000 W of electrical
power, but this could only be achieved when the cetane number is 100, that is, when pure cetane is
employed as fuel. In fact, if we apply the formula (generated power/power demanded) × 100 for the
fossil diesel at the higher power-generated value (5000 W), we can estimate that its cetane number is
around 52. This value is very close to the nominal value of the cetane number for fossil diesel (51),
as it is collected in EN 590. Consequently, this could be a useful and simple procedure to calculate the
cetane number of a fuel in a very approximate way.
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Figure 2. Power generated (in Watts), based on the power demanded (in Watts) (a) and opacity
(in Bacharach) as a function of the power demanded (b) by the triple blends of diesel/gasoline/sunflower oil.

Regarding the behavior of the triple blends with sunflower oil (Figure 2a), the B20, B40 and B60
blends exhibited a similar performance than fossil diesel. However, the blends with lower or no
amount of diesel in the blend, i.e., B80 and B100, generate lower power values than fossil diesel, which
is in agreement with their lower cetane number. Therefore, it seems that, at least, a minimum amount
of diesel (40%) is required for a good performance of the triple blends.
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According to the contamination results obtained for the blends of diesel/gasoline/sunflower oil
(Figure 2b), it can be seen that for all the triple blends, the opacity generated from 2000 W onwards
was lower than with fossil diesel. In fact, the higher the amount of oil, the lower the opacity generated,
achieving a considerably reduced opacity with the blend B100. It must be taken into account that all
the units have been expressed in units according to ASTM D 2156-94, Standard Test Method for Smoke
Density in Flue Gases from Burning Distillate Fuels. The reduction in soot opacities, considerably lower
than diesel for the B80 and B100 triple blends, could be partly attributed to the power loss exhibited
by them. However, for the blends B20, B40 and B60, these reductions can be mainly attributed to the
biofuel chemical properties, as the power generated is similar to fossil diesel.

Considering the blends composed by diesel/gasoline/castor oil, similar results of power generated
than those obtained with their counterparts using sunflower oil were obtained for the blends B80 and
B100, see Figures 2a and 3a. However, the good results of power generated obtained with B40 and B60,
even better than fossil diesel, has to be highlighted, whereas the B20 blend performed in a similar way
than diesel. Regarding the opacity generated for the blends with castor oil, see Figure 3b, independently
on the power demanded from 1000 W onward, all the blends performed better than fossil diesel.
Furthermore, in comparison to the behavior observed with the blends of diesel/gasoline/sunflower oil,
their counterparts using castor oil exhibited lower opacity values. Be that as it may, independently
of the vegetable oil employed, a significant reduction in opacity values has been obtained, mainly at
medium and high demand (from 2000 W onward), being a reduction in the range of 20–50% less than
that obtained with diesel.

On the other hand, when a biofuel is considered for being employed in a diesel engine, another
important factor to be taken into account is the consumption at different power demands. In this
sense, the consumption of the different biofuels employed have also been evaluated and the results are
plotted in Figure 4.
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Figure 3. Power generated (in Watts), based on the power demanded (in Watts) (a) and opacity
(in Bacharach) as a function of the power demanded (b) by the triple blends of diesel/gasoline/castor oil.

As can be seen, at low power demand (1000 W), the consumption of the blends is always higher
than that obtained with fossil diesel, independently of the oil employed in the blend. However, at the
highest power demanded (5000 W), the opposite behavior is observed. In fact, at 5000 W of power
demanded, only the double blends of gasoline/oil exhibited higher consumption than diesel (20% higher
with sunflower and 10% with castor oil). Anyway, it can be observed that the blends obtained using
castor oil exhibited a lower consumption than their counterparts employing sunflower oil.
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Figure 4. Consumption values as a function of the power demanded of the engine for the blends of
diesel/gasoline/sunflower oil (a) and diesel/gasoline/castor oil (b).

4. Conclusions

In the present work, an alternative methodology to the chemical transformation of vegetable oil
for being employed as biofuels is presented. This methodology consists of a dissolution process of
the oil in a suitable solvent, in order to reduce its viscosity to the appropriate level demanded by the
EN 590 standard. Specifically, we studied the use of gasoline as a solvent to obtain double blends of
gasoline/oil, which are employed as LVLC in blends with fossil diesel. In this sense, two different
commercial vegetable oils have been employed, sunflower oil and castor oil. According to the results
here reported, the following conclusions have been obtained: The substitution of more than 40% of
fossil diesel can be achieved by the use of triple blends of diesel/gasoline/sunflower oil, whereas 25%
of fossil diesel can be substituted employing their counterparts with castor oil.

• With these blends, promising results of power generation, consumption and opacity of the smokes
were obtained in comparison with those obtained with fossil diesel.

• Independently of the oil employed, the B20, B40 and B60 triple blends exhibited the best results in
power generated. The lowest values of power generated obtained over B80 and B100 blends can
be ascribed to the lower cetane number, as it is relative to the diesel in the blends.

• The opacity obtained with the different blends was always lower than that obtained with fossil
diesel from a power demanded from 1000 W onwards.

• The consumption of the blends studied was higher than that obtained with diesel at lower and
medium demand, i.e., 1000 and 3000 W, whereas at the highest demand here studied, 5000 W,
the consumption is similar or even better with the diesel/gasoline blends, independently of the
oil employed.

In summary, this research show, for the first time, that the substitution of diesel fuel for gasoline
allows the incorporation of higher percentages of pure vegetable oils, generating second-generation
biofuels capable of operating in current CI engines without making any mechanical modification in
them. In addition, through the use of these triple blends of diesel/gasoline/vegetable oil, the objectives
proposed by the EU in the next decades can be achieved, making possible the gradual substitution
of fossil fuels by directly using vegetable oils, without performing any type of transesterification
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process. Therefore, this research opens a practical and economically viable alternative to the chemical
production of biofuels.
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Abstract: Biodiesel production has considerably increased in recent decades, generating a surplus
of crude glycerol, which is the main drawback for the economy of the process. To overcome this,
many scientists have directed their efforts to transform glycerol, which has great potential as a
platform molecule, into value-added products. A promising option is the preparation of oxygenate
additives for fuel, in particular those obtained by the etherification reaction of glycerol with alcohols
or olefins, mainly using heterogeneous catalysis. This review collects up-to-date research findings
in the etherification of glycerol, either with isobutene (IB) or tert-Butyl alcohol (TBA), highlighting
the best catalytic performances reported. Furthermore, the experimental sets employed for these
reactions have been included in the present manuscript. Likewise, the characteristics of the glycerol
ethers–(bio)fuel blends as well as their performances (e.g., quality of emissions, technical advantages
or disadvantages, etc.) have been also compiled and discussed.

Keywords: glycerol; heterogeneous catalysis; etherification; isobutene; tert-Butyl alcohol; oxygenated
fuel additives

1. Introduction

Nowadays, fossil fuels are the main energetic source in the world. Furthermore, as industrialization
and modernization increase day by day, it is expected that the demand of these energetic resources
will continue to increase. In fact, the data published by the Organization of the Petroleum Exporting
Countries (OPEC), in January of 2017, stated that the world oil supply was 95.7 mbd, whereas in
2015 the average world oil supply was 92.7 mbd. The unavoidable decrease in the world crude oil
reserves, together with the higher demand, will cause a progressive increase in price. Thus, the spot
price of the OPEC basket (65.33 US$/b, according to the Market Indicators in November 2018) has
supposed an increase of 33% in respect to the price established in November of 2016 [1]. Very recently,
the U.S. Energy Information Administration (EIA) forecast the world crude oil prices to rise gradually,
averaging $65 per barrel in 2020, whereas the world benchmark Brent crude oil will average $61 per
barrel in 2019. In addition to those facts, some experts have also predicted that the current oil supply
may be completely depleted by the year 2050 [2].

In addition to the economic aspect, environmentally friendly alternatives which are able to palliate
and/or substitute the use of fossil fuels as the main energetic source must be taken into account.
With this in mind, the EU stated that, in 2010, traffic fuels must contain at least 5.75% of renewable
bio-components, increasing this percentage up to 20% in 2020 and 30% in 2030 [3]. Besides, the United
States Department of Energy (DOE) has set among its objectives the replacement of 30% of fossil
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fuels with biofuels, as well as 25% of the industrial organic chemicals by biomass-derived chemical
compound by 2025 [4].

Renewable energy sources such as solar, hydroelectric, wind, geothermal, and biomass can be
considered as viable alternatives to conventional crude oil [5]. Among these alternatives, biomass has
emerged as the most viable option to substitute fossil fuels for different reasons (e.g., it is a plentiful
source of renewable carbon for the production of biofuels and fine chemicals) [6–9]. Furthermore, the
energy production from biomass generates a lower amount of greenhouse gases than fossil fuels [10].
Therefore, the objective is the implementation of a biorefinery in which, as occurs in current refineries,
biofuels, high-value chemicals, and bio-based products can be obtained from biomass (Figure 1).

 
Figure 1. Diagram of a sustainable biorefinery process. Adapted from Ragauskas et al. [11] and
Mohan et al. [12].

In the last two decades, the production of biofuels from biomass, especially to produce biodiesel,
has received much attention. In fact, according to data reported by the EIA, the production of biodiesel
in the United States increased in 2017 and 2018, Figure 2, despite the expiry of fiscal aids to the sector
at the end of 2016 [13].

 
Figure 2. U.S. monthly biodiesel production 2016–2019 [13].
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In fact, the increase in the production of biodiesel in the United States was decisive for the global
biodiesel production (36.6 billion liters), around 1% higher than the previous year (34 billion liters) [14].

The skyrocketing production of biodiesel in recent decades is related to the inherent advantages
that this biofuel exhibits to substitute fossil fuels, such as the low toxicity that it exhibits and its
biodegradable, renewable, and biocompatible character. Furthermore, biodiesel can be easily integrated
into the logistics of the global transportation system [15,16] and fits into existing engines with little or
no modifications needed [17]. Biodiesel is obtained as a mixture of ethyl and methyl esters of fatty
acids (FAEE or FAME), from vegetable oils or animal fats, through a transesterification reaction with
a mono-alcohol, usually methanol, in the presence of an alkali homogeneous catalyst (Scheme 1).
However, many researches are still being carried out, backed up by government policies, fiscal incentives,
and emission laws, which aim to overcome different problems related to biodiesel production (e.g.,
economical and ethical aspects, as well as the valorization of the by-products generated). Hence, new
catalytic systems and different feedstocks for biodiesel production are still being investigated [18–20].

g g

 
Scheme 1. Biodiesel production by transesterification of triglycerides with methanol.

Taking into account the biofuel synthesis and the available technology, the conventional biodiesel
production, described by the standard EN 14214, presents the glycerol generated as a byproduct as the
main drawback, which is 10% by weight of the biodiesel produced, constituting the major bottleneck
in the production process [21]. Therefore, it is mandatory to obtain new and economically feasible
ways of transforming glycerol, in order to enhance the sustainability of the biodiesel industries by
increasing the crude glycerol value.

As it is well-known, glycerol exhibits a great versatility for being employed in different fields,
such as cosmetic, food, pharmaceutical, and polymer industries and so on [2,22]. All these industries
require glycerol with a high purity. However, crude glycerol from the biodiesel industry is a mixture
of glycerol (~80%), water (~10%), NaCl (~10%), and methanol (<1%). Hence, a purification step of the
crude glycerol phase to obtain a pure 88%–90% glycerol is mandatory. In addition to this, a further
purification step is necessary to produce the pharmaceutical-grade glycerol meeting EU Pharmacopeia
standard 99.5, thus making the process more expensive [23].

With this in mind, it is easy to understand the efforts carried out by the scientific community
in order to obtain value-added products from glycerol, which can be introduced into the concept of
biorefinery. In this sense, several recent reviews collected different approaches to transform glycerol
into value-added products [2,21,24,25]. A summary of the applications of these glycerol derivatives
is shown in Figure 3. In general, these products are obtained mainly by reactions in the presence of
heterogeneous catalysts (e.g. hydrogenolysis, dehydration, esterification, etherification, acetalization,
and so on) [26–28], making glycerol one of the most important platform molecules currently employed.

Among all the options to transform glycerol into value-added chemicals, the production of
oxygenated fuel additives has gained greater attention in recent years [10,27–30]. By definition, a fuel
additive is a chemical substance that can be blended with fuel (diesel, gasoline, and/or biodiesel) and it
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is capable of enhancing the engine performance by improving fuel properties, cleaning engine parts,
reducing the consumption ratio, and/or decreasing greenhouse gas emissions [10,31].

Oxygenated fuel additives increase the octane rating and the combustion quality in the engine,
since they reduce the particulate matter emission and the carbon monoxide production. The oxygenated
fuel additives obtained from glycerol can be classified in three groups: Those obtained by glycerol
acetylation, usually called acetin; the glycerol ethers; and the glycerol formal and ketals, obtained by
the reaction of glycerol either with formaldehyde or acetone. These additives are considered as a good
option to replace those petroleum-based additives, such as the methyl tert-Butyl ether (MTBE) and
ethyl tert-Butyl ether (ETBE).

Figure 3. Main application fields of glycerol derivatives.

In fact, several researches have evaluated the effects of glycerol-derived oxygenated fuel additives
on diesel engines [32–36]. One of the most promising fuel additives, taking into account the cost of
production, is a mixture of di-tert-Butyl glycerol ethers (DTBGs) and tri-tert-Butyl glycerol ether (TTBG),
the so-called h-GTBE, obtained by the etherification reaction of glycerol, either with isobutene (IB)
or with tert-Butyl alcohol (TBA). This reaction has been studied mainly over heterogeneous catalysts
due to the several advantages that they exhibit in comparison to homogeneous ones. For example,
heterogeneous catalysts can be easily separated by a simple filtration or a centrifugation process.
Then, the recovered catalyst can be employed again in subsequent reactions. Furthermore, the use of
homogeneous catalysts can lead to different drawbacks such as the corrosion of the reaction systems
(pipes, reactors, etc.), the necessity of a neutralization step if the use of mineral acids is required for
the reaction to take place, and/or the impossibility of reusing the catalyst. Thus, despite the large
number of applications of homogeneous catalysts, their substitution for heterogeneous ones with
similar functionalities is becoming essential.

Thus, the present review mainly overviews the state-of-the-art production of glycerol tert-Butyl
ethers either with IB or TBA on heterogeneous catalysts. Specifically, the influence exhibited by
different catalytic processes and reaction conditions, as well as the characteristic of the catalysts on the
values of conversion and yield to the desired products, have been compiled and discussed.
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2. Etherification of Glycerol to Produce Oxygenated Fuel Additives

As is well-known, glycerol (G) cannot be added to fuels for different reasons. On the one hand,
the high temperatures reached in the motor engines promote the glycerol polymerization as well as
the formation of different products with high toxicity, such as acrolein. On the other hand, the low
solubility of glycerol into fuels makes its use as fuel additive unsuitable. However, the glycerol ethers
are able to be employed as oxygenated additives, as aforementioned. In addition, they can be used as
industrial solvents and cleaning agents in industry [2].

2.1. Etherification of Glycerol with Isobutene

Scheme 2 shows the reaction pathways for the etherification of glycerol with isobutene (IB). It is
accepted that the tert-Butylation of glycerol with isobutene needs of acid catalysis. The formation of the
mono-tert-Butyl, di-tert-Butyl, and tri-tert-Butyl glycerol ethers occurs by consecutive reactions in which
glycerol reacts with isobutene. Logically, the etherification of glycerol is preferred on primary hydroxyl
groups, 1-mono-tert-Butyl glycerol ether (1-MTBG) > 2-mono-tert-Butyl glycerol ether (2-MTBG).

Scheme 2. Reaction pathways for the etherification of glycerol with isobutene.

In the beginning, this reaction was developed using p-toluenesulfonic acid and phosphorustungstic
acid as homogeneous catalysts, obtaining high glycerol conversion values, 89% and 79%,
respectively [37]. However, the heterogeneous catalysis is much more favorable considering operational,
economic, and environmental aspects. Table 1 compiles the most relevant catalytic results to date
in the glycerol etherification with IB. Thus, Karinen and Krause [38] studied the optimal reaction
conditions for the etherification of glycerol with IB over a commercial ion-exchange macroreticular
resin, the Amberlyst 35. They observed that the best results, regarding the formation of the DTBGs
(60% of selectivity), were obtained at 80 ◦C reaction temperature and a stoichiometric molar ratio
IB/G. A higher amount of initial G caused a mass transfer limitation owing to the high viscosity of the
mixture, whereas an excess of IB favored its oligomerization. Furthermore, the authors observed that
the addition of TBA to the reaction mixture improved the mass transfer between the phases, and also
reduced the oligomerization of IB.

In the same line, Klepáčová et al. [39] reported the solventless etherification of glycerol with
isobutene or tert-Butyl alcohol on different ion-exchange macroreticular resins, Amberlyst 15 and
35, and also over two large-pore zeolites, HY and H-Beta. Some important aspects were found in
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this research. On the one hand, the water obtained in the reaction of glycerol with tert-Butyl alcohol
deactivated the acid sites of the ion exchange resins. On the other hand, if IB was employed as a reactant,
an increase in the reaction temperature promoted a secondary reaction, such as the dimerization of
isobutene, as well as the disproportion of the glycerol ethers formed. Regarding the behavior of the
catalysts, the best results were obtained over the acid macroreticular ion exchange resins (100% of
glycerol conversion and 92% of selectivity to h-GTBE) using IB as a reactant at the following reaction
conditions: 60 ◦C, 7.5 wt.% of catalyst, 8 h, and a IB/G molar ratio of 4:1. In addition, the authors
concluded that zeolites are not suitable catalysts for this reaction because a rapid deactivation occurred
due to the small size of their pores, although good results of yield to DTBGs were obtained, 65.8% and
80.6% for HY and H-Beta, respectively. The same catalysts were tested employing a solvent, observing
a change in the polarity and an homogenization of the reaction mixture [40]. As a consequence, the best
results were obtained over on the HY zeolite (90% and 0.18 mol·L−1 of DTBGs) after 8 h of reaction.
However, in the presence of a solvent, TTBG was never obtained, corroborating the influence of the
pore size. According to the author, and from a technological point of view, zeolites would not be
suitable catalysts for this reaction due to the fact that they are easily deactivated and also due to the
high prices that they exhibit in comparison to the ion exchange resins.

The possibility of partially neutralizing the acidity of A-15, in order to suppress the isobutene
oligomerization, was studied by Lee et al. [41,42]. They observed that a partial substitution of acidic
protons with Na+, Ag+, Mg2+, and Al3+ gave rise to a decrease in the rate of all the processes involved
in the reaction, including the IB oligomerization that was efficiently suppressed, obtaining less than
50% of di-isobutene (DIB). Very recently, Bozkurt et al. [43] studied the influence of the degree of
sodium-exchange in Amberlyst-15 acidity, evaluating the behavior of these catalysts in batch and
flow reactors. Authors observed from the ammonium-temperature programmed desorption (TPD)
measurements and density functional dispersion (DFT) calculations, that a substitution of the protons
of the sulfonic groups in A-15 with Na+ cations promoted a decrease in acidity, as was expected, but
also promoted an increase in the strength of these acid sites. Thus, in batch reactors, a total conversion
was attained, the higher the Na-exchange in A-15, the higher the selectivity to h-GTBE. Furthermore,
the IB oligomerization was suppressed in almost one order of magnitude for the catalyst with the
highest Na exchange. In addition, to elucidate the changes in the reaction network, the authors
performed measurements in a once-through flow reactor at low conversions. The results showed that
mono-tert-Butyl glycerol ethers (MTBGs) and DIB were the first products obtained on A-15, while
DTBGs and TTBG also became primary products on sodium-exchange counterpart catalysts.

Melero et al. [44] studied the reaction over different sulfonic acid-functionalized mesostructured
silicas, attaining higher yields than those obtained over commercial ion-exchange resins (A-15 and
A-36). The optimal experimental conditions were chosen by statistical multivariate analysis, obtaining
92% of yield to h-GTBE over an arylsulfonic-SBA-15 at 75 ◦C, a molar ratio IB/G of 4, and 4 h of
reaction. The absence of IB oligomers, despite an excess of IB (molar ratio IB/G = 4) being employed,
contradicts the previous results reported by Karinen and Krause on the A-15 [38]. The authors
explained this behavior was due to the moderate strength of the acid sites, as well as their location on
the mesostructured silicas.

Likewise, several modified zeolites have been employed as catalysts in this reaction. Zhao et
al. [45] performed the reaction over rare earth (La3+, Ce3+, Nd3+, and Eu3+) modified Hβ zeolites
prepared by ion exchange. Among all the modified Hβ zeolites, the best catalytic results, 67% of yield
to h-GTBE, were obtained over that modified with Neodymium at 70 ◦C; IB/G molar ratio of 3 and
2 h of reaction time. The highest activity attained on this catalyst is related to the highest acidity
that it also exhibited. Xiao et al. [46] studied the modification of an HY zeolite by acid washing with
citric acid and nitric acid, observing an improvement in the catalytic activity in comparison with the
unmodified HY zeolite, that was associated with the modification of its textural properties, although
the influence of the changes in acidity also observed should not be ruled out. González et al. [47]
proposed the functionalization with sulfonic groups of several zeolites, such as Beta, ZSM-5, mordenite,
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and a commercial montmorillonite K-10. The incorporation of sulfonic acid groups was different
on each zeolite, mainly due to the dealumination degree suffered by the zeolites as a consequence
of the acid treatment. Be that as it may, the presence of sulfonic acid sites improved the catalytic
activity of the zeolites studied. The influence of the microwave irradiation in the sulfonation of a
Beta zeolite and also of a SBA-15 was also studied [48]. Independently of the heating method (e.g.,
microwave irradiation or conventional heating), complete conversion and a high selectivity to TTBG
ethers (32-36%) were obtained on the functionalized beta zeolites. Hence, those results demonstrated
that the microporosity of the zeolite was not difficult in the formation of TTBG if the material exhibited
an adequate amount and strength of acid sites. Mesoporous silicas, MCM-41, SBA-15, and HMS,
modified by different methodologies (e.g., introducing aluminum into the structure, incorporating
phosphorous species or sulfonic groups) was also studied by the same authors [49]. The best results
(100% of glycerol conversion and 84% of selectivity to h-GTBE) were obtained over the sulfonated
HMS silica synthesized using dodecylamine (dda) as a surfactant. They concluded that, despite the
fact that the aluminum and phosphorous incorporation improved the acidity of the catalysts, this was
not strong enough to achieve a satisfactory selectivity to h-GTBE (<50%). Furthermore, the catalysts
suffered some deactivation due to the reagents and reaction products blocked the pores. In order to
avoid the deactivation suffered by these micro and mesoporous materials, González et al. [50] dealt
with the synthesis of sulfonic acid-functionalized aerogels in a subsequent research. The best catalytic
results (100% conversion and 75% selectivity to h-GTBE) were achieved over a sulfonated aerogel
(MwS-AG) at 75 ◦C of temperature, an IB/G molar ratio of 4 and 24 h of reaction time. In addition, the
catalyst was stable after four cycles.

Frusteri et al. [51–53] studied the catalytic performance of Hyflon®perfluorosulfonic ionomers
supported on several spherical silicas in the etherification of glycerol with IB, attaining a yield to
h-GTBE over Hyflon®/ES70Y of 89%. According to the authors, factors such as a strong ionomer–silica
interaction, a high accessibility to the active centers of the catalysts, and also hydrophobic surface
properties are the influential factors on the catalytic behavior. In order to further shift the equilibrium
of the reaction the formation of h-GTBE, a new charge of catalyst was added to the final reaction
mixture, with a decrease taking place in the amount of MTBGs in the mixture from 28.3% to 9.9% [52].

Catalysts based on carbon have also been reported in this reaction. Zhao et al. [54] proposed the
synthesis of an amorphous carbon-based catalyst obtained by the sulfonation of partially carbonized
peanut shells. This catalyst showed a very good catalytic performance in the reaction, achieving total
conversion of glycerol and selectivity to h-GTBE of 92% at 70 ◦C, an IB/G molar ratio of 4, and 2 h of
reaction time. Zhou et al. [55] synthesized a sulfonated graphene catalyst by grafting aryl radicals
containing sulfonic groups onto the two-dimensional surface of graphene. This catalyst exhibited an
almost total conversion of glycerol and a selectivity value to TTBG of 59%, at 70 ◦C, an IB/G molar ratio
of 6, and 7 h of reaction time. Furthermore, these authors reported a simple methodology to obtain the
desired ethers from the reaction mixture, consisting in the extraction of the non-desired products using
fresh glycerol.

Voicu et al. [56] evaluated the effect of different types of emulsifiers in the reaction medium,
employing a hydrated silicotungstic acid as the catalysts. Of all the emulsifiers employed, the best
results were obtained using an amphoteric ammonium quaternary salt (C19). This amphoteric emulsifier
improved both the glycerol conversion and the selectivity to di- and tri-tert-Butyl glycerol ethers,
reducing the dimerization of IB.
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Table 1. Compilation of the best heterogeneous catalytic results on the glycerol etherification with IB.

Catalyst a

Reaction Conditions
XG

(mol %)
Sh-GTBE

(mol %)
Ref.T

(◦C)
P b

(bar)
Cat. Loading
(wt.% of G)

IB/G
Mol/mol

Time
(h)

p-toluenesulfonic
acid 90 1.4 2.16 2 5 89 47 [37]

Amberlyst-15
(A-15) 80 15 1 g 4 7 >95 97 [38]

Amberlyst-39
wet 60 Autoge 7.5 4 8 100 93 [39]

A-15 in dioxane 60 Autoge 7.5 4 8 79 47 [40]

Ag(62)A-15 c,
powder 60 20 7.5 4 20 >90 92 [41]

Na(51)A-15 c 60 20 7.5 4 20 99 90 [42]

0.3MNa-exchange
A-15 75 10–15 7.5 3 6 100 92 [43]

Ar-SBA-15 75 8 + VLE 5 4 4 100 92 [44]

Zeolite β +Nd+3 70 15 6 3 2 93 75 [45]

Zeolite Y+1M
citric acid c 80 Autoge 1 4 5 82 57 [46]

Zeolite
β-MwS(1.4) 75 10 + VLE 0.5 g 4 48 100 90 [47,

48]

HMS(dda)-S 75 10 + VLE 0.5 g 4 24 100 84 [49]

MwS-AG 75 10 + VLE 0.5 g 4 24 99 75 [50]

730SS1 70 Autoge 7.5 3 17 100 89 [51]

Hyflon®/ES70Y 70 Autoge 7.5 3 17 100 93 [52]

Sulfonated
peanut shell 70 15 6 4 2 100 92 [54]

SG 70 10 2 6 7 99 96 [55]

HSiW·20H2O, in
0.7% C19

80 Auto 5 3 5 99 90 [56]

a. Ar-SBA-15: Arenesulfonic-SBA; HMS (dda): HMS synthesized using dodecylamine as surfactant; MwS-AG:
Microwave sulfonated silica aerogel; 730SS1: 730 equivalent weights on spherical silica, obtained by incipient
wetness; Hyflon®/ES70Y: Hyflon Ion S4X perfluorosulfonic ionomer supported on spherical silica (ES70Y); SG:
Sulfonated graphene; HSiW·20H2O, in 0.7% C19: silicotungstic acid hydrate in amphoteric emulsifier (C19). b. Autoge:
Autogenous pressure; VLE: Pressurizing the reactor and then to reach the vapor liquid equilibrium. c. Dioxane was
employed as solvent.

Apart from the type of catalyst employed, some studies have focused their attention on the mass
transfer and on the phase separation of the reaction mixture. This fact is of great importance owing
to glycerol being immiscible in IB and in high ethers, as reported by Behr and Obendorf [37]. Thus,
the biphasic system can be changed to a monophasic system by decreasing glycerol and increasing
MTBG/h-GTBE or decreasing both glycerol and IB, while increasing mono-tert-Butyl glycerol ethers.
In fact, they observed that after 40 min, the biphasic system became monophasic with a reaction
mixture composition of 40 wt.% DTBG, 30 wt.% MTBG, and 5 wt.% of glycerol (IB and TTBG were not
observed). This prototype was improved by Liu et al. [57,58], demonstrating that the tert-Butyl ethers
of glycerol are soluble with each other in the temperature range of 70.2–100.2 ◦C. In addition, MTBG
and glycerol are perfectly mixed under all concentrations tested, whereas the h-GTBE were partially
soluble with glycerol, rising slightly when the temperature increased.

Experimental Designs Reported to Date for Glycerol Etherification with IB

Regarding the process designs and experimental settings, very few studies on the production of
glycerol ether in continuous reactors, over heterogeneous catalysts, have been published to date [43].
Di Serio et al. [59] have reported a process for the production of h-GTBE employing the Amberlist-15
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as a catalyst, in which those desired products were extracted by using biodiesel. This blend of
biodiesel/h-GTBE can be employed directly as a diesel additive. More recently, Liu et al. [60] obtained
the h-GTBE employing an ion exchange resin, NKC-9, as catalyst. After the reaction, the MTBGs
were extracted with fresh glycerol, whereas residual glycerol of the reaction was washed with water.
Furthermore, the IB and DIB produced during the reaction were separated by distillation, whereas
the residual glycerol, after washing with water, and the recovered IB were recirculated in order to
be employed again as reactants. Furthermore, the authors carried out a study on the feasibility of
the process using a mathematical model, which included the cost related to the raw materials, the
equipment, utilities, operating, and maintenance, concluding that the production of these additives
can be very promising from the economical point of view if the IB price is below 1.2 $/Kg, considering
that the cost to produce the glycerol ethers is 1 $/Kg. Regarding the possibility of using crude glycerol
and IB from the C4 fraction of crude oil, very few studies have been published [61,62], and only at
laboratory scale.

2.2. Etherification of Glycerol with tert-Butyl Alcohol

In recent years, the possibility of using TBA instead of isobutene to obtain the glycerol tert-Butyl
ethers has gained importance. There are different reasons to explain this fact. Firstly, isobutene is
obtained in the catalytic cracking of crude oils. Concretely, 1-butene, cis/trans-2-butene, and IB conform
the crude oil C4 fraction. Therefore, their price depends directly on the crude prices, in addition to
coming from a non-renewable source. Secondly, in order to keep the IB in the liquid phase in the
etherification reaction, the use of additional pressure is required. In fact, as aforementioned, the
mass transfer between the two phases is a limiting factor in this reaction, making the use of a solvent
advisable to achieve a better catalytic performance. Regarding environmental aspects, the solventless
reaction has to be promoted. Last but not least, an important drawback is the secondary reactions of
IB, promoted by strong acid sites, giving rise to a decrease in the selectivity to the desired products,
as aforementioned.

All these disadvantages can be palliated by using tert-Butyl alcohol, which is liquid at the reaction
temperatures usually employed, allowing the mass transfer between the phases, acting itself as both
solvent and reactant, avoiding the use of solvents capable of dissolving glycerol, with the technological
problems that this fact implies, as well as typical drawbacks of a complex three-phase system. Likewise,
the oligomerization of IB can be diminished, and the use of high pressure to carry out the reaction is
not needed. Furthermore, TBA is currently obtained from the polypropylene production.

Analogously to the etherification of glycerol with IB, the etherification with TBA requires catalysts
with acid sites, see Scheme 3. It is generally accepted that the reaction mechanism occurs via a rapid
protonation on acid sites of TBA, which, on losing a water molecule, generates a tertiary carbocation.
This carbocation reacts with glycerol, generating the MTBGs in the first step of the reaction. Analogously,
the reaction of another TBA molecule with mono-tert-Butyl glycerol ethers generates the di-substituted
ones (DTBGs), which, reacting with TBA, produces the TTBG in a subsequent reaction. Hence, water is
formed in every step of the reaction, and IB can be also obtained by TBA dehydration. Hence, there
are two aspects that must be taken into account employing TBA as a reactant. Firstly, the reaction
is controlled by the thermodynamic equilibrium, which limits the maximum yield to the reaction
products. Secondly, the formation of water in every step, Scheme 3, can promote the hydrolysis of the
ether bonds formed, shifting the equilibrium to the left. In addition, the water molecules can solvate
the acid sites, promoting a faster deactivation of the catalysts.

Thus, Klepàcová et al. [39] studied the etherification reaction with IB and TBA over two different
ion exchange resins, A-15 and A-35, at two temperatures, 60 and 90 ◦C. The highest yield to h-GTBE
(88.7%) was obtained over A-35 with IB, whereas the yield value using TBA was only 6.5%. Similar
results were reported by González et al. [63] over several zeolitic materials. Klepàcová et al. [64] also
reported the optimal experimental conditions for the reaction (i.e., 75 ◦C of reaction temperature and a
high TBA/G molar ratio), which is logical according to the Le Chatelier principle. In fact, as can be seen
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in Table 2, temperatures in the range of 60–120 ◦C and a TBA/G molar ratio of 4 are the most typical
conditions employed by the researchers. However, Chang et al. [65] reported a one-step synthesis and
separation of the h-GTBE, consisting in employing very high temperatures (~190 ◦C), obtaining the
reaction products separated in two phases. From the organic phase, the h-GTBEs were separated from
IB and its oligomers by distillation below 225 ◦C, directly obtaining the oxygenated additives.

Scheme 3. Reaction pathways for the glycerol etherification with TBA.

In addition to the high TBA/G molar ratio, another strategy employed to shift the equilibrium to
the formation of the desired products is the elimination of the water formed. Thus, Frusteri et al. [66]
performed the reaction over silica-based catalysts, taking two ion exchange resins, SAC-13 and A-15, as
reference. The best results were obtained over A-15 (yield to h-GTBE= 28%). The authors proposed two
main reasons for the low formation of TTBG: the steric hindrance and the water formation during the
reaction. In order to corroborate this, they proposed an experiment consisting of stopping the reaction
after 6 h, to dehydrate the reaction mixture by adding zeolites, and then running again for another 6 h,
obtaining an increase in DTBGs from 28% to 41%. This result clearly demonstrated that the presence of
water makes the formation of h-GTBE difficult, in agreement with Klepàcová et al. [64]. To overcome
the problem of the presence of water in the reaction mixture, Cannilla et al. [67,68] employed a water
permselective membrane, allowing the equilibrium to be shifted toward the formation of poly-ethers.
This membrane selectively removed the water formed by the recirculation of the gas phase. Acid
catalysts, prepared by the impregnation of an ethanolic solution of Hyflon Ion S4X perfluorosulfonic
ionomer on microspherical silica, were compared with Amberlist-15 [67], obtaining a better catalytic
performance on the Hyflon supported catalysts with the use of the membrane, because of its higher
hydrophilicity and a better accessibility to the active sites. Furthermore, the use of a membrane able to
remove water selectively allowed thermodynamics constrains to be overcome, attaining total glycerol
conversion and selectivity values to h-GTBE of 70%.

Apart from the ion exchange resins, other catalytic systems have been studied in order to overcome
the limitations of these types of resins, such as the lack of thermal stability, the fact that they can
be swelled and shrunk in organic media, and their hydrophobic character, since the sulfonic acid
groups are the only hydrophilic part of the structure. The hydrophobic character promotes a faster
deactivation by the generation of water, since this water solvates the sulfonic acid groups [66]. Thus,
catalytic systems based on carbon, mainly prepared from biomass and sulfonated by different strategies,
have gained importance. Thus, Gonçalves et al. [69] evaluated the behavior of sulfonated carbons
prepared from agroindustrial wastes, showing a high catalytic performance. In fact, with the sugar cane
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bagasse-based catalyst, a glycerol conversion value of 80.9% and selectivity to h-GTBE of 21.3% were
attained after 4 h of reaction time, at 120 ◦C, and using a 5 wt.% of catalyst loading. The hydrophilic
character of the carbons makes possible the absorption of the water generated during the reaction,
palliating the negative influence that this water usually has in the catalytic activity and selectivity to the
h-GTBE. In this line, Carvalho et al. [70] prepared sulfonated carbons from rice husk by different acid
treatments (i.e., using sulfuric acid 6M, concentrated sulfuric acid, and also the vapor of concentrated
sulfuric acid). From all the catalysts studied, the sulfonated ones using concentrated sulfuric acid
under reflux exhibited the best catalytic behavior (53% of glycerol conversion and 25% of selectivity
to h-GTBE), due to the highest acidity that this solid exhibited in comparison to the other sulfonated
carbons. Gonçalves et al. [71] prepared sulfonated black carbons from coffee grounds, following a
similar procedure to that employed by Carvalho [70]. Thus, by the sulfonation of the carbons with
fuming sulfuric acid, an incorporation of 8% of sulfur and an acidity value of 4.2 mmol H+/g, were
obtained. The yields to MTBG and h-GTBE obtained with these solids were about 40% and 20%,
respectively. Furthermore, the active groups of the acid black carbons exhibited a high stability,
allowing them to be used in consecutive reactions. Gonçalves et al. [72] also studied the preparation of
carbons by hydrothermal treatment of glycerol, that was obtained in the biodiesel production, and
sulfuric acid. The best catalytic activity was obtained on the carbon prepared with a glycerol:sulfuric
acid ratio of 1:3, attaining yields to the high ethers around 20%, similar to those obtained over the
commercial Amberlyst-15. Furthermore, the catalysts were able to be reused in subsequent reactions
(up to eight) without an appreciable loss of activity.

Pico et al. [73,74] studied the capability of several ion exchange resins, A-15, A-200, and Amberlite
IRC-50, to be reused, concluding that no significant losses of activity were observed for the spent
catalysts. The highest activity was obtained over A-15 (XG = 80%), and was explained on the basis of
its better textural properties in addition to its well-known acidity. A negligible loss of activity was also
observed by Magar et al. [75] over several acidic clay catalysts after several uses. Concretely, with a
fresh montmorillonite KSF/O clay catalyst, total glycerol conversion was attained due to its highest
acidity. Celdeira et al. [76] reported the sulfonation of aluminum pillary clay and niobia (HY-340
CBMM) by two different methods, a treatment with 30% aqueous sulfuric acid solution or a treatment
with fuming sulfuric acid, achieving a higher sulfur incorporation with fuming sulfuric acid, attaining
a yield to h-GTBE of 38.6 with 95% glycerol conversion. Srinivas et al. [77] prepared cesium exchanged
tungstophosphoric acid (CsTPA), supported on tin oxide with cesium exchanges between 10% and
30%. The acidity of the solids increased up to 20% of cesium exchange, being the solid with the highest
acidity and also exhibiting the best catalytic performance (XG = 91% and Sh-GTBE = 44%) after only one
hour of reaction time. The authors proposed a plausible mechanism for the reaction, in which Bronsted
acid sites on CsTPA were responsible for activating tert-Butanol, while Lewis acid sites in the support
activated the glycerol, resulting in the formation of mono-ethers. The successive transformation of
glycerol to h-GTBE is possible due to the regeneration of acid sites. Furthermore, the authors revealed
that these catalysts were also water tolerant.

In addition to the acidity of the catalysts, the textural properties also exhibit a great importance in
this reaction, due to the large size of the h-GTBE molecules. Klepàcová et al. [64] compared Amberlyst
ion-exchange resins either in gel or macroreticular form, concluding that the macroreticular ones with a
high degree of crosslinking exhibited a higher activity due to their larger pores allowing the formation
of the TTBG.

The effect of the textural properties on h-GBTE production has also been studied over zeolitic
materials. Thus, González et al. [63] studied the effect of hierarchical porosity in a β-zeolite, obtaining
a better catalytic behavior than on the conventional zeolite, due to the greatest accessibility of the
reactants to the active sites. Furthermore, the hierarchical zeolite after a fluorinated treatment
improved the selectivity to h-GTBE, due to the increase in the number of strong acid sites that it
exhibited. The decisive role of the Bronsted acidity and porosity was corroborated by the authors [78],
studying several type of zeolites, such as mordenite, beta, and ZSM-5 zeolites modified by protonation,
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dealumination, desilication-protonation, lanthanum exchange, and fluorination. Thus, the best
catalytic behavior (XG = 75% and Sh-GTBE = 37%) was associated with the highest acidity and the
larger pore size of the zeolite. Likewise, Simone et al. [79] achieved better results on nanostructured
MFI-type zeolites than on traditional zeolites. The nanosponge-like morphology of the zeolites
consisted of a three-dimensional disordered network of MFI layers with 2.5 nm thickness supporting
each other, obtaining the highest selectivity to TTBG (10%) with unilamellar MFI containing a SI:Al
ratio of 100, which exhibited a high proportion of the acid sites on the external surface, enabling
a favorable accessibility of the reactants to these sites. Estevez et al. [80] dealuminated a HZSM-5,
with different Si:Al ratio, and a HY zeolite by acid treatment with HCl and functionalized them with
two organosilica precursors: 3-mercaptopropyltrimethoxysilane (M), containing thiol groups, and
2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane (C), which contains sulfonic acid groups. The solids
with highest acidity were those functionalized with M, also exhibiting the highest yields to h-GTBE
(13%), using microwave as a way of heating. Furthermore, the textural properties of the zeolites played
an important role in their activity (i.e., HY, with the largest channel size, was more active than the
HZSM-5). Very recently, Miranda et al. [81] explored the impact of the size of the crystals and the
structures of four types of zeolites (i.e., FAU, MOR, BEA, and MFI). They proposed that the reaction
followed an Eley–Rideal mechanism in which the total amount of Bronsted acid sites is decisive, but also
the shape selectivity. In fact, the formation of DTBGs was rather low in comparison to that obtained on
meso- and macroporous acid catalysts. Veiga et al. [82] evaluated the catalytic performance of zeolites
subjected to a steaming treatment and acid leaching to eliminate extra-framework aluminum, reporting
that the hydrophobicity–hydrophilicity relationship of the catalysts had great influence on the catalytic
activity, in addition to their acid and textural properties. The influence of the hydrophobic–hydrophilic
character of the catalysts was also claimed by Estevez et al. [83], by studying sulfonated silica-based
and sulfonated organosilica-based materials exhibiting different acidities, textural properties, and
also different hydrophilic–hydrophobic character. The acidity and hydrophilic character were key
parameters for the catalytic behavior. In fact, the best results (Yh-GTBE = 28%) were obtained over the
hybrid silica exhibiting the highest acidity, the S50TS50O, at 75 ◦C and autogenous pressure. In the
same line, Estevez et al. [84] reported a yield value to h-GTBE of 21% after 15 min of reaction using
microwave as a way of heating in the reaction, on organosilica-aluminum phosphates that exhibited
the highest acidity and a similar proportion of meso- and macropores. Furthermore, the hydrophilic
character of the solids avoided the rapid deactivation observed on Amberlyst-15.

Table 2. Compilation of studies on glycerol etherification with TBA over heterogeneous catalysis.

Catalyst a
Reaction Conditions

XG

(mol %)
Sh-GTBE

(mol %)
Ref.

T
(◦C)

P b

(bar)
Cat. Loading
(wt.% of G)

TBA/G
Mol/mol

Time
(h)

A-15-dry 60 Auto 7.5 4 8 79 19 [39]

Hierarchical-Beta
zeolite 75 Auto 5 4 24 77 35 [63]

A-35-dry 90 Auto 7.5 4 8 69 24 [64]

A-70 190 Auto 7.5–10 2 8 60 37 * [65]

A-15 70 1 7.5 4 6 94 30 [66]

H730/ES70Y 80 Auto 7.5 8 27 100 70 [67]

SCC-S 120 Auto 5 4 7 81 21 [69]

TC-L 120 Auto 5 4 8 53 25 [70]

BCC-S5h 120 Auto 5 4 5 70 29 [71]

BC 1:3 120 Auto 5 4 6 75 29 [72]

A-15 60 Auto 7.5 4 8 80 20 [73,74]

Mont-KSF/O 110 Auto 27 20 6 ~100 ~30 [75]

AS-100 120 Auto 5 4 5 100 40 [76]
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Table 2. Cont.

Catalyst a
Reaction Conditions

XG

(mol %)
Sh-GTBE

(mol %)
Ref.

T
(◦C)

P b

(bar)
Cat. Loading
(wt.% of G)

TBA/G
Mol/mol

Time
(h)

20C1TS 100 Auto 27 6 1 91 44 [77]

FHB 75 Auto 5 4 24 75 37 [78]

MFI-UL-100 120 Auto 5 4 12 82 24 [79]

M-HY 85 c Auto 5 4 15
min 59 22 [80]

BEANC
15 90 Auto 7.5 4 10 57 29 [81]

USY-650-L-2 90 Auto 7.6 4 4 75 21 [82]

C(10)AlPO(1.5)-250 85 Auto 5 4 15
min 83 25 [84]

a. SCC-S: Sulfonated carbon from sugar cane bagasse; TC-L: Sulfonated carbon from rice husk, using concentrated
sulfuric acid as the sulfonating agent; BCC-S5h: Sulfonated carbon from coffee-ground waste, using fuming sulfuric
acid as the sulfonating agent; BC 1:3: Sulfonated black carbon obtained by hydrothermal treatment of glycerol and
sulfuric acid; Mont-KSF/O: Montmorillonite clay catalyst; AS-100: Pillary clay sulfonated with fuming sulfuric
acid; 20C1TS: Cesium exchanged phosphotungstic acid; H730/ES70Y: Hyflon Ion S4X supported on microspherical
silica; FHB: Fluorinated h-Beta zeolite; MFI-UL-100: Unilamellar MFI zeolite with Si:Al ratio of 100; M-HY: HY
zeolite modified with 3-mercaptopropyltrimethoxysilane; BEANC

15: Nanometer size crystal BEA zeolite with Si:Al
ratio of 15; USY-650-L-2: USY zeolite after two cycles of heating treatment (650 ◦C of steaming temperature) and
the leaching of acid sites; C(10)AlPO(1.5)-250: Organosilica-aluminum phosphate with a molar ratio Al:P of 1.5,
calcined at 250 ◦C and 10 mmol of 2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane. b Auto: Autogenous pressure.
c. Reaction carried out under microwave irradiation. * Selectivity to HCs, HCs being the products from the reaction
between G and either IB or its oligomers.

Experimental Designs Reported to Date for Glycerol Etherification with TBA

The results overviewed in Section 2.2 are referred to as the etherification of glycerol with TBA
carried out in batch reactors, under different reaction conditions. However, some studies have also
been accomplished using continuous flow reactors [25]. Thus, Ozbay et al. [85] compared the results
obtained over a batch reactor employing the Amberlyst-15 as a catalyst, with those obtained using a flow
reactor, obtaining similar results with both reactors, although much longer reaction times are needed
with batch reactors. In addition, the effect of feed composition, reaction temperature, and pressure
on the product distribution was also studied. Independently of the type of reactor employed, the
generation of water during the reaction was still a problem. Authors adopted the strategy previously
employed on a batch reactor, which was the use of Zeolite 4A to remove water from the reaction
medium, increasing the di-ethers production, as reported on batch reactors [66]. A catalytic screening
in the flow reactor system was reported by Ozbay et al. [86], indicating that despite the fact that the
Bronsted acidity was the most important property of the catalysts, the textural properties were also
of great importance in order to avoid the diffusion resistance. The importance of textural properties
was corroborated by Viswanadham et al. [87] obtaining the best results (95% of glycerol conversion
and selectivity to h-GTBE of 99%) on a Nano-Bea zeolite in a continuous flow reactor, due to the
presence of inter-crystalline mesopores, which were absent in the typical BEA zeolite. Vlad et al. [88]
reported a plant-wide control for this reaction, employing a flow reactor and the Amberlyst-15 as a
catalyst. The separation of the h-GTBE from the reaction mixture was achieved by two distillation
columns. Authors have concluded that this process is economically feasible at the plant scale only if
the mono-ethers can be recirculated for subsequent reaction with TBA. However, the separations of
these MTBGs and reactants were difficult because of the formation of a water–TBA azeotrope, although
this azeotrope could be broken using a suitable solvent. Thus, the authors evaluated different solvents
for the separation of MTBGs, attaining good results with an extractive distillation, using 1,4-butanediol
as the solvent [89]. However, due to the large number of units involved, the predicted annual cost was
very high. Another option consisting in a reactive distillation column, where tert-Butyl alcohol was fed
as vapor lower down the reactive zone, was also evaluated, reducing the costs almost 20 times. Very
recently, Simasatitkul et al. [90] also studied the techno-economic assessment of extractive distillation
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for tert-Butyl alcohol recovery in the etherification of glycerol, reporting the use of different solvents
for breaking the water–TBA azeotrope, concluding that hexyl acetate was the most suitable solvent,
based not only on the environmental impact but also on the annual costs and effectiveness.

Kiatkittipong et al. [62] reported simulation and experimental studies about the use of reactive
distillation to perform the reaction, finding that the suitable configuration consisted of six rectifying
stages and six reaction stages. Likewise, they made a theoretical analysis about the Gibbs free energy
and also performed a kinetic study of the reaction process.

Singh et al. [91] reported a system consisting of two interconnected autoclaves. In the first one,
the dehydration of TBA was performed and subsequently conducted to the second autoclave, where
the etherification of glycerol with IB took place.

Last but not least, the use of microwave irradiation as an alternative to conventional heating for
this reaction has been considered by some authors [84,92]. In general, under microwave irradiation,
similar results were obtained, although the reaction time to achieve these results was considerably
reduced, making this option very promising for the near future.

3. Blends of Glycerol Ethers Additives and (Bio)Fuel

Diesel engines have several advantages from the energetic point of view in comparison to explosion
engines. However, the combustion of diesel fuel promotes certain environmental problems that must
be mitigated, such as the particulate matter emission. The oxygenated fuel additives can diminish
the particulate matter and NOx emissions, since the higher amount of oxygen favors the combustion
process. Nevertheless, this amount of oxygen must be controlled, because a high temperature during
the combustion can promote a higher oxidation of the N2 of air, thus increasing the NOx emissions.
For considering an oxygenated molecule as a potential additive for fuel formulations, it has to comply
with the current regulations (e.g., European Standards (ENs) in the European Union and the American
Society for Testing and Materials (ASTM) for United States and Canada) [26]. These standards collect
the requirements and test methods for fuel for being employed in engines. Concretely, the EN 14214
and the ASTM D6751 compile the requirements for biodiesel.

To the best of our knowledge, the influence of glycerol ethers as oxygenated additives for
(bio)fuel is still poorly studied. Noureddini et al. [93] determined the physical properties of glycerol
ether-biodiesel blends, indicating that these additives are soluble in diesel and biodiesel up to 22%.
Furthermore, these additives showed a great potential to improve the properties of biodiesel at low
temperatures (i.e., the pour point (temperature below which the liquid loss its flow characteristic) and
cloud point (temperature below which the liquid forms a cloudy appearance) from 0 ◦C to –5 ◦C and
from –3 ◦C to –6 ◦C, respectively), and exhibiting negligible impact on fuel specific gravity. These
additives also decreased the viscosity of biodiesel from 5.9 to 5.4 mm2/s for a blend of 12% of glycerol
ethers and 88% of biodiesel [94]. Melero et al. [95] evaluated different oxygenated compounds (solketal,
triacetin, mix of ethers, and mix of esters) in blends with biodiesel, according to the procedures listed in
the EN 14214, obtaining the best results for the mixture of ethers. Thus, they improved the properties
of biodiesel at low temperature and the viscosity values without affecting other important biodiesel
quality parameters.

A deeper study about the behavior of several additives from glycerol (acetals, ethers, carbonates,
etc.) corroborated that h-GTBE is the best additive to diminish the particulate matter and NOx

emissions [36]. Furthermore, the physicochemical properties of a blend composed of 5% of biofuel
(92.5% of a rapeseed methyl ester+ 7.5 of h-GTBE) and 95% of diesel comply with the EN 14214 standard
and did not present any technical disadvantage for its use in the engines. In fact, a h-GTBE-diesel
blend, in a proportion of 1:10, exhibited lower emissions of soot and NOx than fossil diesel without
affecting the combustion process of different types of engines [51,52,96].

Likewise, the influence of additives such as solketal, h-GTBE, and solketal-tert-Butyl ether
(obtained by etherification between solketal and TBA) in the anti-wear properties (ASTM D 2266-01)
of a low viscosity hydrocarbon oil fraction has been also evaluated [97]. From these additives, the
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solketal exhibited the best anti-wear properties, improving them by 42%, in respect to the free-additive
hydrocarbon oil.

Therefore, in general, the use of oxygenated fuel additives derived from glycerol and, concretely,
the glycerol ethers is a matter of the economics of the production process.

4. Conclusions

In recent decades, the increase in the production of biodiesel has generated a huge amount of
crude glycerol, whose valorization would have a great influence on the biodiesel process, making it
more affordable from an economical point of view. In this context, the research of cheaper and more
sustainable routes to transform glycerol into value-added products in the presence of heterogeneous
catalysts are being widely developed.

Among all the routes being studied, the production of oxygenated additives for fuels has been
raised as one of the most promising options. Specifically, the di- and tri-tert-Butyl ethers (h-GTBE)
obtained by the reaction of glycerol, either with isobutene or tert-Butyl alcohol, improve the efficiency
of the diesel combustion and reduce the particulate matter and the soot emissions with outstanding
results. Furthermore, some studies foresee that these additives could be produced on industrial scale,
so the search for suitable heterogeneous acid catalysts for the etherification reaction has been of great
interest in recent years.

In general, a good catalyst for this reaction, implying a high yield to h-GTBE, should exhibit
not only a high amount of strong acid sites but also textural properties that allow the formation of
the products of the reaction, which are molecules with a large volume. In addition, an adequate
hydrophobic–hydrophilic character and water-resistance are characteristics also required to avoid the
deactivation of the acid sites, mainly when TBA is employed as a reactant. The study of different
catalysts has been combined with the study of several engineering designs, in order to improve the
production of the desired products. Thus, different alternatives, such as the use of water permselective
membranes or any other sorbents of water, as well as different flow reactors have been studied.

Despite the fact that there are catalysts that have shown remarkable results in the etherification with
tert-Butyl alcohol, the selectivity to h-GTBE can be improved in order to attain similar results than with
isobutene. For this purpose, the shift of the reaction equilibrium to the formation of poly-substituted
ethers is still a challenge. Thus, researches contemplating catalysts with ideal properties to perform the
reaction, as well as new forms to remove the water formed in the reaction, could be a possible way to
go forward.

Nevertheless, further research efforts are necessary in order to overcome some of the remaining
challenges regarding these reactions. For example, the use of crude glycerol directly obtained from
biodiesel production, as the majority of these studies employed pure glycerol as a reactant. Furthermore,
the oxygenated fuel additives must be tested in different fuel blends to ensure their behavior, according
to specification standards, etc. Likewise, the production of these additives on a larger scale in a feasible
way needs to be achieved.
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Abbreviations

A-15 Amberlyst-15
DIB Di-isobutene
DOE United States Department of Energy
DTBGs Di-tert-Butyl glycerol ethers
EGR Exhaust gas recirculation
EIA U.S. Energy Information Administration
ETBE Ethyl tert-Butyl ether

EN 14214
Standard published by the European Committee for Standardization that describes the
requirements and test methods for FAME

FAEE Fatty acid ethyl ester
FAME Fatty acid methyl esters, components of conventional biodiesel
G Glycerol
h-GTBE “High” glycerol tert-Butyl ethers (i.e., DTBGs + TTBG)
IB Isobutene
MTBE Methyl tert-Butyl ether
MTBGs Methyl tert-Butyl glycerol ethers
OPEC Organization of the Petroleum Exporting Countries
TBA tert-Butyl alcohol
TTBG Tri-tert-Butyl glycerol ether
VLE Vapor liquid equilibrium
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Abstract: In the present piece of research, hydrogen production via the photo-reforming of glycerol (a
byproduct from biodiesel generation) is studied. Catalysts consisted of titania modified by Ni (0.5%
by weight) obtained through deposition–precipitation or impregnation synthetic methods (labelled
as Ni-0.5-DP and Ni-0.5-IMP, respectively). Reactions were performed both under UV and solar
irradiation. Activity significantly improved in the presence of Ni, especially under solar irradiation.
Moreover, pre-reduced solids exhibited higher catalytic activities than untreated solids, despite the
“in-situ” reduction of nickel species and the elimination of surface chlorides under reaction conditions
(as evidenced by XPS). It is possible that the catalyst pretreatment at 400 ◦C under hydrogen resulted
in some strong metal–support interactions. In summary, the highest hydrogen production value
(ca. 2600 micromole H2·g−1) was achieved with pre-reduced Ni-0.5-DP solid using UV light for an
irradiation time of 6 h. This value represents a 15.7-fold increase as compared to Evonik P25.

Keywords: hydrogen production; photo-reforming; glycerol; Ni/TiO2

1. Introduction

Fossil fuel depletion and environmental concerns have resulted in the search for clean energies,
with one alternative being hydrogen [1]. Its use has two main advantages [2,3]: i) a high chemical
energy per mass (120 KJ/g), superior to that of many fossil fuels, and ii) its combustion only results in
water; therefore, it does not emit any toxic substance or greenhouse gas into the atmosphere.

Nevertheless, hydrogen does not exist in nature in its molecular H2 form but combined to other
elements; thus, it requires dedicated methods for its production. Therefore, whether or not the use of
hydrogen as an energy vector can be termed as “fully green” is dependent on its method of production.

Currently, the most widespread hydrogen production methodologies are hydrocarbon reforming
with water vapor and water electrolysis. Hydrocarbon reforming has the disadvantages of being based
on raw materials which are taken from non-renewable fossil sources and, therefore, the co-generated
CO2 directly impacts the environment by the greenhouse effect. An additional drawback of hydrocarbon
reforming with water vapor is its high operating temperature. On the other hand, regarding the
production of hydrogen through water electrolysis, its main associated problem is the high consumption
of electrical energy to carry out the process. Solar thermal energy can be used as an alternative for
water electrolysis but, in this case, large and expensive facilities are needed.

Recently, in addition to the mentioned technologies, innovative techniques have been being
developed and could be complementary to those already existing in the medium-term future. Some of
these hydrogen production techniques are plasma technology [4], biological production methods such
as dark fermentation [5,6] or the photocatalytic reforming of oxygenated organic compounds [7,8].
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The photocatalytic reforming of oxygenated organic compounds consists in the treatment of these
compounds with light radiation in the presence of water, at room temperature and under anaerobic
conditions, to generate gaseous hydrogen and carbon dioxide. The potential of hydrogen production
through photocatalytic reforming is fulfilled when biomass residues (bio-glycerol or glucose, among
others) are used as oxygenated organic compounds since, in this case, the generated CO2 was previously
consumed by the biomass during its growth, so there is no net emission of CO2 but a closing of the
carbon cycle [9]. In the process, light is used to activate a semiconductor, promoting electrons from the
valence to the conduction band. The oxygenated organic compound is used as a sacrificial agent to
favor the elimination of the positively-charged holes, whereas electrons are used to reduce protons and
generate H2. As for the sacrificial agents, glycerol is an excellent candidate since it is a by-product of
biodiesel production [10].

One of the keys to the success of this emergent technology is the development of suitable
catalysts (i.e., semiconductors) which are able to maximize light harvesting and therefore the hydrogen
production [11]. TiO2 is the most widely used semiconductor as a result of its high photocatalytic
activity and due to the fact that it is inexpensive, not toxic and biologically and chemically inert [12].
Its main drawback is its band gap value (ca. 3.2 eV), which means that only ca. 5% of solar irradiation
is absorbed. Furthermore, it also exhibits a high electron–hole recombination rate, which is detrimental
to the photocatalytic activity [13].

One alternative to overcome these problems is the incorporation of metals to the semiconductor [14]
(Figure 1), which can shift the absorption to the visible light and also act as electron traps, thus
preventing electron–hole recombination. Noble metals such as silver [15], gold [16], platinum [17] or
palladium [18] have been found to be particularly effective, although there is a need to implement
some more cost-effective transition metals such as iron [19], nickel [20,21] and copper [22,23].

Figure 1. Activation of titania using a metal as a co-catalyst.

In the present piece of research, nickel structural (particle size) and chemical properties (oxidation
state) in Ni-modified titania photocatalysts has been addressed, and their influence on hydrogen
production from glycerol photo-reforming studied. Two catalyst synthetic methods (impregnation vs.
deposition–precipitation) and catalyst pre-reduction treatment were analyzed and their influence on
the amount of hydrogen photo-produced revealed under both UV and solar radiation.
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2. Materials and Methods

2.1. Catalysts Synthesis

2.1.1. Deposition–precipitation Method

The deposition-precipiation method was used for incorporation of nickel on P25 Evonik with
a nominal weight of 0.5%. The incorporation of Nickel was carried out in a “Contalab” system
(Switzerland) enabling careful control of all the variables, i.e., pH, temperature, stirrer speed, reactant
feed flow, etc. Firstly in 150 mL distilled water were dispersed 5 g of P25 Evonik using ultrasound.
The deposition of the nickel was carried out at 60 ◦C and a pH of 6.8, keeping it constant with an 0.2
M aqueous solution of K2CO3 (Sigma Aldrich). Next, an aqueous solution of 2 g·L−1 of nickel (using
NiCl2 (Sigma Aldrich)) was added dropwise and the mixture was maintained for 1 h at 60 ◦C. Then
the solid obtained was filtered and washed with distilled water. Then, the solid was dried at 110 ◦C
overnight. Finally, the solids were calcined at 400 ◦C for 6 h (using a ramp rate of 10 ◦C·min−1).

2.1.2. Impregnation Method

A total of 5 g of TiO2 (P25 Evonik) was dispersed in 100 mL of distilled water containing the
required amount of NiCl2 (Sigma Aldrich) aqueous solution in order to have a nickel nominal content
of 0.5% by weight. The suspension was stirred for 1 h and then vacuum filtered at 100 ◦C. Then, the
solid was dried overnight (100 ◦C) and calcined at 400 ◦C for 6 h (ramp rate 10 ◦C·min−1).

The catalyst nomenclature includes the metal (Ni), the nominal content (0.5% by weight) and
a suffix indicating the synthetic method (DP or IMP for deposition–precipitation or impregnation,
respectively).

2.1.3. Catalyst Pre-Reduction

The catalysts were used either as synthesized or after a pre-reduction treatment. In the latter
case, the solids were treated at room temperature under N2 flow (20 mL·min−1) for 15 min and then
submitted to hydrogen (10mL·min−1), the temperature being ramped up to 400 ◦C (rate, 10 ◦C·min−1)
and the final temperature being maintained for 1 h. The nomenclature of pre-reduced solids includes
the “Red” suffix.

2.2. Characterization of the Solids

The determination of the metallic content in the samples was carried out by by inductively coupled
plasma mass spectrometry (ICP-MS) using a Perkin Elmer NexionX instrument. Digestion of the
samples consisted in dissolution of the sample in an acid solution of 1:1 H2O/H2SO4/HF solution at 80
◦C and and after in 1:3 HNO3/HCl mixture. The measurements were carried out by the staff at the
Central Service for Research Support (SCAI) of the University of Córdoba.

Transmission electron microscopy (TEM) images were obtained with a JEOL JEM 1400 transmission
electron microscope. For the measurements were used a 3 mm holey carbon copper grids. Particle
sizes were obtained using using the software ImageJ (a public domain Java image processing and
analysis program). TEM was carried out at the Central Service for Research Support (SCAI) of the
University of Córdoba.

X-ray diffraction (XRD) analysis was performed on a D8 Discover instrument (Bruker Corporation,
Billerica, USA) using CuKα radiation over the range 5–80◦.

A Cary 1E (Varian) instrument was used for determination of Band Gap values by Diffuse
reflectance UV–vis spectra, using as reference material the polytetraethylene (density = 1 g·cm-3 and
thickness = 6 mm). The plot of the modified Kubelka–Munk function [F(R)·E]1/2 versus the energy
of the absorbed light E was use to obtain the value of band gap, extrapolating to y = 0 of the linear
regression range.
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X-ray photoelectron spectroscopy (XPS) data were recorded by a Leibold–Heraeus LHS10
spectrometer capable of operating down to less than 2 × 10−9 Torr, was equipped with an EA-200MCD
hemispherical electron analyzer with a dual X-ray source using AlKα(hν = 1486.6 eV) at 120 W, at 30
mA, with C (1s) as energy reference (284.6 eV). The sample was prepared in a on 4 mm × 4 mm pellets
0.5 mm thick, and outgassing to a pressure below about 2 × 10−8 Torr at 150 ◦C in the instrument
pre-chamber. XPS experiments were carried out at the Central Service for Research Support (SCAI) of
the University of Córdoba.

In an Autochem 2920 analyser (Micromeritics Instrument Corp., Norcross, GA, USA) was carried
out the Temperature-programmed reduction (TPR) measurements, 200 mg of the solids was used to
carried out the experiment with a flow of 40 mL·min−1 of a 5% H2/Ar stream. The temperature was
ramped from room temperature to 500 ◦C at 10 ◦C·min−1.

2.3. Photocatalytic Experiments

Photocatalytic experiments were performed in a 30 mL double -mouthed heart-shaped reactor
under UV light irradiation (UV Spotlight source LightningcureTM L8022, Hamamatsu, maximum
emission at 365 nm) or solar irradiation (Newport, Xe lamp). Light was focalized on the sample
compartment through an optic fiber. In a typical process, 5 mg of catalyst was dispersed into 5 mL of
glycerol/water (10% v/v) solution. Reactions were performed under an inert atmosphere, achieved by
bubbling a nitrogen flow (20 mL·min−1) for 30 min. The catalyst suspension was continuously stirred
(800 rpm) and the reactor was thermostated at 20 ◦C. A picture of the photocatalytic reactor is shown
in Figure 2.

Figure 2. Picture of the photocatalytic reactor used in the hydrogen production from
glycerol photo-reforming.

Hydrogen was analyzed by sampling with a pressure-lock precision analytical syringe (Valco
VICI Precision Syringes, 1 mL, leak-tight to 250 psi) from the head space after 3 and 6 h of irradiation.
Analyses were performed on an Agilent Technologies 7890A gas chromatograph equipped with a
Supelco CarboxenTM 1010 Plot column with TCD detector. The separation was performed at 70 ◦C for
2 min, followed by heating to 120 ◦C (ramp of 10 ◦C·min−1), and was left for 8 min (total analysis time,
15 min). All reactions were performed in duplicate, with the standard deviation being below 3%. The
calibration plot (Figure S1) and a typical chromatogram for hydrogen quantification (Figure S2) are
given in the Supplementary Materials.
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3. Results and Discussion

The synthesized catalysts were characterized from the structural and chemical point of view with
a wide variety of techniques. The chemical composition was determined by ICP-MS and the results,
presented in Table 1, evidenced a good incorporation of nickel, with values being quite close to the
nominal content (0.5% by weight).

Table 1. Metallic content of the solids as determined by inductively-coupled plasma mass spectrometry
(ICP-MS). DP: deposition–precipitation; IMP: impregnation.

Catalyst
Ni Nominal

Content (weight%)
Experimental Ni Content

(ICP-MS, weight%)

Ni-0.5-DP 0.50 0.55
Ni-0.5-IMP 0.50 0.47

X-ray diffraction patterns were obtained and used to obtain structural information of the catalysts,
and the results are presented in Figure S3. The Evonik P25 support clearly shows the diffraction lines
corresponding to anatase (80%) and rutile (20%) phases, which are not affected by nickel incorporation,
independent of the synthetic method or reduction treatment. In addition, consistent with the small
metal loading and the homogeneous nickel dispersion evidenced by TEM micrographs, no signals
associated to nickel species are observed.

Temperature-programmed reduction (TPR) measurements were carried out for both Ni-0.5-DP
and Ni-0.5-IMP catalysts, and the results are presented in Figure 3 (right). These results showed that
the reduction peaks associated with nickel species begin at temperatures below 200 ◦C but extend to
400 ◦C.
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Figure 3. UV-vis spectra (left) and temperature-programmed reduction profiles (right) obtained for
the catalysts prepared in this work.

It is well known that NiO is usually the main surface species when nickel is deposited in high
loads on metal oxide-type supports. However, certain species from the Ni–support interaction can
be observed depending on the physicochemical properties of the support. It has been reported that
the reduction of certain nickel species is difficult in supported nickel catalysts, with this difficulty
being proportional to the strength of the Ni–support interaction [24]. In general, the Ni–support
interaction falls into three categories: i) an absence of interaction, which occurs when the support acts
as a mere dispersing agent, ii) a weak interaction, usually associated with the presence of small nickel
nanoparticles deposited on the support; and iii) a very strong interaction, involving the formation of a
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new surface species (creation of new chemical bonds). The degree of interaction depends on the nickel
charge (particle size) and the calcination temperature of the catalyst [24].

It has been reported that the reduction of unsupported NiO takes place at temperatures of around
220 ◦C [24], while the presence of metal–support interactions extend the nickel reduction process to
higher temperatures. However, Petrik et al. associated the observed reduction peak at 200 ◦C to the
reduction of Ni2O3 (ions with formal oxidation state higher than +2) to NiO [25]. In this sense, Carley
et al. demonstrated, through XPS studies, the massive formation of surface Ni3+ species after the
calcination of the solid at temperatures above 300 ◦C [26]. Finally, the reduction peaks observed at
higher temperatures (300–600 ◦C) were associated with the reduction of the previously formed NiO
species or to the reduction of small nanoparticles interacting with the TiO2 support [25].

Based on the above considerations, the observed reduction peak at about 200 ◦C could be
associated with either the reduction of bulk NiO or with the reduction of Ni+3 species (nickel ions with
a formal oxidation state higher than +2) [25,26]. Given the low nickel loading (0.5%) as well as the
small particle sizes reported by TEM (2 and 4 nm for Ni-0.5-DP and Ni-0.5-IMP, respectively), it is
more feasible to associate the reduction peak at 200 ◦C with the reduction of Ni+3 species present in
the catalyst. Reduction peaks observed at higher temperatures would be associated with small NiO
particles interacting with the titania support. According to these results, the temperature chosen for
catalyst reduction was set to 400 ◦C.

Band-gap energy values of the semiconductors were determined from UV-Vis spectra. The method
for the determination of band gap values is shown in Figure S4 using the example of Ni-0.5-IMP-Red.
As can be seen, the modification of the reference titania material (Evonik P25) by nickel incorporation
resulted in a slight decrease in the band gap (Table 2), with the absorption being shifted to the visible
spectrum (Figure 3, left)

Table 2. Band-gap energy values of the solids as determined by UV-Vis spectroscopy.

Catalyst Eg (eV) Catalyst Eg (eV)

P25 3.11
Ni-0.5-DP 3.02 Ni-0.5-DP-Red 3.07

Ni-0.5-IMP 3.00 Ni-0.5-IMP-Red 3.01

TEM micrographs of the different solids are shown in Figures 4–6, and the particle size
distribution is shown in Figure S5. Ni particle sizes were determined using ImageJ software.
The deposition–precipitation method resulted in particles with an average size of 2 nm, whereas the
impregnation method led to more heterogeneously-distributed sizes (Figure S5), with the average
particle size being 4–5 nm. Particle sizes did not vary significantly after the pre-reduction treatment.

Furthermore, the Ni particle size did not vary significantly after the first use. In the case of the
utilization of UV light, there were no changes either after the second use. On the contrary, when solar
irradiation was applied, the Ni particle size in the Ni-0.5-DP sample increased up to 5 nm (Figure 6).

The surface chemical composition of the solids was studied by XPS, and the main results are
summarized in Table 3. As far as the Ti (2p3/2) signal is concerned, there were no significant changes
after the incorporation of nickel, with the signal appearing at ca. 458.5 eV, which is a typical value
for Ti4+ in TiO2. Regarding the Ni 2p3/2 signal, it has been reported that binding energies at 852.6,
854.6, and 856.1 eV correspond to Ni0, Ni+2, and Ni+3, respectively [25,27]. As we have commented
previously, based on XPS data, Carley et al. unequivocally demonstrated the existence of Ni+3 species
in nanostructured solids calcined at temperatures above 300 ◦C [26].
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Ni-0.5-DP Ni-0.5-DP-Red

Ni-0.5-IMP Ni-0.5-IMP-Red

Figure 4. TEM micrographs of the fresh (unused) Ni catalysts.

A B

Figure 5. TEM micrographs of Ni-0.5-DP solid after the reaction under UV (A) or solar (B) irradiation.

A B

 

Figure 6. TEM micrographs of Ni-0.5-DP solid after the second reutilization using UV (A) or solar
(B) irradiation.
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Table 3. Ni (2p3/2), Ti (2p3/2) and Cl (2p) binding energies (eV) as determined by XPS.

Catalyst Ni (2p3/2) Ti (2p3/2) Cl (2p)

Ni-0.5-DP 855.9 458.8 199.9
Ni-0.5-DP-Red 855.0 458.7 -

Ni-0.5-IMP 856.1 458.8 200.0
Ni-0.5-IMP-Red 855.1 458.5 -

Ni-0.5-DP 1 using UV 854.9 458.6 -
Ni-0.5-DP 1 using solar 855.1 458.6 -
Ni-0.5-DP 2 using UV 855.2 458.4 -

Ni-0.5-DP 2 using solar 854.9 458.4 -

Moreover, Petrik et al., working with nanosized nickel oxides, found that binding energies at
855.3 and 856.7 eV were typical for Ni/TiO2 systems, with the signal at around 856 eV being preferably
associated with Ni2O3 rather than with NiO, whose signal appeared at around 855 eV. The authors
thus speculated the existence of Ti–Ni–O interactions that were reflected as Ni+3 species in the XPS
spectra [25].

In this work, the XPS data associated with Ni (2p3/2) signals are presented in Table 3 and Figure
S6. The spectra showed a signal at ca. 856 eV for fresh unreduced solids which was assigned to Ni+3

species, whereas, after the reduction treatment, the signal shifts to 855 eV as a result of the reduction
of Ni+3 to Ni+2 species. This is in agreement with the reduction peak observed in the TPR profile at
around 200 ◦C. Moreover, in the XPS analysis of the non-reduced catalysts used in a photo-reforming
process (both UV and solar), the Ni (2p3/2) signal appears at ca. 855 eV, indicating that during the
photocatalytic process, the in-situ reduction of Ni+3 to Ni+2 species takes place (Figure S6). No signal
associated to Ni metal was detected in XPS profiles, even for the reduced solids, and so the catalyst
reduction at 400 ◦C would not be strong enough to carry out the NiO reduction to Ni0, or else the
hypothetically formed Ni0 would re-oxidize in contact with air. In this sense, Ju et al. have already
reported the absence of the Ni (0) peak at 852 eV after the reductive treatment of nickel-containing
absorbents, were was associated with the difficulty of reducing NiO to metallic nickel [28].

It is also interesting to note that XPS revealed the presence of chlorine from the precursor
in fresh unreduced solids (0.56 and 0.80 atomic % for Ni-0.5-IMP and Ni-0.5-DP, respectively).
Such chlorine atoms were eliminated either during pre-reduction treatment as HCl or during the
photocatalytic reaction.

H2 production from glycerol photo-reforming on fresh unreduced catalysts after 3 and 6 h of UV
(A) or solar (B) irradiation are given in Figure 7. For the sake of comparison, results obtained for the
reference material (Evonik P25) have also been included.

A first conclusion from Figure 7 is that hydrogen production using UV light is always higher than
that achieved with solar light. This is hardly surprising, considering that the former irradiation source
is more energetic. Moreover, Ni incorporation to TiO2 (irrespective of the method) led to an increase in
hydrogen production. For instance, when UV light was used, hydrogen production increased from 166
micromole·g−1 (Evonik P25) up to 534 (Ni-0.5-DP) or 551 (Ni-0.5-IMP) after t = 6 h. Such an increase is
even more significant when visible light was used. The observed shift of UV-Vis absorption to the
visible region on the introduction of Ni could account for this effect.

A comparison of hydrogen production on pre-reduced (Figure 8) and untreated systems (Figure 7)
allows us to conclude that catalyst pre-reduction treatment significantly increases catalytic activity (3–5
fold or 8–9 fold for experiments under UV or solar irradiation, respectively). As with the untreated
systems, there are no large differences in their catalytic behavior depending on the synthesis procedure
(DP or IMP). In the pre-reduced systems, those synthesized by DP have 39% greater activity, which
could be due to the more homogeneous particle size distribution of Ni.
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Figure 7. H2 production from glycerol photo-reforming on fresh, unreduced solids using UV (A) and
solar (B) irradiation.
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Figure 8. H2 production via glycerol photo-reforming on untreated and pre-reduced solids using UV
(A) and solar (B) irradiation.

The highest hydrogen production values (2606 H2 micromole·g−1) corresponded to Ni-0.5-DP-Red
for t = 6 h. This value is similar to that achieved in previous studies on 0.2% Pt [29], which is quite
promising considering that Pt is ca. 2000 times more expensive than Ni.

Some authors, such as Bahruji et al. [30], have described the influence of the metal oxidation state
on the photocatalytic process. As can be seen in Figure 9B, the electron transfer from titania to NiO is
thermodinamically impeded. On the contrary, the pre-reduction of the solid (Figure 9A) results in
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electron transfer from titania to Ni(0) being favored, with the metal thus acting as an electron trap and
preventing electron–hole recombination.
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Figure 9. Energy levels of (A) TiO2/metal and (B) TiO2/NiO, adapted from Bahruji et al [30].

Furthermore, Caravaca et al. [31], studying hydrogen photo-production from sugars on Ni-based
catalysts, observed an induction period (in their case, 60 min) required for in-situ reduction of NiO to
Ni. After that period of time, the hydrogen production rate of both the untreated and pre-reduced
solid was the same. According to these reports, we asume the in-situ reduction of our catalysts during
reactions, and so the electron transfer from titania to Ni(0) is favored [30].

Another possible explanation for the observed better catalytic performance of pre-reduced solids
as compared to untreated systems is the presence in the latter solids of surface chlorides (a well-known
poison for metals arising from the precursor and evidenced by XPS analyses). As mentioned above,
those chloride species were not observed in pre-reduced systems as they were eliminated as HCl
during hydrogen pretreatment.

In order to cast further light on the effect of Ni oxidation states and the presence of chloride species
on catalytic performance, some reutilisation studies were carried out on the Ni-0.5-DP catalyst both
under UV and solar irradiation. Therefore, after 6 h irradiation, the solid was recovered by filtration,
washed with methanol and acetone and dried at 110 ◦C. The catalyst was labelled as Ni-0.5-DP 1
using UV and Ni-0.5-DP 1 using solar, depending on the irradiation source. The solids were tested in
another reaction, and the catalytic results are shown in Figure 10. As can be seen, hydrogen production
dropped from 503 to 212 micromole per gram of catalyst after 6 h of UV irradiation, whereas no
significant deactivation was observed under visible light. In any case, catalytic results were far below
those achieved with fresh, pre-reduced catalysts.
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Figure 10. Comparison of hydrogen photocatalytic production on untreated Ni-0.5-DP after the first
and second use using UV light (A) or solar light (B). For the sake of comparison, results obtained for
the pre-reduced solid (Ni-0.5-DP-Red) have also been included.

TEM micrographs (Figure 5) did not evidence any significant increase in Ni particle size with the
first use. After the second use, the metal particle size only slightly increased for solar irradiation studies.

XPS experiments (Table 3) showed that surface chlorides had already been eliminated after the
first use, and it is assumed that there had been an in-situ reduction of nickel species. Thus, neither
the presence of chlorides nor the in-situ reduction of NiO can account for the possitive effect of
pre-reduction treatment at 400 ◦C on catalytic performance. It is possible that such a pre-treatment
induced a strong metal–support interaction (SMSI) [32,33] which somehow favored the subsequent
catalytic performance. This SMSI would be favored on homogeneously-distributed particles achieved
by the deposition–precipitation method, which could explain the above-mentioned better catalytic
performance of Ni-0.5-DP-Red as compared to Ni-0.5-IMP-Red. Nevertheless, these hypothetical
Ni–support interactions were not detected by XPS measurements and therefore require further studies.

4. Conclusions

Hydrogen production through the glycerol photo-reforming of titania-based systems was
significantly improved on the incorporation of nickel (0.5% by weight) through deposition–precipitation
(DP) or impregnation (IMP) methods. This improvement was more pronounced when solar light was
used as the irradiation source. The absorption shift to the visible range in the presence of Ni (evidenced
by UV-Vis) could account for this effect. The pre-reduction of the systems prior to the catalytic essays
led to a substantial improvement in catalytic performance, despite the fact that XPS studies showed
that i) nickel species were “in-situ” reduced under working conditions, and ii) surface chloride species
(arising from the used precursor, NiCl2) are removed as the reaction proceeds. It is possible that
pre-reduction treatment at 400 ◦C induced a strong metal–support interaction (SMSI) which could be
positive to the catalytic performance, although this requires further studies. This SMSI effect would be
favored for systems with smaller, more uniformly-distributed Ni particle sizes synthesized by the DP
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method as compared to the IMP method. This would be consistent with the observed higher activities
of Ni-0.5-DP Red as compared to Ni-0.5-IMP Red. In summary, the addition of a small percentage
(0.5% by weight) of a transition metal such as Ni (ca. 2000 times cheaper than Pt) resulted in a 15.5-fold
increase in the catalytic activity of Evonik P25, producing 2.6 mmol H2·g−1 after 6 h of UV irradiation.
Thus, Ni proved to be a promising metal for use in photo-reforming processes of biomass-derived
oxygenated compounds.
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Abstract: Synthesis of surface modified/multi-functional nanoparticles has become a vital research area
of material science. In the present work, iron oxide (Fe3O4) nanoparticles prepared by solvo-thermal
method were functionalized by polydopamine. The catechol groups of polydopamine at the surface
of nanoparticles provided the sites for the attachment of Aspergillus terreus AH-F2 lipase through
adsorption, Schiff base and Michael addition mechanisms. The strategy was revealed to be facile and
efficacious, as lipase immobilized on magnetic nanoparticles grant the edge of ease in recovery with
utilizing external magnet and reusability of lipase. Maximum activity of free lipase was estimated
to be 18.32 U/mg/min while activity of Fe3O4-PDA-Lipase was 17.82 U/mg/min (showing 97.27%
residual activity). The lipase immobilized on polydopamine coated iron oxide (Fe3O4_PDA_Lipase)
revealed better adoptability towards higher levels of temperature/pH comparative to free lipase.
The synthesized (Fe3O4_PDA_Lipase) catalyst was employed for the preparation of biodiesel from
waste cooking oil by enzymatic transesterification. Five factors response surface methodology was
adopted for optimizing reaction conditions. The highest yield of biodiesel (92%) was achieved at
10% Fe3O4_PDA_Lipase percentage concentration, 6:1 CH3OH to oil ratio, 37 ◦C temperature, 0.6%
water content and 30 h of reaction time. The Fe3O4-PDA-Lipase activity was not very affected after
first four cycles and retained 25.79% of its initial activity after seven cycles. The nanoparticles were
characterized by FTIR (Fourier transfer infrared) Spectroscopy, XRD (X-ray diffraction) and TEM
(transmission electron microscopy), grafting of polydopamine on nanoparticles was confirmed by
FTIR and formation of biodiesel was evaluated by FTIR and GC-MS (gas chromatography-mass
spectrometry) analysis.
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1. Introduction

Overpopulation, urbanization, industrialization and augmentation of personal transport have
increased the petroleum consumption immensely. It is predicted that petroleum reserves will become
depleted soon if the rate of its consumption continue to increase with the same rate [1]. Depletion of
non-renewable fuel reserves, elevation in price of fossil fuels and pollution caused by usage of petroleum
products has spurred the production of eco-friendly, inexpensive alternative energy source that can
reduce petroleum consumption and that is biodiesel [2]. Biodiesel has emerged as an alternative of
petroleum due to its renewable nature, biodegradability, and interest of consumers in nature friendly
products [3].

Feedstock selection for biodiesel production is of chief concern because of high prices associated
with various feedstock. Edible and non-edible feedstocks have been used by many researchers for the
biodiesel synthesis, edible oils including; sunflower, corn, rapeseed and soybean oil, while non edible
oils including; Jatropha, Eruca sativa, Caster, Jojoba and other oils. Utilizing edible oils as feedstock
will cause conflict with food production and food price so it is more desirable to use non edible oil [4].
A very economical feedstock is used cooking oil. Excess of waste frying/cooking oil is produced every
day in restaurants and fast food shops. The use of edible oil for excessive frying/cooking at high
temperature destroys the structure of triglyceride and produce the free fatty acids in oil, changing its
pH, which is harmful for human health [5,6]. The oil is therefore being dumped off through drainage,
which causes water pollution. This oil is useless and causes hazards to aquatic life. Using this waste
oil to make something valuable is highly appreciated, because it is almost free feedstock for biodiesel
production [7,8].

Transesterification is the preferred method for biodiesel production as compared to other
techniques [9]. Various strategies of transesterification have been adopted to achieve better yield,
purity and fast reaction rates. Catalytic transesterification is frequently used as, the presence of
catalyst enhances the solubility of oil in alcohol and increases the reaction rate [10]. Catalysts of
transesterification can be homogeneous or heterogeneous. Homogenous catalysts include; acid and
alkaline catalyst. Alkaline catalysts are commonly used because of their low cost and higher catalytic
activity at ambient conditions, while alkaline catalysts do not work efficiently under higher FFA
conditions [11]. Besides that, there are many drawbacks of using these catalysts in excess which
includes; formation of toxic waste that need to be neutralized by several washings, hence it causes
environmental pollution, contaminated glycerol is produced, purification of this glycerol increases the
production cost, partial saponification can lead to the production of soap which makes it difficult to
separate glycerol and alkyl esters hence decreases the yield of biodiesel [12]. Furthermore, another
major drawback is that these catalysts cannot be reused or recycled.

Heterogenous catalysts include; enzymes (lipase), alkaline earth metals, zirconias of potassium
and silicates of titanium etc. The enzyme used for transesterification is usually lipase. Lipase has
several advantages over convention alkali catalysts; e.g., there is no need of purification of biodiesel
after transesterification thus no toxic waste is produced—especially in case of waste cooking oil, where
there are lot of free fatty acids, lipase reduces the chance of saponification [13]. However, there are
some reasons that hampered its utilization, which include; high cost, difficulty in its recovery and
instability at high temperature and pH. The best strategy to tackle these problems is the immobilization
of enzyme on some support. Previously, lipases have been immobilized on several surfaces such as;
ceramics, calcium alginate beads and other inorganic matrixes, which increase the thermal stability
of the enzyme. However, the activity of the enzyme is revealed to be reduced due to a decrease in
conformational flexibility and capability of adsorption on support surface [14]. Another effective way
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of using bio-catalyst is to immobilize it on nano-support. Different techniques such as; entrapment,
adsorption and covalent immobilization are being used for this purpose. Enzymes immobilized
on nanoparticles provide the advantage of greater enzymatic activity, better selectivity along with
thermal stability, adaptability towards wider pH range, easy recovery and purification [15]. If the
nanoparticles used for immobilization are metal oxides, then these particles provide the advantage of
low pricing, and higher stability even in harsh conditions, another advantageous attribute of metal
oxide nanoparticles (NPs) is their magnetic property. Nanoparticles of iron, nickel, cobalt, chromium,
manganese and their oxides show enhanced magnetic moment as compared to other metals [16].
Among these metal oxides, iron oxides—especially magnetite Fe3O4—shows very strong magnetism
and it is also less toxic when compared to nickel and cobalt. Enzyme was first immobilized on magnetic
nanoparticles surface by Matsunaga and Kamiya [17]. Immobilizing lipase on magnetite will generate
a nano-biocatalyst, which will grant the edge of better activity in harsh conditions and reusability [18].

To reduce the risk of toxicity and make them more biocompatible, the surface of nanoparticles can be
modified with different polymers using “graft to and graft from methods”. Polymers (natural/synthetic)
are used as coatings that also provide active groups at the surface to afford immobilization of lipase on
nanoparticles. These polymers mostly contain epoxy and amine groups that react with active groups of
lipases. However, the drawback of using polymers with amine group is the need of activation of amine
group using some aldehydes, most commonly, amine group activation is done using gutaraldehyde [19].
This activation step increases the cost and preparation time of catalyst.

A versatile coating for the nanoparticles is polydopamine (formed by self-polymerization of
dopamine monomers through oxidation in slightly alkaline conditions). Dopamine contains catechol
as well as amine group, which efficiently interacts with metal oxide nanoparticles [20]. In an alkaline
medium on oxidation, the catechol group of dopamine converts to the indo-5, 6-quinone, which further
undergoes series of inter/intra molecular reactions, forming polydopamine grafted on the NPs
surface. The residual quinone and catechol groups present on the surface after polymerization are
reactive towards nucleophiles such as thiol and amine groups. These groups of lipases covalently
immobilize the lipase on polydopamine through Schiff base formation and Michael addition reaction.
Lipase immobilized on polydopamine containing nanoparticles show higher efficiency and higher
enzyme loading as compared to the immobilization at naked nanoparticles [21]. The present work
was therefore planned to prepare magnetic metal oxide nanoparticles by solvothermal method
followed by polydopamine grafting and immobilization of Aspergillus terrus lipase for development of
nano-biocatalyst. The synthesized nano-biocatalyst was then employed for the synthesis of biodiesel.

2. Materials and Methods

All the chemicals/reagents used, i.e., FeCl3·6H2O, ethylene glycol, ethylene diamine, sodium
acetate, methanol, ethanol, potassium iodide, iodine, n-hexane, chloroform, toluene, acetic acid,
distilled water, potassium hydroxide, hydrochloric acid, phenolphthalein and isopropanol etc., were of
analytical research grade obtained from Sigma-Aldrich (St. Louis, MO, USA). Lipase was produced
from Aspergillus terreus AH-F2. The feedstock waste cooking oil was obtained from local restaurant
situated in district Gujrat Pakistan.

2.1. Preparation of Nanoparticles

Fe3O4 nanoparticles were prepared/synthesized by solvothermal method by Guoet et al. [22] with
some modifications. One gram of FeCl3·6H2O was added in 20 mL of ethylene glycol and stirred to get
a clear solution, then 3 g of sodium acetate and 10 mL of ethylene diamine were added in the solution,
which was stirred for 30 min at room temperature. The mixture was then enclosed in a 50 mL Teflon
lined autoclave and it was heated in oven for 8 h at 180 ◦C. The black colour product obtained was
washed with successive distilled water/ethanol rinses followed by product drying using a desiccator.
Black magnetic powder was obtained after drying.
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2.2. Grafting of Dopamine on Fe3O4 Nanoparticles

Dopamine was coated on nanoparticles using “graft from” technique [23]. 0.1 g of Fe3O4

nanoparticles were suspended in 20 mL of distilled water. Afterwards, 20 mL of 20 milli molar tris-HCl
buffer having pH 8.5 was introduced in the suspension. Then, 0.1 g of dopamine hydrochloride was
slowly added in the suspension (2 mg/15 s) and the suspension was stirred for 1 h. Nanoparticles coated
with polydopamine were formed by the self-polymerization of dopamine in alkaline conditions.

2.3. Characterization of Nanoparticles and PDA-Nanoparticles Complex

(a) Nanoparticles were characterized by X-ray diffraction, which helps to identify the crystal phase,
dimensions and size of the crystalline material. X’pertpro (PANalyatical) XRD model was used
for this purpose. The XRD pattern of Fe3O4 was attained by use of Cu K alpha radiation of wave
length 1.54 Å. The patron was taken between the range 20–80Ɵwith 0.02 scan step size.

(b) Morphological characterization was carried out by TEM (Tecnai G2 F20 U-TWIN) with an
accelerating voltage of 200 kV.

(c) Bare nanoparticles and the nanoparticles after grafting of polydopamine were analysed by FTIR
in the scanning range 400–4000 cm−1, using the Cary 630 Agilent FTIR spectrometer to check
the formation/purity of nanoparticles and to confirm the attachment of dopamine polymers on
nanoparticle surface.

2.4. Lipase Immobilization on Modified Nanoparticles

Lipase was produced from Aspergillus terreus AH-F2 and purified using the method described in
previous work of our research group [24]. Into 40 mL of phosphate buffer with pH 7, 0.40 g of lipase
was added. The suspension of polydopamine coated magnetic nanoparticles was added slowly to
the mixture of lipase with vigorous stirring for 3 h at 4 ◦C. The nucleophilic groups present in lipase
such as thiol and amines reacted with the residual catechole and quinone groups present at the surface
of Fe3O4-PDA nanoparticles by Schiff base and Michael addition mechanisms and were immobilized
without the need of any coupling and activating agents (Figure 1). The protein content before and
after the immobilization process was determined to check the immobilization yield using Bradford’s
method. The formed nano-biocatalyst was washed several times with phosphate buffer to remove any
unreacted lipase and then freeze dried [23,25].
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Figure 1. Schematic representation of lipase immobilization on dopamine coated.

2.5. Lipase Activity Assay (Free and Immobilized Form)

Lipase assay for free and immobilized lipase was performed by using the titrimetric method [24].
The activity of lipase was measured by the titration of fatty acids, which were produced from oil while
reacting with enzyme. The assay reaction mixture (consisted of 1 mL of free lipase (produced from
Aspergillus terreus AH-F2) while 0.1 g of nano-biocatalyst in the case of immobilized lipase and 10 mL
of olive oil (10%)) was homogenized in 10 g of gum acacia and phosphate buffer (5 mL) with pH 7
followed by the addition of 0.6% calcium chloride (2 mL). This mixture was then incubated for 1 h in a
water bath shaker at 37 ◦C. After incubation, the enzymatic reaction was ceased by adding 20 mL of
ethanol/acetone mixture (1:1) following the addition of few phenolphthalein drops. The quantity of
fatty acids released during this period by the action of lipase was titrated by using 0.1 N NaOH solution.

One unit of lipase activity (U) was defined as the amount of enzyme which released one micro
mole (μmol) of fatty acid per minute under specified assay conditions.

Lipase units were determinedLipase units were determined as follows:

Lipase Activity (U/mg/min) =
ΔV×N

m(sample)
× 1000

60
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where ΔV = V2 − V1; V1 = volume of NaOH consumed against control flask; V2 = volume of NaOH
consumed against experimental flask; N = normality of NaOH; m(sample) =mass of enzyme extract;
60 = time of incubation (min) for bacterial lipase.

The effects of pH and temperature on the activity of free and immobilized lipase were studied
using the above-mentioned assay method. The impact of pH on catalytic activity was investigated by
incubating the sample at 37 ◦C with the phosphate buffer within pH range 5 to 10, whereas the impact
of temperature in the range 25–50 ◦C was also studied at optimum pH levels.

2.6. Collection and Characterization of Feedstock

WCO (waste cooking oil) was collected from the local restaurant for the biodiesel production.
The feedstock was purified by filtration to remove any food chunks and inorganic material in the
waste oil. The physico-chemical properties of WCO biodiesel were analysed to reveal the quality of the
used oil. Iodine number, specific gravity, density, peroxide value, acid value, saponification value and
refractive index of the oil were calculated using standard analytical AOCS (American oil chemist’s
society) methods.

2.7. Experimental Design

Process of biodiesel production using Fe3O4_PDA_Lipase was optimized using five factor CCRSM
(central composite response surface methodology) provided by Design Expert version 10.0.7 (State-Ease
Inc., Minneapolis, MN, USA). The five independent variables chosen for the investigation of the
optimization process with their ranges are A (methanol/oil ratio 3:1 to 9:1), B (biocatalyst concentration
1 to 10%), C (reaction temperature 20 to 50 ◦C), D (reaction time 12 to 48 h) and E (water content 0.2
to 1%). Fifty reactions were carried out as per experimental design.

A reaction mixture containing a specified amount of oil, nano-biocatalyst, methanol and water
were allowed to react in a conical flask placed in shaking incubator, while reaction parameters were
set in accordance to the RSM (response surface methodology) design. After completion of reaction,
the glycerol was separated from biodiesel. Crude biodiesel was purified, and remaining methanol was
recovered by using a rotary evaporator under the conditions of reduced pressure. GC-FID, having
a highly-polar BPX-70 capillary column (30 m × 0.25 mm), was utilized for the analysis of products.
The oven temperature was kept at 100 ◦C for 30 s, then raised to 250 ◦C at a rate of 10 ◦C/min, while the
temperature of the detector was set at 270 ◦C. 500 ppm of sample was dissolved in hexane containing
methyl heptadecanoate as an internal standard, and 1 μL of this mixture was injected in column [26,27].
The percentage conversion of biodiesel was calculated by given formula [28]

FAME (Biodiesel) % =

∑
AME − AIS

AIS
× CIS × V

M
× 100

where
∑

AME denotes the sum of peak areas of FAME’s peaks, AIS is the peak area of the internal
standard peak (methyl heptadecanoate), CIS is the concentration of the internal standard, V is the
volume of the internal standard and M is the mass of biodiesel.

2.8. Recovery and Recycling of Nano-Biocatalyst

The Fe3O4_PDA_Lipase was recovered by magnetic decantation from both the biodiesel and
glycerol layers. Separated Fe3O4_PDA_Lipase was then washed and dried at ambient temperature
for reuse.

2.9. Characterization of Biodiesel

Biodiesel produced by Fe3O4_PDA_Lipase catalyzed transesterification was monitored by Fourier
transfer infrared (FTIR) spectroscopy. The FTIR spectra of feedstock and synthesized biodiesel were
taken over the scanning range 400–4000 cm−1 using Cary 630 Agilent FTIR spectrometer. Oil FTIR
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spectra was compared to the FTIR of synthesized biodiesel to confirm the formation of fatty acid methyl
esters. The GC/MS scan of biodiesel was taken to reveal compositional profile of synthesized biodiesel.
GCMS QP 2010 system with a dB 5 column and a diameter of 0.15 mm was used. One μL sample size
and 1:100 split ratio was selected. Helium as the carrier gas at 1.2 mL/min rate was used to elute the
sample. The column temperature was set in the range 150–250 ◦C, at rate of 4 ◦C/min. GCMS mass
scanning range was 30 to 550 m/z. Detection of FAMEs was done using NIST MS library of GCMS.
The compatibility of WCO based biodiesel being used as fuel was confirmed by the estimation of its
fuel properties, which were investigated according to the ASTM D methods.

2.10. Selection of Suitable Models for Optimization

Based on the experimental outputs, the best fitted model out of linear, 2Fi, cubical and quadratic
models were selected for optimization purpose. The fitness of selected models was further ascertained
through summery statistics such as R2, adjusted R2, model significance and lack-of-fit test. Moreover,
normality and predicted values versus actual values plots were also employed for the above said
purpose. The impact of selected reaction variables on the response i.e., biodiesel yield was revealed by
3D response surface plots.

3. Results and Discussion

3.1. Synthesis and Evaluation of Nano-Biocatalyst Effectiveness

3.1.1. XRD Analysis

The XRD pattern of Fe3O4 nanoparticles formed by solvothermal method is shown in Figure 2.
The XRD pattern of formed nanoparticles resembles with JCPDS card No# 019–0629 for magnetite,
with no extraneous peak, which indicates the high purity of the magnetite. The 2-theta value of peaks
were 29.95◦, 35.05◦, 42.73◦, 53.37◦, 56.63◦, and 62.29◦, which attribute to the interplanar spacing or d
value in angstrom with their (hkl) of 2.98 (220), 2.56 (311), 2.12 (400), 1.72 (422), 1.62 (511) and 1.49 (440),
respectively. The peak values resemble with characteristic XRD peaks of Fe3O4 lattice with cubic
spinal shape. The sharp peaks correspond to the high crystallinity of the magnetite. The particle
size calculated using Scherrer equation was 24.18 nm, which is close to the value calculated by TEM
images showing homogeneity in the particle sizes. The result has resembled with previously reported
results [29,30].

Figure 2. XRD (X-ray diffraction) graph of Fe3O4 nanoparticles.
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3.1.2. TEM Analysis

TEM analysis was done for a detailed investigation of morphological characters. TEM images of
the magnetic nanoparticles (Figure 3) were used to confirm the size and the shape of the nanoparticles.
One can see from Figure 3a,b, that all the nanoparticles are homogeneous in size and shape. The size
calculated using the TEM images ranges from 24 to 27 nm, whereas the shape is almost round.
No agglomeration appeared in the micrograph, which may attribute to the homogeneous depression of
these nanoparticles. TEM image (Figure 3c) shows that the nanoparticles have a mesoporous structure,
which helps to achieve better catalytic properties.

Figure 3. TEM images of the Fe3O4 nanoparticles at (a) 100 nm; (b) 100 nm and (c) 50 nm magnifications.

3.1.3. FTIR Analysis of Nanoparticles

A small amount of the product formed by the addition of dopamine in Fe3O4 suspension was taken
out, washed with distilled water and dried using desiccator. The dried product was then subjected to
Fourier transfer infrared spectroscopic analysis. FTIR confirms the attachment of dopamine on iron
oxide nanoparticles by the presence of four peaks. Absorption band at 3209 cm−1 corresponds to the
characteristic starching frequency of hydroxyl groups merged with a starching frequency band of N-H.
This broad band was due to catechol groups of dopamine at the surface. Bending vibration peak of
N-H was at 1628 cm−1. Sharp peak at 1290 cm−1 indicated the presence of C-O bond. While peak
at 1472 cm−1 was attributed to the C=C ring starching band overlapped with –CH2 scissoring band
(Figure 4). The results were depicted to be comparable to previous research [24].
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Figure 4. Comparative FTIR of naked Fe3O4 and polydopamine coated Fe3O4 nanoparticles.

3.1.4. Lipase Activity Assay

The activity titer of free lipase was found to be 18.32 U/mg/min, while the activity titer of
Fe3O4_PDA_Lipase was found to be 17.83 U/mg/min. Lipase loading of 0.336 g (84.2% of used enzyme)
was achieved by using polydopamine functionalized Fe3O4. The results showed that polydopamine
gave high lipase loading and lipase activity because the complex formed by the combination of
polydopamine and Fe3O4 nanoparticles was found to be efficient regarding the immobilization of
lipase providing wider surface during the reactions, hence gave higher conversion rate in a short
period of time [31].

3.1.5. Effect of pH on Nano-Biocatalyst Activity

The impact of pH on the activities of free and immobilized lipase was studied to find the optimum
pH of enzyme activity. The effect of pH in the range of 5 to 10 was studied (Figure 5), and it was
found that maximum lipase activity was exhibited at pH 7.0 for free lipase (i.e., 18.32 U/mg/min taken
as 100% for free lipase) while lipase immobilized on Fe3O4 nanoparticles gave maximum activity at
pH 8 (i.e., 17.83 U/mg/min taken as 100% for immobilized lipase). Above and below this pH, lipase
activity was reduced. The results showed that, the relationship curve between pH and activity of
lipase immobilized on Fe3O4 nanoparticles was shifted towards the right, which demonstrate that
due to lipase immobilization on functionalized magnetic nanoparticles, the ability of lipase tolerance
increased even if the pH of the reaction mixture varied. This means that by the immobilization of
lipase, its adaptability to a wide pH range increased as compared to free lipase. Our studies were
in accordance with the studies of Baharfar and Mahajer, in which magnetic nanoparticles were used
for the immobilization of lipase, and immobilized lipase gave maximum activity at increased pH as
compared to free lipase [31].
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Figure 5. Effect of pH on the activities of free and immobilized lipase (date points are the mean of
triplicate reaction values).

3.1.6. Effect of Temperature on Activity of Nano-Biocatalyst

The impact of temperature on the activity of free and immobilized lipase was studied in the
range of 25 to 50 ◦C (Figure 6) and it was depicted that maximum activity of free lipase was obtained
at 37 ◦C, while the lipase immobilized on Fe3O4 nanoparticles showed maximum activity at the
temperature of 40 ◦C, which means that lipase immobilized on nanoparticles was tolerant to high
temperature fluctuations and was stable at a wider temperature range. The covalent bonds formed
during immobilization may have increased the stability and tolerability of the lipase. Similar studies
were reported by other researchers [23,31].

Figure 6. Effect of temperature on the activities of free and immobilized lipase (date points are the
mean of triplicate reaction values).

3.2. Process Optimization/Characterization

3.2.1. Characteristics of Feedstock

The density and the specific gravity of feedstock were 0.918 ± 0.050 g/cm3 and 0.934 ± 0.051
respectively, while the acid value was calculated to be 1.68 ± 0.12 mg/KOHg, the peroxide value was
15.80 ± 0.32 mEq/Kg, iodine value was 96.20 ± 1.00 and the saponification value of waste cooking oil
feedstock was 182.0 ± 1.0 mg KOH/g.
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3.2.2. Composition Analysis of Produced Biodiesel by GC-MS

The product (biodiesel) was analysed by GC-MS. Major fatty acid methyl esters consisted of
methyl esters of palmitic acid (16:0), lenoleic acid (18:2), stearic acid (18:0), gonodic acid (20:1) and
arachidic acid (20:0) were identified by NIST library of GC-MS. Noshadi et al. [32] reported waste
cooking oil with myristic acid, palmitoleic acid, palmitic acid, stearic acid, oleic acid, linoleic acid and
linolenic acid. Uzun et al. [33] used waste oils for biodiesel production with a following fatty acid
content of palmitic acid, stearic acid, oleic acid, linoleic acid and docasanoic acid. Comparable results
have also been reported by [34–36], who found that the variations in fatty acid content might be due to
presence of different edible oils and their varying amounts in cooking oils.

3.2.3. FTIR Monitoring of Biodiesel Production

Conversion of triglycerides into the biodiesel was confirmed by the FTIR spectral comparison of
feedstock oil with the synthesized biodiesel. Characteristic peaks of waste cooking oil were observed
at 723, 1700–1800 and 2800–3000 cm−1, which corresponds to –CH2 rocking, C=O starching and
symmetric C-H stretching vibrations, respectively. While in the case of biodiesel, adsorption peak
at 1437 cm−1 corresponding to methyl ester and peak appearing at 1196 cm−1 for C-O ester bond
are the characteristic biodiesel adsorption peaks. The absence of 1380 cm−1 peak in biodiesel that
represents the O–CH2 bonds in glycerol site of triglycerides further proves the formation of methyl
esters (Figure 7). The results obtained in the present work are comparable to previous research [37–39].

Figure 7. FTIR of (a) WCO and (b) WCO based biodiesel.
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3.2.4. Optimized Reaction Parameters

Table 1 describes the optimum reaction conditions for the optimized yield of waste cooking
oil-based biodiesel. By carrying out 50 experiments on various conditions of selected parameters, it
has been observed that Fe3O4_PDA_Lipase catalysed the transesterification of feedstock oil giving
a maximum yield of 92%, under the given set of reaction conditions/parameters viz., biocatalyst
concentration (10%), CH3OH to oil molar ratio (6:1), reaction time (30 h), reaction temperature
(37 ◦C) and water content (0.6%). While biocatalyst concentration (1%), methanol to oil molar ratio
(3:1), reaction time (12 h), reaction temperature (20 ◦C) and water content (1%) gave the lowest
response (41.5%).

Stoichiometrically, methanol reacts with triglycerides in 3:1 molar ratio, but excess amount of
methanol was provided to increase the rate of forward reaction because transesterification is equilibrium
limited reaction [40]. Moreover, the viscosity of the oils is high, which hinders the mass transfer.
The addition of excess methanol lessens the reaction mixture viscosity, so the rate of reaction is increased
by the improved mass transfer [41]. However, excess of methanol can lead to the emulsification of
glycerol, which can recombine with the esters to reduce the biodiesel yield. In addition, excess amount
of methanol can deactivate the lipase by changing its globular structure [42,43]. In the current study,
a 6:1 methanol to oil ratio was observed to be the optimum CH3OH concentration for the biocatalytic
transesterification of waste cooking oil.

Water presence influences the activity of the immobilized enzyme and stability of the free
enzyme. Water/oil interface may also be required for better catalytic activity of lipase. Furthermore,
the enzyme deactivation due to small chain alcohols can be prevented if the lipase is dispersed
in water [43]. However, in the presence of higher content of water hydrolysis may compete with
the methanolysis [44]. Therefore, water content is required to be adjusted with minimal content
as per experimental requirements. Highest triglyceride conversion into biodiesel was obtained
while using 0.6% H2O content in present research. Temperature significantly effects the enzymatic
transesterification. The activity of lipase increases with temperature till the optimum point, i.e., 37 ◦C,
and a further increase in temperature can lead to denaturisation of lipase.

Similar conditions have also been investigated by other researchers. Ying and Dong obtained the
maximum biodiesel yield using immobilized lipase with 31.3% nano-biocatalyst, 38 ◦C temperature
and 4.7:1 methanol to oil ratio [27]. Thangaraj et al. reported the maximum biodiesel yield of 89%
at an optimum condition i.e., 1:3 methanol/oil ratio, 12 h of reaction period and 45 ◦C temp., using
the immobilized NS81006 lipase as the catalyst [45]. Iso et al. reported the highest enzyme activity at
0.3% water content using immobilized lipase [46]. Mumtaz et al., using enzymatic transesterification,
reported 95.9% biodiesel yield with 0.75% NOVOZYME-435, 6:1 methanol to oil ratio and 60 h of
reaction at 32.50 ◦C [47]. Arumugam and Ponnusami used lipase immobilized on activated carbon
for biodiesel production; optimum parameters were 1:9 oil to methanol ratio, 10% water content and
30 ◦C temperature, achieving a yield of 94.5% biodiesel with these conditions [41]. Xia also used
RSM to optimize the enzymatic transesterification process, the optimum conditions reported are 4:1
methanol to oil ratio, 6.8% of biocatalyst and 42.2 ◦C reaction temperature [26]. Andrade et al. used
nano-biocatalyst prepared by immobilization of lipase on magnetic nano-particles and achieved the
highest biodiesel yield at 4:1 methanol/oil raio, 20% enzyme conc., 37 ◦C temp., and 12 h of time
period [25]. Andrade et al. attained 95.5% methyl ester yield at 8:1 molar ratio of alcohol to oil, 8%
biocatalyst amount and 45 ◦C temperature [48].

Table 1. Optimum reaction conditions for biodiesel production from Fe3O4-PDA-Liapase
catalysed transesterification.

Feedstock Catalyst
Catalyst

Conc. (%)
Methanol to
Oil Ratio (%)

Reaction
Time (h)

Reaction
Temp. (◦C)

Water
Conc. (%)

Biodiesel
Yield (%)

WCO Fe3O4_PDA_Lipase 10 6:1 30 37 0.6 92
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3.2.5. Model Validation

Triplicate reactions were executed at optimum conditions to validate model accuracy. The average
yield of 92.0 ± 1.3% was revealed to be comparable with that of predicted value, which was 88.93%.
Hence, the model was depicted to be accurate and valid to estimate the response, i.e., yield of biodiesel.

3.2.6. ANOVA for Response Surface Quadratic Models for Biodiesel Production

For biodiesel production catalysed by Fe3O4_PDA_Lipase, quadratic model was depicted to
be most suitable one with p-value < 0.05. The adjusted R2 value for quadratic model was found to
be 0.9840, while the lack of fit value was 0.0531. Insignificant lack of fit test value in addition to
R2 values also suggested/ascertained the fitness of quadratic model for Fe3O4_PDA_Lipase catalysed
transesterification reactions.

Table 2 presents ANOVA describing selected model significance along with the significance
of understudy reaction conditions. Out of the linear terms; A—methanol to oil ratio, B—enzyme
concentration, C—reaction temperature and D—reaction time were ascertained to be significant, having
p-values less than 0.05. While p-value i.e., 0.0874 > 0.05 depicted non-significant impact of E—water
concentration. The above said factors significantly affected to the response as linear interactions i.e.,
AB, AC, AD, BD, and BE with p-values of 0.0010, 0.0321, 0.0076, 0.0008 and 0.0201 < 0.05, respectively.
A2, B2 and C2 were found to have significant effect with p-values 0.0245, < 0.0001 and < 0.0001, whilst
D2 and E2 were insignificant quadratic term.

Model equation in terms of coded values is as follow;

Biodiesel yield = +86.03 + 1.97 A + 14.73 B + 0.97 C + 2.24 D − 0.68 E + 1.45 AB − 0.89
AC − 1.13 AD + 0.76 AE + 0.51 BC + 1.47 BD − 0.97 BE − 0.57 CD + 0.22 CE + 0.053

DE − 3.37 A2 − 11.87 B2 − 8.90 C2 − 1.57 D2 − 1.72 E2

By the comparison of the factor’s coefficients in the equation, the relative impact of each factor on
the biodiesel yield can be identified.

Table 2. ANOVA for response surface quadratic model for biodiesel yield.

Source Df Sum of Squares Mean Square F Value
p-Value
Prob > F

Model 20 15,145.61 757.28 151.53 <0.0001
A—methanol to oil ratio 1 132.56 132.56 26.53 <0.0001

B—enzyme concentration 1 7374.92 7374.92 1475.73 <0.0001
C—reaction temperature 1 32.22 32.22 6.45 0.0167

D—reaction time 1 170.11 170.11 34.04 <0.0001
E—water 1 15.64 15.64 3.13 0.0874

AB 1 67.57 67.57 13.52 0.0010
AC 1 25.34 25.34 5.07 0.0321
AD 1 41.18 41.18 8.24 0.0076
AE 1 18.45 18.45 3.69 0.0645
BC 1 8.44 8.44 1.69 0.2041
BD 1 69.33 69.33 13.87 0.0008
BE 1 30.23 30.23 6.05 0.0201
CD 1 10.59 10.59 2.12 0.1563
CE 1 1.61 1.61 0.32 0.5744
DE 1 0.090 0.090 0.018 0.8940
A2 1 28.12 28.12 5.63 0.0245
B2 1 348.60 348.60 69.76 <0.0001
C2 1 188.78 188.78 37.78 <0.0001
D2 1 6.11 6.11 1.22 0.2779
E2 1 7.33 7.33 1.47 0.2355

Residual 29 144.93 5.00
Lack of Fit 22 132.35 6.02 3.35 0.0531
Pure Error 7 12.58 1.80
Cor Total 49 15,290.53
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Li and Yan [49] applied three factor RSM for the optimization of transesterification process using
immobilized lipase as catalyst, enzyme conc. and temp. were ascertained to be significant linear terms,
but methanol to oil ratio was insignificant term with (p-value of 0.3083) all quadratic terms were also
significant, while no first order interaction term was significant (Table 2). Wu et al. [50] optimized four
reaction parameters using RSM, which were (i) lipase concentration, (ii) reaction time, (iii) reaction
temperature, and (iv) ethanol to oil molar ratio. Lipase level, temperature and time were revealed
to be the significant linear terms that support the present study, while ethanol to oil ratio showed
insignificant impact, which might be due to the shorter range (3:1 to 6:1) of alcohol: oil used in that
design. (Time × Temperature) was the only significant first order interaction terms. Huang et al. [51]
reported a significant quadratic model for the optimization of methyl ester formation. Lipase to oil
ratio (x1), ratio of two lipases (x2), t-butanol:oil (x3), methanol:oil (x4) and time (x5) were independent
variables chosen for optimization of reaction. Out of that, all the linear terms showed significant effect,
while x1x2, x2x3, x3x4, x2x4, x1x4, and x4x5 were significant first order terms and among quadratic terms
x3

2 and x4
2 had significant effect on response. Li and Dong [27] selected methanol:oil x1, lipase:oil x2,

water content x3, and temperature x4 as independent variables for process optimization of biodiesel
production using RSM. All the linear terms were significant in that model as well, which resembles
the current study except the water content, which is insignificant in our work. All quadratic and first
order interaction terms were also significant, expect for x1x4 and x2x4, and similar first order terms are
insignificant in the present work as well. Xia [26] reported methanol:oil, amount of enzyme, time for
reaction and amount of hexane (solvent) as significant linear terms, all the quadratic terms showed
significant impact/effect on response, while (enzyme × hexane content) was the only significant first
order interaction term. The results of ANOVA for the optimization of biodiesel production using
immobilized lipase are comparable to the literature; the few variations might be due to different fatty
acid profiles, different ranges of selected parameters, different alcohols being used and because of
using solvent/solvent free systems.

Predicted vs. actual plot (Figure 8) of % biodiesel yield for the design, depict the fitness of
the quadratic model, the difference between the predicted and the actual values are very small, as
presented in Figure 8, which confirms the fitness of quadratic model. Our findings are comparable to
the previous reports [27,51].

Figure 8. Predicted vs. actual values plot.

3.2.7. Response Surface (RS) Plots of Interacting Terms

RS plots of the significant first order interaction terms are presented in Figure 9. Figure 9a is the RS
plot for biocatalyst (Fe3O4_PDA_Lipase) concentration and methanol to oil ratio. 3D plot revealed that
the biodiesel yield increases with the increase in biocatalyst concentration and the content of methanol
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as the highest biodiesel yield is obtained at a biocatalyst concentration of 10% and 6:1 methanol to oil
ratio, with further increase in the methanol content the yield starts to decrease, which might be due
to deactivation of the enzyme by excess methanol. Figure 9b indicates the effect of methanol to oil
ratio and reaction temperature interaction. The highest response value at the centre shows that the
yield increases with temperature and methanol to oil ratio till the optimum points, then increase in
temperature and methanol content results in decreased in biodiesel yield. Figure 9c 3D plot describes
the influence of reaction time and methanol: oil ratio on response. Figure 9d is the response surface
plot of enzyme concentration (%) and reaction time (h). The highest response at the inner corner
presents that the biodiesel yield increases with both reaction time and the biocatalyst concentration, as
the highest yield is obtained at 10% biocatalyst concentration and 30 h of reaction time. BE (enzyme
conc. ×water content) is another significant interaction term. The enzyme activity and structure are
affected by the water content, which is clearly indicated by Figure 9e, which predicts that the biodiesel
yield decreases by reduced enzyme activity as the water percentage deviates from optimum value.

Figure 9. Response surface graphs of significant first order interaction terms (a) A × B, (b) A × C,
(c) A × D, (d) B × D and (e) B × E.

3.2.8. Recovery and Reusability of Nano-Biocatalyst

At reaction completion, Fe3O4_PDA_Lipase was recovered by using magnetic decantation.
Afterwards, lipase assay was carried out to find out the activity of immobilized lipase after recovery.
No change in the activity of lipase was detected after first use, i.e., 17.83 U/mg/min. Therefore,
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these recovered Fe3O4 magnetic nanoparticles were reused several times for the biodiesel production
and after the completion of each reaction the lipase activity assay was performed, which showed
that lipase activity started decreasing after four uses, and after seven uses the activity declined to
4.6 U/mg/min. The biodiesel conversion rate decreased after four uses (Figure 10), which was clearly
due to a decrease in the activity of immobilized lipase. This reduction in activity may be due to the
exposure of nano-biocatalyst to organic solvents present in the reaction mixture or repeated exposure
to heat, which may have resulted in the decrease of lipase activity. Similar studies have also been
reported by Dumri and Hung [23].

Figure 10. Re-usability of lipase immobilized Fe3O4 nanoparticles.

3.2.9. Physical Properties of Biodiesel

Fuel properties of produced biodiesel are presented in Table 3. The fuel properties meet the
biodiesel standards set by ASTMD.

Table 3. Properties of WCO based biodiesel.

Property Unit Value ASTM D Method

Acid value (mg KOH/g) 0.21 ± 0.06 <0.50 ASTM D 664
Kinematic viscosity (40 ◦C) (mm2/s) 4.10 ± 0.04 1.9–6.0 ASTM D 445

Flash point (◦C) 170.41 ± 0.47 >130 ASTM D 93
Pour point (◦C) −3.0 ± 0.5 - ASTM D 97

Density (g mL−1) 0.871 ± 0.320 0.86–0.90 ASTM D 5002

For the complete combustion of biodiesel, optimum fuel to air ratio is required, which is obtained
at specific levels of density. Kinematic viscosity is a measure of restriction between the two layers of a
liquid, and quality of combustion is recognized to be affected by kinematic viscosity. The ignition point
of fuel on exposure to the spark is called the flash point. High flash points of the biodiesel make it easy
to store. Pour point and cloud point are important for cold flow properties. Furthermore, suitability
of biodiesel for the use in engine can also be evaluated by these properties. Previous studies have
revealed comparable results for the biodiesel produced from WCO. Few variations in the observed
fuel characteristics may be attributed to different source and composition of feedstock oil [33].

4. Conclusions

Fe3O4_PDA_Lipase nano-biocatalyst was successfully synthesized and utilized to produce
biodiesel using waste cooking oil as feedstock. Using a best fitted quadratic model, different reaction
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conditions of biodiesel production process were optimized, and it was revealed that Fe3O4_PDA_Lipase
actively catalysed the reaction, resulting in a highlight biodiesel yield i.e., 92%. The synthesized
nano-biocatalyst proved to have better adoptability/stability and was easily recoverable using external
magnet and retained most of its catalytic activity for four cycles. The properties of synthesized biodiesel
were in agreement with the ASTM D standards. Conclusively, Fe3O4_PDA_Lipase has been proved to
be a sustainable and cost-effective catalyst for biodiesel production.
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Abstract: The aim of this work is to analyze the effect of using diethyl ether (DEE) as an oxygenated
additive of straight vegetable oils (SVOs) in triple blends with fossil diesel, to be used in current
compression ignition (C.I.) engines, in order to implement the current process of replacing fossil fuels
with others of a renewable nature. The use of DEE is considered taking into account the favorable
properties for blending with SVO and fossil diesel, such as its very low kinematic viscosity, high
oxygen content, low autoignition temperature, broad flammability limits (it works as a cold start
aid for engines), and very low values of cloud and pour point. Therefore, DEE can be used as a
solvent of vegetable oils to reduce the viscosity of the blends and to improve cold flow properties.
Besides, DEE is considered renewable, since it can be easily obtained from bioethanol, which is
produced from biomass through a dehydration process. The vegetable oils evaluated in the mixtures
with DEE were castor oil, which is inedible, and sunflower oil, used as a standard reference for
waste cooking oil. In order to meet European petrodiesel standard EN 590, a study of the more
relevant rheological properties of biofuels obtained from the DEE/vegetable oil double blends has been
performed. The incorporation of fossil diesel to these double blends gives rise to diesel/DEE/vegetable
oil triple blends, which exhibited suitable rheological properties to be able to operate in conventional
diesel engines. These blends have been tested in a conventional diesel engine, operating as an
electricity generator. The efficiency, consumption and smoke emissions in the engine have been
measured. The results reveal that a substitution of fossil diesel up to 40% by volume can be achieved,
independently of the SVO employed. Moreover, a significant reduction in the emission levels of
pollutants and better cold flow properties has been also obtained with all blends tested.

Keywords: diethyl ether; castor oil; sunflower oil; straight vegetable oils (SVO); biofuel; diesel engine;
electricity generator; smoke opacity; Bosch smoke number

1. Introduction

Nowadays, so many countries have established a climate and energy policy framework,
advancing in decarbonization to arrive towards a new friendly climate economy [1]. In this respect,
an unprecedented effort is being made to implement energy alternatives (photovoltaic, wind, hydrogen,
and nuclear energy) that allow the gradual replacement of natural gas, coal and fossil fuels in the field
of electricity generation for reducing the high consumption of fossil fuels [2,3]. However, there is no
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such equivalent in transport, since vehicles using fuel cells or electric motors cannot compete yet with
fossil fuel engines, especially in the field of heavy trucks [4], aviation [5], or the shipping sector. In this
context, the incorporation of biofuels as fossil fuel substitutes is the strategy assumed to accomplish
this necessary energetic progress since there is no need of modifying the compression-ignition (CI)
diesel engines of the current car fleet [6,7]. Therefore, the use of biofuels leads to easy and gradual
integration into the worldwide transportation logistics systems.

Among the existing biofuels, biodiesel has emerged as one of the best options. Biodiesel is
obtained through homogeneous or heterogeneous alkaline transesterification of vegetable oil or animal
fat with methanol, giving rise to a mixture of mono-alkyl esters of long-chain fatty acids (FAMEs) [8,9].
Over the past decade, biodiesel has been of interest by contributing to reduce energy dependence on
fossil fuels and to minimize greenhouse-gas emissions from transportation [10].

Despite the fact the replacement of fossil diesel by biodiesel seems easy, this process is still
considered economically unfeasible. The main reason is the high production cost associated, among
other things, to the purification process needed because of the generation of glycerol as a by-product
(10wt% of the total biodiesel produced). Considering the economic difficulties in the production of
biodiesel, the search for different alternative biofuels is still mandatory.

In this regard, the transformation of vegetable oils into high-quality diesel fuels, avoiding the
glycerol formation, has been deeply investigated [11]. These biodiesel-like biofuels, such as Gliperol [12],
DMC-BioD [13,14] or Ecodiesel [15,16], avoid the generation of residues or by-products, integrating
glycerol in the reaction products. Thus, these new biofuels can be obtained as soluble derivatives
in transesterification processes, analogous to that for the production of FAME [17]. Besides, it has
been reported as a high-quality diesel fuel known as “green diesel´´, which can be obtained by several
treatments, such as cracking, pyrolysis, hydrodeoxygenation, and hydrotreating of vegetable oils [18].

Very recently, the use of straight vegetable oils (SVO) has become an interesting option for the
replacement of fossil diesel. On one hand, vegetable oils can be obtained easily from agricultural or
industrial sources, avoiding energetic costs associated with the transesterification required to obtain
biodiesel. On the other hand, all the relevant physicochemical properties of vegetable oils are analogous
to conventional diesel, except for the viscosity, which is much higher in oils. The high viscosities cause
poor fuel atomization by premature injector contamination. To solve this issue without the need for
carrying out the transesterification reaction, researchers have focused their attention on the reduction
of high-viscosity oils by blending them with low viscous biofuels. Thus, it is possible to obtain double
blends that comply with the requirements stipulated in the current diesel engines (EN 590 standard).
Several blends have been reported employing plant-based sources such as vegetable oils and organic
compounds [19,20]. These compounds exhibit a relatively short carbon chain, low viscosity values and
also low cetane number since they have been identified as LVLC (Low Viscosity Low Cetane) fuels [21].

Employing this strategy, low viscous vegetable oils, such as pine oil or camphor oil, have also been
studied in several blends with different biodiesels [22,23], vegetable oils [19] or with fossil diesel [24–26],
to improve performance in the CI engines. So far, the additives studied as LVLC are natural compounds
(pine oil, eucalyptus oil, camphor oil or orange oil), obtained from crops, which may contribute to
reducing the world’s dependence on oil imports, providing benefits to local agricultural industries.
Similarly, compounds obtained by chemical synthesis from renewable products, mainly alcohols
(methanol, ethanol, and butanol), are also applied as LVLC [27–29]. This strategy has even been applied
with a non-renewable compound such as gasoline, capable of reducing the viscosity of vegetable oils
in double and triple blends with fossil diesel [30,31]. Following this methodology, high levels of fossil
fuel substitution have been obtained in a technically and economically feasible way.

Therefore, if a renewable compound like diethyl ether (DEE) is employed, instead of a
non-renewable one such as gasoline, we can make the process greener. In fact, DEE can be easily
obtained from ethanol, which can be obtained from biomass. Despite the fact that DEE is known as
a cold-start aid for engines, its potential as a transportation fuel in blends with vegetable oil and/or
with fossil diesel has not been much investigated. This molecule has several favorable properties
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for blending with diesel fuel, including very low kinematic viscosity, low autoignition temperature,
high oxygen content, broad flammability limits, high miscibility with vegetable oils and diesel fossil,
and very low values of cloud point (CP) and pour point (PP) that improves cold flow properties [29].
Therefore, it is expected that by blending the DEE with SVO, a notable improvement of some of the
fuel properties will be obtained, such as a reduction of the CP and PP and so on. However, the calorific
power of this compound is relatively low, so this fact could limit the percentage of substitution of fossil
fuel by the DEE/oil blend to operate in today’s internal combustion diesel engines, maintaining the
appropriate parameters of EN 590 standard. In fact, we have recently reported that the low calorific
power of ethanol and 2-propanol (27 and 33 MJ/kg, respectively) constitutes the greatest limitation for
its use in double blends with oils [32]. This calorific power is very similar to that for DEE (34 MJ/kg)
and, therefore, it is foreseeable it will show similar behavior.

Another aspect to take into consideration is the very low ignition quality of some diesel/DEE
blends [27] that promote a high ignition delay, given the low heat of evaporation value that DEE
exhibits [33]. This ignition delay can be overcome by the addition of vegetable oils to the blend.
Therefore, a mutual benefit can be obtained by the use of DEE with vegetable oils in triple blends
with diesel, i.e., DEE reduces the high viscosity of the oils, whereas the oils could compensate for the
heat and evaporation of DEE. In fact, DEE has been reported as a low-emission renewable fuel and
high-quality combustion improver in blends with diesel fossil [27,28], with biodiesel [27,29,34,35], with
oils [27,29] or with diesel/oil [36–38]. Besides, better performance of compression-ignition engines
operating with DEE/diesel/biodiesel triple blends has been achieved [39,40].

Waste cooking oil (sunflower oil) and castor oil have been selected as the vegetable oils for this
work since they come from crops that are not destined to human or livestock food and they are easily
available, not competing with oils for food uses. Sunflower oil has been selected as a standard reference
to study the behavior of waste cooking oils because the use of any waste cooking oil from different
sources, implies the difficulty of reproducing the results obtained. Castor oil is currently the only
inedible vegetable oil available on an industrial scale.

The present study intends to advance the strategy of the substitution of fossil fuels by others of a
renewable nature that can be used in current diesel engines in a viable way, not only from a technical
point of view but also economically and even more importantly, applicable in the most immediate way.
To do so, DEE has been employed as an oxygenated additive in blends with diesel and vegetable oil.
In this respect, the optimum proportion of DEE/vegetable oil blend will be evaluated based on the most
significant parameter, the kinematic viscosity, to meet with appropriate parameters of EN 590 standard
that allow its use in internal combustion diesel engines. Additionally, flow cold properties (cloud and
pour points) will be studied to ascertain the applicability of the fuel in cold climates. The diesel/DEE/oil
triple blends obtained have been tested in a diesel engine. The most important parameters, such as fuel
consumption and power generation have been studied to know the viability of the new fuel produced.
The degree of pollution of all blends will be also evaluated from the generated smoke opacity values.

2. Materials and Methods

Some of the significant physicochemical characteristics of diesel, diethyl ether, and SVOs (sunflower
oil and castor oil) have been collected in Table 1.
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Table 1. Properties of diesel, sunflower oil, castor oil, and diethyl ether. All data collected in the
Table were taken from the literature [36,41–43], except for the kinematic viscosity values which were
experimentally measured in this work.

Property Diesel Sunflower Oil Castor Oil DEE

Density at 15 ◦C (kg/m3) 830 920 962 713
Kinematic viscosity at 40 ◦C (cSt)1 3.20 ± 0.01 37.80 ± 0.05 226.20 ± 0.05 0.21 ± 0.01

Calorific value (MJ/kg) 42.8 39.5 37.2 33.9
Flash point (◦C) 66 220 228 16

Auto-ignition temperature (◦C) 250 316 448 160
Cetane number 50 37 40 >124

1 Viscosity value errors were obtained from the average of 3 measurements.

2.1. Diethyl Ether/Vegetable Oil Double Blends, and Diesel/ Diethyl Ether /Vegetable Oil Triple Blends

Sunflower oil was bought from a local market and castor oil (Panreac, Castellar Del Valles, Spain)
was purchased from a local commercial representative. DEE (≥99.5% purity) was procured from
Sigma-Aldrich Chemical Company. First of all, sunflower oil (food grade) and castor oil were mixed
with DEE in different concentrations to find out the optimum DEE/SVO double blends. The best
double blends, which comply with the established requirements by European petrodiesel standard EN
590 for being employed as biofuels, were selected to be mixed with conventional diesel fuel (Repsol
service station) in different proportions, from 20% to 100% by volume, denoted as B20, B40, B60,
B80, and B100. The percentage of biofuel (DEE/SVO blend) added to fossil diesel is expressed as B,
where B0 corresponding to 100% of fossil diesel and B100 means 100% of renewable DEE/oil biofuel.
The components of all blends were manually mixed at room temperature. Additionally, all components
were completely miscible with petroleum diesel, allowing the blending of these in any proportion.
The obtained diesel/DEE/SVO triple blends were investigated as biofuels in this work.

2.2. Characterization of the Biofuel Blends

Fuel reformulation can affect the physicochemical and safety properties of the fuel. Hence,
knowledge of these properties is especially important. In this work, some of the most crucial properties
to evaluate the suitability of biofuels have been determined either experimentally or using specific
equations to predict them.

As aforementioned, kinematic viscosity and cold flow properties are the rheological properties
more influenced by blends of vegetable oils with fossil diesel and other additives. In fact, these
properties play a crucial role in the correct performance of conventional diesel engines [32]. Kinematic
viscosity significantly affects the quality of fuel atomization and the combustion process. Low viscosity
can cause leakage in the fuel system while high viscosity can lead to incomplete combustion because
of premature injector contamination [44].

Cold flow properties, such as cloud point and pour point, are responsible for solidification of fuel,
causing operability problems as solidified material clogs fuel lines and filters. The temperature at
which the crystals become visible (diameter ≥ 0.5 mm) is defined as the cloud point (CP), whereas
the pour point (PP) is defined as the temperature at which the liquid ceases to flow. The CP usually
occurs at higher temperatures than the PP [45]. Crystallization of fuel takes place when fuel molecules
condensate forming a gel at low temperatures. Crystallization occurs in two general steps: The first
step is the nucleation and crystal growth and the second step is the organization of the molecules
creating a stable nucleus in a crystalline network. The continuous growth of the crystalline network
generates the interruption of fuel flow, causing fuel starvation and incomplete combustion, which
leads to starting problems in the vehicle in cold weather [46].

The flash point (FP) is a crucial property for production, handling, transportation and storage
of fuels. This parameter provides an indication of the fire hazard of fuel under ambient conditions.
The flash point is defined as the lowest temperature at which a liquid produces enough vapors to
ignite in the presence of a flame or spark. Generally, a lower flash point is related to higher vapor
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pressure, so this property provides information on both flammability and volatility. The values of the
flash point can be predicted from Kay’s mixing rule:

TFP =
∑

i
yiTi (1)

where T is the temperature corresponding to the flash point of the blend (◦C), yi is the volume fraction
of each component in the blend and Ti is the flash point of each component [47].

Another important property to define the efficiency of fuels is the calorific value (CV), also
called the heat of combustion or calorific power, which is the quantity of heating energy released
during complete combustion of a unit mass of the fuel, usually expressed in kilojoules per kilogram.
The calorific value increases with increasing chain length and decreases with increasing unsaturation,
and it is important for estimating the fuel consumption, the greater the calorific value the lower the
fuel consumption. Calorific value is usually determined experimentally by a bomb calorimeter, but a
theoretical value can be calculated, according to the volumetric concentration of each component in
the blend, from the following equation:

CV =
∑

i
CViXi (2)

where CVi is the calorific value of each component and Xi is the percentage of each component in the
blend [37].

2.2.1. Viscosity Measurements

The kinematic viscosity measurements were performed in an Ostwald-Cannon-Fenske capillary
viscometer (Proton Routine Viscometer 33200, size 150) at 40 ◦C, by determining the flow time (t),
expressed in seconds, required for a certain volume of liquid to pass under gravity between two
marked points on the instrument, placed in an upright position. The kinematic viscosity (υ) expressed
in centistokes (cSt) is obtained from the equation υ = C·t, where C is the calibration constant of
the measurement system, supplied by the manufacturer (0.037150 (mm2/s)/s = cSt at 40 ◦C) [28,33].
The procedure for the determination of the kinematic viscosity meets with the specifications established
by the European standard (EN 590 ISO 3104). All the viscosities values reported here are the media of
three determinations.

2.2.2. Determination of Pour Point and Cloud Point

Cloud Point (EN 23015 and ASTM D-2500) and Pour Point (ASTM D-97) were determined
according to specifications required by standard methods. Firstly, the double or triple blends, of
different compositions, were introduced in a flat-bottomed glass tube. The tube was tightly closed with
the help of a cork carrying a thermometer with a temperature measuring in the range of −36 to 120 ◦C.
The tube was introduced in a digitally controlled temperature refrigerator for twenty-four hours; the
tubes were brought out from time to time and checked until the oil did not show any movement when
the tube was horizontally tilted for 5 s. After this time, the loss of transparency of the solutions is
evaluated. The appearance of turbidity in the samples is indicative that the CP temperature has been
reached. After a progressive decrease in temperature, the samples are kept under observation until
they stop flowing (PP) [31,32]. All values are the media of duplicate determinations.

2.2.3. Mechanical and Environmental Characterization of a Diesel Engine Electric Generator Fuelled
with Different Biofuel Double and Triple Blends

Following the experimental methodology previously described [32], the energy performance
and pollutant emissions generated in a C.I. diesel engine, has been carried out, working at a rate of
3000 rpm coupled to an AYERBE AY4000MN electric generator with a power of 5 KVA 230 V, for the
generation of electricity, operating under different degrees of demand for electrical power. This is
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achieved by connecting heating plates of 1000 watts each (Figure 1a). The diesel engine operated at a
constant rate of rotation of the crankshaft and torque so that the different values of electrical power
obtained are an exact consequence of the mechanical power obtained after the combustion of the
corresponding biofuel. Tests were carried out by providing to the engine double and triple blends
of different biofuels. The electrical power generated can be easily determined from the product of
the potential difference (or voltage) and the electric current intensity (or amperage), Equation 3, both
obtained utilizing a voltmeter-ammeter, Figure 1b:

Electrical power generated (watts) = voltage (volts) x amperage (amps) (3)

The consumption of the diesel engine, fueled with the different biofuels studied, was calculated
estimating the speed of consumption of the engine when it operates under a determined demand of
electric power (1, 3 or 5 kW). Thus, the operation times are achieved by operating under the same fuel
volume (0.5 L).

The contamination degree is evaluated from the opacity of the smoke generated in the combustion
process, which is measured by smoke opacity meters. The smoke opacity meters are instruments
capable of measuring the optical properties of diesel exhaust. These instruments have been designed
to quantify the visible black smoke emission making use of physical phenomena like the extinction of
a light beam by scattering and absorption. There are two groups of instruments: opacity meters, which
evaluate smoke in the exhaust gas, and smoke number meters, which optically evaluate soot collected
on paper filters. The density gauge is a handheld instrument for determining the filter smoke number
(FSN), the Bosch number, and the soot concentration of diesel engines. This instrument is composed
of an optical sensor (photodiode) and a differential pressure sensor. The photodiode calculates the
paper blackening based on the reflected light intensity by a white LED. The more soot is deposited on
the filter paper, the less light is reflected. The probe volume determined by the differential pressure
sensor is used to calculate the probe volume under reference conditions with the input height and the
temperature measured by the instrument. This probe volume and the measured paper blackening
are then used to calculate the FSN (filter smoke number), soot concentration (mg/m3) or Bosch smoke
number. Herein, the exhaust emissions were measured by a Bosch smoke meter or opacimeter-type
smoke tester TESTO 338 density gauge, following the EU Directive 2004/108/EC, at the operating
conditions previously reported [32], Figure 1c. The Bosch number is a standardized unit which is
calculated from the level of soot on the paper (effective filter loading) [48]. The instrument evaluates
smoke density on a scale from 0 to 2.5, where the value 0 represents total clarity on the paper and 2.5 is
the value corresponding to 100% cloudy, as established by ASTM D 2156-94, Standard Test Method for
Smoke Density in Flue Gases from Burning Distillate Fuels.

  
(a) (b) (c)

Figure 1. (a) Electrogenerator AYERBE AY4000MN, 5 KVA, 230 V connected to heating plates of
1000 watts of power each (b) voltmeter-ammeter devise; (c) TESTO 338 smoke density tester.
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The data here compiled are the media of three repeated measures, attaining an experimental error
lower than 9%. The results obtained with the biofuels evaluated were compared with the measurements
obtained when conventional diesel was fueled.

3. Results and Discussion

3.1. Properties of DEE/Oil Double Blends, and Diesel/DEE/Oil Triple Blends

The high viscosity values that the vegetable oils exhibit, 10–20 times greater than fossil diesel fuel,
prevents its use like biofuels in conventional diesel engines. Most of them have viscosity values in the
range of 30–45 cSt, concretely, castor oil has a much higher value, 226.2 cSt, very superior to values
required by European standard EN 590 ISO 3104. Therefore, to achieve adequate viscosity values, the
proportion in which the oils must be mixed with DEE has been investigated.

The viscosity values of the DEE/SVOs double blends are shown in Figure 2. As expected, an
increase in the DEE content in the blends contributes to decreasing the viscosity values. It is interesting
to confirm how DEE can promote very strong action on castor oil, in comparison with sunflower oil, in
terms of reducing the viscosity of their blends, since castor oil has initially a much higher viscosity
than sunflower oil. As can be observed, only 20% of DEE reduces considerably the kinematic viscosity
of both oils, from 226.2 to 17.1 cSt in the case of castor oil and from 37.8 to 13.7 cSt when DEE is added
to sunflower oil. For both oils, the viscosity values required by UNE EN 14214 ISO 3104, in the range
from 2.0 to 4.5 mm2/s, were achieved with an analogous DEE/vegetable oil ratio (45/55).
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Figure 2. Kinematic viscosity values at 40 ◦C of different blends of DEE/SVOs.

According to the previous study of the kinematic viscosity in double blends, the optimum and
most favorable blend ratio was found to be DEE/SVO 45/55 (% by volume), independently of the oil
employed. Hence, different proportions of biofuel containing 45% of DEE were mixed with fossil
diesel to obtain the diesel/DEE/oil triple blends. The kinematic viscosity, cloud point, pour point, flash
point and calorific values of the investigated triple blends are collected in Tables 2 and 3. A higher
amount of biofuel in the blend, from B0 to B100, generates higher viscosity values, as expected since
the viscosity of the added biofuels is slightly higher than that of diesel (3.20 cSt). Kinematic viscosity
values are in the range of 3.20−4.25 cSt, so these biofuels present suitable values for being employed in
diesel engines, complying with the European regulations EN 590, which establishes that viscosity at
40 ◦C must be in the range of 2.0–4.5 cSt.
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Table 2. Physicochemical properties (kinematic viscosity at 40 ◦C, cloud point, pour point, flash point,
and calorific values) of diesel/DEE/sunflower oil triple blends, obtained by adding different proportions
of fossil diesel to the DEE/sunflower oil double blend containing 45% diethyl ether. All values are
calculated as the average of three measurements.

Diesel/DEE/Sunflower Oil Blend

Nomenclature
(% renewable)

B0 B20 B40 B60 B80 B100
100/0/0 80/9/11 60/18/22 40/27/33 20/36/44 0/45/55

Kinematic Viscosity (cSt) 3.20 ± 0.01 3.21 ± 0.01 3.26 ± 0.02 3.32 ± 0.02 3.52 ± 0.02 4.25 ± 0.03
Cloud point (◦C) −6.0 ± 1 −15.0 ± 1 −15.3 ± 1 −15.0 ± 1 −10.6 ± 1 −15.5 ± 1
Pour point (◦C) −16.0 ± 1 −21.6 ± 1 −22.5 ± 1 −21.9 ± 1 −20.5 ± 1 −21.0 ± 1

Flash point (◦C) * 66.0 78.4 90.9 103.3 115.8 128.2
Calorific value (MJ/kg) * 42.8 41.6 40.5 39.3 38.1 36.9

* The flash point values and calorific values were calculated by using Equations 1 and 2, respectively.

Table 3. Physicochemical properties (kinematic viscosity at 40 ◦C, cloud point, pour point, flash point,
and calorific values) of diesel/DEE/castor oil triple blends, obtained by adding different proportions of
fossil diesel to the DEE/castor oil double blend containing 45% diethyl ether. All values are calculated
as the average of three measurements.

Diesel/DEE/Castor Oil Blend

Nomenclature
(% renewable)

B0 B20 B40 B60 B80 B100
100/0/0 80/9/11 60/18/22 40/27/33 20/36/44 0/45/55

Kinematic Viscosity (cSt) 3.20 ± 0.01 3.21 ± 0.01 3.24 ± 0.01 3.32 ± 0.01 3.37 ± 0.02 3.48 ± 0.02
Cloud point (◦C) −6.0 ± 1 −16.0 ± 1 −16.8 ± 1 −15.2 ± 1 −14.2± 1 −16.3 ± 1
Pour point (◦C) −16.0 ± 1 −22.3 ± 1 −22.8 ± 1 −21.5 ± 1 −20.0 ± 1 −22.0 ± 1

Flash point (◦C) * 66.0 79.3 92.6 106.0 119.3 132.6
Calorific value (MJ/kg) * 42.8 41.4 39.9 38.5 37.1 35.7

* The flash point values and calorific values were calculated by using Equations 1 and 2, respectively.

Regarding the cold flow properties, the DEE has an important effect in the cloud and pour point
of the triple blends, independently of the vegetable oil employed. In fact, it is found that only 9%
of DEE (B20 blend) is enough to reduce the PP value 6 ◦C (from −6 to −15 ◦C) and the CP value
10 ◦C (from −6 to −16 ◦C). The best CP and PP values were obtained adding 18% of DEE, with 22%
of castor oil and 60% of diesel, resulting in a CP of −16.8 ◦C and a PP of −22.8 ◦C. That is, the DEE
promotes a significant improvement, with regard to fossil diesel, on the cold flow properties in all the
blends studied, maintaining the appropriate viscosity to be used as a biofuel in conventional diesel
engines. Additionally, the use of DEE overcomes one of the major challenges when using biodiesel as
an alternative to fossil diesel in current engines, which is its poor cold flow properties.

Tables 2 and 3 show the calorific values of triple blends containing sunflower and castor oil,
respectively. The calorific values decreased as the percentage of diethyl ether in the blend increased.
As can be observed, there is no notable difference in the respective values for blends with either
sunflower or castor oil, since these oils have similar calorific power. The results show that the B20 triple
blends exhibited the highest calorific value, 41.6 MJ/kg in the case of sunflower oil and 41.4 MJ/kg for
castor oil. In addition, an inverse correlation between calorific value and kinematic viscosity can be
observed, since the calorific value of the biofuels increases as the kinematic viscosity decreases.

The results of the flash point of the analyzed mixtures (Tables 2 and 3) show an increment of
this value as the DEE/oil ratio is greater, with both sunflower and castor oil. As it can be seen, the
incorporation of SVOs in mixtures allows the FPs values to improve, since these oils exhibit a higher
FP than both diesel and DEE. The highest FP was presented by B100 blends containing castor oil
(132.6 ◦C) and sunflower oil (128.2 ◦C). The FP values are situated in the range 78.4−128.2 ◦C for
diesel/DEE/sunflower oil blends, and 79.3−132.6 ◦C for diesel/DEE/castor oil blends. These values
can be compared with FP requirements specified by EN 590 standard, which establishes that the fuel
must have a minimum FP of 55 ◦C. In this case, each of the blends has FPs above the required value,
so they are compliant with the requirements. Additionally, these biofuels do not have too high a
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flash point that they can self−ignite thereby causing no safety problems during handling, storage or
transportation, and they are recommended for use in CI engines.

3.2. Mechanical Performance of the Diesel Engine

To determine the optimal proportion of DEE that guarantees an adequate engine performance,
the biofuel blends characterized in Tables 2 and 3 have been tested in a compression ignition engine.
In this study, it was also included for comparative purposes, conventional diesel fuel as a reference.
Hence, Figure 3 shows the power generated at different power demanded for by the triple blends
employing either sunflower oil (3a) or castor oil (3b). In all cases, the power generated increased as
the power supplied to the engine also increased from 1 to 3 kW and then, a stabilization of the power
generated occurred, slightly decreasing when the maximum value of power supplied (5 kW) was
reached. This behavior was improved using castor oil, where the power generated increased as the
power supplied was also increased up to 4 kW.
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Figure 3. Power generated (in Watts) based on the power demanded (in Watts) by the triple blends
diesel/DEE/sunflower oil (a) or diesel/DEE/castor oil (b).

It is noteworthy the excellent results obtained with the B20 and B40 blends, achieving similar
(diesel/DEE/sunflower oil) or even higher values (diesel/DEE/castor oil) of power generated than that
obtained with fossil diesel at the highest values of demanded power (4 and 5 kW). Independently on
the oil employed, a general trend was observed for B20 and B40 blends, where the rise of the DEE
content caused the higher power generated. It is important to note that, despite obtaining a very slight
increase in the power generated from B20 to B40 blends, when the proportion of DEE in triple mixtures
increases above 25%, i.e., B60, B80, and B100 blends, the diesel C.I. engine did not work correctly.
This behavior could be associated with the low calorific power of the DEE, confirming the previous
results obtained with diesel/ethanol/oil [32].

3.3. Smoke Opacity Emissions

Regarding the pollutants emission (Figure 4), the results obtained showed a significant reduction in
smoke emissions in diesel engines, compared to those of conventional diesel, especially for B40 blends.
This fact was even more evident with castor oil, achieving a reduction of 77% in the pollutant emission
at the highest demand employed (5 kW). This important change is mainly due to the contribution
of DEE to higher oxygen content in the blend, which improves the combustion and reduces the
contamination. So, improved and complete combustion could be the reason for obtaining lower smoke
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opacity values when the oxygenated additive is added to the blends. Additionally, as can be seen in
Figure 4b, a slight but noticeable decrease in smoke emissions is observed when mixtures containing
castor oil are employed, compared with the mixtures using sunflower oil in the same proportion
(Figure 4a). In previous studies, it has been shown that the presence of unsaturations influences soot
formation [49]. So, this may be explained by the differences in the fatty acid composition for the two
vegetable oils used, since the linoleic acid present in sunflower oil has a greater number of double
bonds than the ricinoleic acid present in castor oil.
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Figure 4. Smoke opacity (Bosch number) generated as a function of the power demanded for different
triple blends diesel/DEE/sunflower oil (a) or diesel/DEE/castor oil (b).

It should be noted that independently of the blend tested, from demanded powers of 1000 W
onwards, all the blends performed better than fossil diesel in terms of achieving better combustion,
which allows a reduction of emissions. The lowest smoke emissions are mainly obtained at medium
and high demand (from 2000 W onward). Concretely, a reduction in smoke opacity values of about
66% is achieved with diesel/DEE/sunflower oil blends, whereas the same blends containing castor oil
reduce emissions up to 77%.

3.4. Fuel Consumption

Additionally, a key parameter in the development of new fuel as an alternative to diesel, is its
consumption. Figure 5 shows the consumed volume (in liters per hour) by the engine fueled with the
different diesel/DEE/sunflower oil and diesel/DEE/castor oil blends, at different power demands (1, 3,
and 5 kW).

As can be seen, at lower power demands (1 kW), the consumption of the blends is always higher
than that obtained with the fossil diesel, independently of the oil employed. This is probably due to the
initial engine start requires a greater amount of fuel. However, at the higher powers demanded (3 and
5 kW), there have been no noticeable differences in fuel consumption compared to conventional diesel
fuel. It can also be seen that mixtures with castor oil (Figure 5b) have slightly higher consumption than
sunflower equivalents (Figure 5a). For all fuels tested, the fuel consumption increased as the biofuel
ratio (DEE/SVO) is increased in the blends (from B0 to B40). The explanation for this increment could
be the reduction in engine power when the concentration of diethyl ether is higher because the energy
content in blends is reduced as a consequence of its lower calorific value. In the case of the B40 blend
with sunflower oil, fuel consumption was between 3–29% higher than that of diesel, while the biofuel
containing castor oil in the same proportion consumed 8−29% more than the diesel case. A reduction
of fuel volume up to 9% can be achieved by employing biofuels with 9% of DEE and 11% of vegetable
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oil, especially when sunflower oil is employed (B20 blend). It was definitive that the tested triple
blends B20 and B40 show an excellent ability to eliminate smoke emissions, generate very similar and
even higher power values than those with diesel, and a biofuel consumption analogous to diesel.
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Figure 5. Consumption values (L/h) as a function of the power demanded by the engine for the blends
diesel/DEE/sunflower oil (a) and diesel/DEE/castor oil (b).

3.5. Comparison with Reported Studies in Literature

The diesel replacement and smoke emissions of the blend, with which the best results are obtained
in the present work, have been compared with the results of some of the reported blends as biofuels in
the literature, Table 4. It is important to take into account the different parameters in the engine as well
as the different fuel loads that have been employed in each study. As can be seen in Table 4 and, to the
best of our knowledge, literature about diesel engine fueled with diesel/DEE/oils blends is very recent
and limited to a few studies belonging to M. Krishnamoorthi and A. Kumar [36–38,50]. Among these
diesel/SVO/DEE triple blends, the greater percentage of substitution has been reached in [38,50] and,
also, in the present study (40%). However, with regard to soot emission, a higher reduction of 77%,
is achieved in this work, comparing to a reduction from 9.2% to 64.6% obtained with the other triple
blends [37,38,50]. The blend containing biodiesel from vegetable oil instead of SVO shows lower diesel
replacement and minor reduction of opacity, 22.5% and 8.1%, respectively [40]. In another study, the
incorporation of a non−renewable fuel like kerosene only allows a fossil diesel replacement of 13%
and the smoke opacities decreased by 6% [51]. There are two trends when double blends containing
DEE are employed. On one hand, the blends containing diesel lead to a substitution of diesel up to
24% and to a considerable decrease in emissions [28]. On the other hand, if a renewable fuel like oil
derived from waste plastic pyrolysis is used [52], the entire replacement of diesel is attained, at the
same time, the pollutant emission is reduced by almost 20% in comparison with the diesel/DEE blend.
It has been seen that the triple blends which do not use DEE as an oxygenated additive, for example,
the diesel/gasoline/sunflower oil blend [31], allow higher incorporation of SVO than the rest of blends,
and generate a similar performance in the diesel engine.

Table 4. Comparison of smoke emissions and the percentage of replaced diesel obtained on the blend
investigated here and, on several blends reported in the literature.

Nomenclature Blend
Diesel

Replacement (%)
Smoke Opacity * Reference

B40 60% Diesel/22% castor oil/18% DEE 40 ↓ 77% Present study

B2 60% Diesel/30% aegle marmelos
oil/10% DEE 40 ↓ 64.6 % [50]

B1 70% Diesel/20% aegle marmelos
oil/10% DEE 30 ↓ 9.2% [37]

B2 60% Diesel/30% bael oil/10% DEE 40 ↓ 64.5% [38]
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Table 4. Cont.

Nomenclature Blend
Diesel

Replacement (%)
Smoke Opacity * Reference

B20D15 68% Diesel/17% cashew Nut Shell
Oil/15% DEE 32 ↑ 7.3% [36]

B20DEE2.5 77.5% Diesel/20% Cottonseed oil
biodiesel/2.5%DEE 22.5 ↓ 8.1% [40]

DE15K15D 72.25% Diesel/15% kerosene/12.75%
DEE 13 ↓ 6% [51]

D+24DEE 76% Diesel/24% DEE 24 ↓ 31% [28]

WD05 95% Waste plastic pyrolysis oil/5%
DEE 100 ↓ 50% [52]

B60 40% Diesel/24% gasoline/36%
sunflower oil 36 ↓ 40% [31]

* Smoke opacity reduction with respect to conventional diesel.

4. Conclusions

The present study aims to make the process of replacing fossil diesel feasible, without making
mechanical changes in the engines of the current car fleet. In this way, not only the pollution produced
by petroleum is minimized, but also the dependence of the countries that produce the fuels is reduced.
Given the relatively high economic cost of any additional chemical transformation of the vegetable
oils, either in biodiesel or in other biofuels of appropriate viscosity values, a novel strategy employing
green fuels derived from vegetable oils has been investigated. In this respect, to get high levels of
fossil fuel substitution in a technically and economically feasible way, a renewable compound like
DEE, which can be obtained from biomass, has been studied as an additive in triple blends with diesel
and two differents SVOs on the engine performance and exhaust emissions. DEE has contributed
to a reduction of viscosity values in SVOs through its very low viscosity, complying with European
regulations to operate as biofuel in current diesel engines. Additionally, all blends comply with EN
590 specifications concerning the flash point.

According to the results obtained, the tests were carried out successfully up to 18% blending of
DEE and 22% of SVO with diesel, this means that substitution of 40% of fossil diesel can be achieved
by the use of diesel/DEE/SVO triple blends, using either sunflower or castor oil, performing similarly
to diesel in terms of power. Furthermore, several advantages of using these blends were obtained.
On one hand, DEE addition leads to an improvement in the combustion, since an important reduction
of pollutant emissions occurred (up to 77% lower than fossil diesel), which is mainly due to the oxygen
content of DEE. Likewise, an enhancement in the cold flow characteristics of the blend in respect to
fossil diesel was also attained, which means the diesel engines can run at lower temperatures. On the
other hand, the increment of the flash point in blends with respect to fossil diesel, makes these biofuels
safer for handling, storage, and transportation. All the abovementioned shows the competitive value
of diethyl ether as an oxygenated additive in comparison to other natural products studied of greater
economic cost. Hence, the addition of this oxygenated additive up to 18% (by volume) is a promising
way for using diesel/vegetable oil blends efficiently in diesel engines without any modifications in the
engine. It can be concluded that this research proffers a practical and economically viable alternative
to the chemical production of biofuels.
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Nomenclature

ASTM American society for testing and materials
B0 100% diesel
B20 80% diesel + 9% DEE + 11% oil
B40 60% diesel + 18% DEE + 22% oil
B60 40% diesel + 27% DEE + 33% oil
B80 20% diesel + 36% DEE + 44% oil
B100 45% DEE + 55% oil
CI Compression ignition
CN Cetane number
CP Cloud point
cSt Centistokes
CV Calorific Value
DEE Diethyl ether
FAME Fatty acids methyl esters
FP Flash point
FSN Filter smoke number
ISO International Standards Organization.
LVLC Low viscous and low cetane
PP Pour point
rpm Round per minute (min−1)
SVO straight vegetable oils
TFP Flash point temperature
W Watts
Symbols
υ Viscosity (centistokes)
t Flow time (s)
C Calibration constant (mm2/s)/s
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Abstract: Biodiesel offers an advantage only if it can be used as a direct replacement for ordinary
diesel. There are many reasons to promote biodiesel. However, biodiesel cannot get wide acceptance
until its drawbacks have been overcome including poor low temperature flow properties, variation in
the quality of biodiesel produced from different feedstocks and fuel filter blocking. In the present
study, a much cheaper and simpler method called high vacuum fractional distillation (HVFD)
has been used as an alternative to produce high-quality refined biodiesel and to improve on the
abovementioned drawbacks of biodiesel. The results of the present study showed that none of
biodiesel sample produced from crude Azadirachta indica (neem) oil met standard biodiesel cetane
number requirements. The high vacuum fractional distillation (HVFD) process improved the cetane
number of produced biodiesels which ranged from 44–87.3. Similarly, biodiesel produced from
fractionated Azadirachta indica oil has shown lower iodine values (91.2) and much better cloud (−2.6 ◦C)
and pour point (−4.9 ◦C) than pure Azadirachta indica oil. In conclusion, the crude oil needs to be
vacuum fractioned for superior biodiesel production for direct utilization in engine and consistent
quality production.

Keywords: biodiesel; vacuum fractionation; transesterification; fuel; fatty acids composition

1. Introduction

Biodiesel is getting the attention of policy makers to overcome serious concerns about climate
change and maintain the security of the energy supply. Biodiesel has several advantages, such as being
non-toxic, sustainable, non-explosive, environmentally friendly and biodegradable, which lessens toxic
emissions and productions when used in a diesel engine [1–8]. Many observers consider biodiesel
to be the one of the feasible options for the substitution of fossil diesel in the transport sector [9–19].
Increasing biodiesel supplies helps to reduce fuel imports and to cut down the emission of greenhouse
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gases (GHG). There is a downside of biodiesel as well. The fuel performance in in the engine depends
upon the derived cetane number, total acid number, viscosity, and oxidative stability, etc. Biodiesels
usually have higher viscosity than petroleum diesel. The engine will not operate well when the
viscosity of the fuel is too high. The derived cetane number (CN) is “the measure of the ignition delay
from the time the fuel injected and the start of combustion”. The higher the CN, the shorter the ignition
delay and, therefore, the better the quality of the fuel [5,8,20–22].

Most importantly, food crop production for biodiesel often requires massive acreage and may lead
to land-use conflicts in food production. Despite these using non-edible oil seed crops such as Pongamia
glabra, Jatropha curcas and Azadirachta indica prove best suitable for the biodiesel synthesis. Several other
disadvantages include higher cost, poor low temperature, flow properties, variation in ignition quality
of biodiesel produced from different feedstocks and clogging in engine etc. Biodiesel is unusable in cold
areas. This is one of the major drawbacks of biodiesel use. If it gets below −1 ◦C, it will be solidifying
in the engine and fuel tank. Usually, the temperature of congelation is relatively high for biodiesel.
However, biodiesel can still be used in winter, if it is mixed with some sort of winterized diesel to
remain a liquid. Biodiesel cold-flow properties are characterized by three temperature measures: cloud
point (CP), “the temperature at which the fuel shows a haze from the formation of crystals”; cold filter
plugging point (CFPP), “the temperature at which the crystals formed will cause the plugging of the
filters”; and pour point (PP), “the lowest temperature at which the liquid will flow” [23].

The crude oils usually contains moisture, gums (lecithins), solids (insoluble), waxes, free fatty
acids (FFA), and compounds of Na, K, Mg, Ca and other metals, which must be removed to make
high-quality biodiesel more efficient and stable against rancidity upon storage. A series of steps are used
to remove these impurities, including degumming (to remove gums), neutralizing (to remove FFA),
bleaching (to remove color), deodorizing (to remove odor and taste), and dewaxing or winterization (to
remove waxes). The alternative methodology to improve quality of biodiesel adopted in this study was
fractionation of Azadirachta indica seed oil followed by its transesterification for production of biodiesel.
The high demand for biodiesel in replacing fossil fuels has driven many researchers to come out with
new ideas and inventions. Neem (Azadirachta indica) belongs to the Maliaceae family. Azadirachta indica
seed oil is a non-edible feedstock to produce biodiesel. Azadirachta indica seed contains up to 40% lipid
contents [24]. The main purpose of the present study was to remove the components from the source
oil that deteriorate the quality of the produced biodiesel. Biodiesel quality can be directly related to
type and percentage amount of various fatty acids present in the source oil. The presence of fatty acids
with short chains or overlong chains could have negative effects on biodiesel fuel standard parameters.
Hence, it is possible to control and improve the quality of the produced biodiesel by controlling and
maintaining the fatty acid composition of the source oil. In the present study, Azadirachta indica seed
oil is separated into several fractions using high vacuum fractional distillation (HVFD) to produce
biodiesel with superior flow and burning proprieties. The present study is based on the hypotheses
that biodiesel produced from a specific oil fraction show more consistent fatty acid composition, low
cloud point and low pour point.

2. Materials and Methods

2.1. Sample Collection and Oil Extraction

The Azadirachta indica seeds (10 kg) were collected from the University of Agriculture Faisalabad,
Pakistan. A sample cleanup using deionized distilled water (DDW) was carried out to eliminate
impurities and dirt. The cleaned samples were dried at 40 ◦C in an electric oven until a constant weight
was attained. The Azadirachta indica seed oil extracted using a cold press.

2.2. Vacuum Fractional Distillation of Azadirachta Indica Oil

Vacuum fractionation distillation of Azadirachta indica oil was carried out to separate out different
isolates based on boiling points. Vacuum fractional distillation apparatus consisted of an electric
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heater (operation range: room temperature to 375 ◦C), boiling flask (500 dm3), condenser with vacuum
adapter, one-stage vacuum pump (10 Pa, power = 1

4 , oil capacity = 250 dm3, Model TW-1A), short-path
distillation receiver, cow shaped (with four 50 dm3 flasks). In a single run, 300 dm3 of Azadirachta
indica oil was separated into fractions under a constant vacuum of −760 mmHg at varied temperatures.
A digital thermometer was used to record temperature of vapors of boiling fractions (Figure 1). Table 1
present fractions obtained after the distillation of 650 g of Azadirachta indica oil. The oil left after
fractionation consist of impurities that severely affect biodiesel properties. This oil can be further
processed to produce lubricating liquid, Azadirachta indica-based antiseptic soap or in monoacylglycerol
production as done previously in the literature [25]. The Azadirachta indica oil was distilled using
vacuum fractions to isolate fraction F1 (120–150 ◦C), fraction F2 (180–190 ◦C), fraction F3 (202–230 ◦C)
and fraction F4 (235–240 ◦C).

Figure 1. High vacuum fractionation distillation (HVFD) setup of Azadirachta indica oil.

Table 1. Azadirachta indica seed oil fractions separated using vacuum fractionation at −760 mmHg.

Fraction Temperature Range (◦C) Wt. (g) % of Total Azadirachta indica Oil

F1 120–150 156.48 24.06 ± 0.87
F2 180–190 69.54 10.68 ± 0.67
F3 202–230 111.35 17.12 ± 0.54
F4 235–240 144.61 22.24 ± 0.97

2.3. Transesterification

Transesterification is a cheaper way of converting the branched, large molecules of oil to
smaller molecules [26]. The extracted Azadirachta indica oil and its fractions were converted
into biodiesel and glycerol (byproduct) using methanol through the catalytic transesterification
process. The transesterification process was carried out by base (potassium hydroxide), enzyme
(lipase Novozymes) and acid (hydrochloric acid) catalysts. Each catalyst was used at five different
concentration levels for the optimization of the catalyst dose required for the transesterification process.
The concentration of catalyst was measured in percentage (weight of catalyst/weight of oil). The base
catalyst (KOH) was used at five different concentrations levels (0.2%, 0.4 %, 0.6%, 0.8% and 1% of the
Azadirachta indica oil weight). The mixture of KOH (of respective concentration), Azadirachta indica
oil or its fractions (10 g) and methanol (3 g) was stirred at 60 ◦C for 150 min. For the acid-catalyzed
transesterification, HCl concentrations were 20%, 40%, 60%, 80% and 100% of oil weight. The used
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concentration of methanol was 5%. A mixture of oil, methanol and acid was stirred at 75 ◦C for
270 min. Five concentrations (1%, 2%, 3%, 4% and 5%) of lipase were added to the mixture of oil (10 g)
and methanol (50 g) under constant stirring at 100 rpm for 24 h. The water insoluble biodiesel layer
and glycerol (water soluble) layer were separated using a 250 dm3 separatory funnel. The biodiesel
layer was washed with an excess quantity of warm deionized distilled water (DDW) to remove soap
and other water-soluble contaminants. Biodiesel was dried over anhydrous sodium sulfate before
further use.

2.4. Biodiesel Quality Testing

The chemical composition of Azadirachta indica oil and its fractions was analyzed by gas
chromatographic and mass spectrometric (GC-MS) analysis. A Perkin Elmer Clarus 600 GC System was
used for the GC-MS analyses fitted with a capillary column (30.0 m–0.25 mm) at the 350-◦C optimum
temperature. As carrier gas, ultra-high (99.99%) pure helium was used with 0.2 dm3/min constant
flow. The transfer line, ion source and injection temperatures were 200, 200 and 220 ◦C, respectively.
There was 70 eV ionization energy in the system for the breakdown of fragments. The data collection
was done by mass spectra ranging from 10 to 600 m/z. Then, 0.1 dm3 of the injected sample was used
with 50:1 split ratio. The identification of obtained compounds was done by comparison with mass
spectrum libraries (Wiley, 9th edition) and retention times.

The physico-chemical properties such as densities (kg/lit), saponification values (mg KOH/g),
iodine values, cetane number, cloud and pour points were tested by following standard procedures [2,27].
The cold filter plugging point (CFPP) was determined in accordance with the EN 116 standard procedure
for CFPP testing, as specified in the EN 590 standard [28]. Biodiesel pH was measured using a Hanna
pH meter (model, HI 8010), and a densitometer (Wilnos LCD 51) was used for density (gram per dm3)
determination. The oxidation stability was measured by the Induction Period (IP) according to
EN14112 [29].

For iodine value (I.V) determination, 0.05 g of Azadirachta indica biodiesel was taken in an iodine
flask with a capacity of 250 dm3. Then, 12.5 dm3 of Wijs solution and 10 dm3 of carbon tetrachloride
were dissolved in biodiesel. Subsequently, contents of mixture were shaken vigorously and kept
in a dark place for almost 30 min followed by the addition of 10 dm3 of potassium iodide solution
(15%) and 50 dm3 of DDW. The obtained mixture was titrated against Na2S2O3.5H2O (0.1 N) until the
disappearance of the color of the iodine using starch as an indicator. For the blank sample, a similar
procedure was adopted. The following formula (Equation (1)) was used for the determination of the
iodine value of biodiesel samples [2]:

Iodine value

=
(Blank titration− Sample titration)×Normality of Na2S2O3.5H2O ×12

Sample weight (g)×100
(1)

To determine the saponification value, 10 dm3 KOH (alcoholic) solution and 0.25 g Azadirachta
indica oil were taken in a round bottom flask of 250 dm3 capacity. A condenser was attached with this
flask and heated smoothly till transparent solution was obtained. The appearance of a transparent
solution indicates the completion of the saponification reaction. After cooling the reaction mixture to
room temperature, a phenolphthalein indicator (2–3 drops) was added to it and the whole mixture
was titrated against HCl (0.5 N) until the disappearance of the pink color. An appropriate reagent
blank sample was also prepared, and a reading was determined for it. Using the following formula
(Equation (2)), the saponification value in mg KOH/g of oil sample was calculated [2,30]:

Saponification value (SV) =
(B − S) × N × 56.1

w
(2)
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where S is the volume used of titrant for biodiesel sample, B is the volume used of titrant for the blank
sample, 56.1 is MW of KOH in mg per mmol, N is the normality of HCl in mmol per dm3 and w shows
sample mass (gm).

For the determination of acid value, 1g of Azadirachta indica oil, 20 dm3 of ethanol and 2–3 drops
of phenolphthalein were added to a 250-dm3 titration flask. This solution was titrated against NaOH
(0.1 N) solution until there was a pink appearance. Using the following equation (Equation (3)), free
fatty acid contents (oleic acid) were determined [2]:

Free fatty acid (FFA), % =
(V ×N × 282)100

w
(3)

where V stands for volume of titrant sodium hydroxide (dm3), N for Normality of sodium hydroxide
(mol/1000 dm3), 282 is the molecular weight of oleic acid in gram per mole. The obtained value was
converted into acid value using the following equation (Equation (4)):

Acid value (AV) = 1.989 ×% FFA (4)

The following formula (Equation (5)) was used to determine the Cetane number (CN) of all
biodiesel samples:

Cetane number (CN) = 46.3 +
5458
SV
− 0.225 × IV (5)

3. Results and Discussion

3.1. Effect of Various Catalysts on the Biodiesel Yield Percentage (%)

The effect of different catalysts (acid, base and enzyme) on the percentage yield of biodiesel is
shown in Figure 2a–c. Transesterification using base catalysts is found to be cost effective because
of its reusability, wide availability, easy separation from product and longer lifetime [31,32]. In
base-catalyzed transesterification of Azadirachta indica oil and its fractions, the maximum biodiesel
yield of 99.9% was shown by fraction F4. In another study, the biodiesel yield obtained by whole date
seed oil using base catalysts was approximately 80% [2]. The optimized catalyst level for pure oil, F1
and F4, was 1% KOH (wt. of catalyst/wt. of oil) and for F2 and F3 was 0.2% KOH (wt. of catalyst/wt.
of oil). Thus, the result obtained clearly indicated that, for better biodiesel yields, higher alkaline
catalyst doses are required in the case of Azadirachta indica oil, F1 and F2. However, fractions F2 and F3
produced the highest quantity of biodiesel at the lowest KOH dose of 0.2% KOH (wt. of catalyst/wt.
of oil). This indicates that after fractionation biodiesel could be produced at much lower levels of
base catalyst using some specific fractions. This will be helpful in cutting costs on base catalysts and
will also be helpful in reducing environmental pollution caused by base catalysts. The maximum
biodiesel yields of acid catalyzed transesterification reactions were 99%, 85%, 97.25%, 76.25% and
94.25%, respectively, for Azadirachta indica oil, fraction F1, fraction F2, fraction F3 and fraction F4.
The most suitable level of HCl for obtaining maximum biodiesel from Azadirachta indica oil, F3 and
F4 was 80% (wt. of HCl/wt. of oil). However, F1 and F2 have shown maximum biodiesel yields at
100% and 60%, respectively. The acid catalysis reaction rate was much slower than base catalysis.
The acid-catalyzed transesterification reaction was completed in 4.5 h as compared to the 1.5 h taken
by the base-catalyzed reaction. Transesterification is the replacement of original ester groups into
desired esters. The best way for transesterification is base-catalyzed as it is a very facile reaction. The
enzyme is inhibited in the presence of methanol. Acidic catalysts have low acid site concentration,
low micro porosity, and high cost compared with basic types. Acids catalyzes both esterification and
transesterification simultaneously and is insensitive to FFA and water. In a previous study, biodiesel
productivities of used vegetable oils by acidic catalysis at 25 and 100 ◦C, respectively, were as follows:
Safflower (84.7% and 94.3%), Soybean (85.9% and 94.2%), Sunflower (83.4% and 95.2%), Canola (80.8%
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and 93.7%), Corn (83.2% and 83.3%), Olive (84.3% and 85.3%), Hazelnut (82.5% and 83.4%) and Waste
sunflower (84.3% and 90.4%) [33].
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Figure 2. (a) Biodiesel yield using HCl as the catalyst; (b) biodiesel yield using KOH as the catalyst; (c)
biodiesel yield using lipase enzyme as the catalyst.

Enzyme-catalyzed biodiesel production was completed in 24 h. For the biodiesel synthesis,
five different lipase concentrations (1–5%) were used. The results obtained show that Azadirachta indica
oil and its four fractions have the highest biodiesel yield at different enzyme concentrations. F2,
F4, F3, pure oil and F1 produced the maximum quantity of biodiesel at 1%, 2%, 3%, 4% and 5% of
lipase, respectively, and the respective maximum yields were 97.75%, 93.75%, 97.25%, 99.1% and
89.75%. The Azadirachta indica oil fractionation process yielded distillates with a variable composition
as confirmed by gas chromatographic and mass spectrometric analysis. The variance in composition
of fractions and Azadirachta indica oil was responsible for the variable optimized yield. Enzymes
have a three-dimensional structure and are large protein biomolecules that can take part in many
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chemical reactions. Enzymes are highly specific; they function with only one reactant to produce
specific products. Comparing acid, base and enzyme catalyst-optimized yields, it is apparent that the
highest biodiesel yield was shown by base-catalyzed transesterification. The biodiesel yields of acid
and enzyme-catalyzed reactions were comparable.

3.2. Gas Chromatographic and Mass Spectroscopic (GC-MS) Analysis

The identification and quantification of the fatty acids present in biodiesel was conducted by
GC-MS. The major fatty acids present in Azadirachta indica oil were found to be oleic acid (67%), palmitic
acid (14.7%) and lignoceric acid (8.23%). The fuel and physical properties of biodiesel are dependent
on chain length, degree of unsaturation, and branching of the chain. In a previous study, the quality of
biodiesel produced from shorter fatty acids was superior than longer chain fatty acids [34]. The longer
carbon chain length leads to decreased ignition delay. Longer chain fatty acids are present in all oils.
However, their percentages in various oils widely differ. Lignoceric acid, or tetracosanoic acid, is the
saturated fatty acid with the formula C23H47COOH. It is present in almost 8.23% of Azadirachta indica
oil. Its removal from Azadirachta indica oil was necessary to avoid its negative effects on the biodiesel
centane number, cloud point, pour point and freeze point. The vacuum fractional distillation process
was used to carry out lignoceric acid removal from biodiesel. Lignoceric acid was removed from oil
and collected in the first fraction F1. The other major components of F1 were erucic acid (22.4%), oleic
acid (20.9%), phthalic acid (13.4%) and linoleic acid (11.7%). Fraction F2 contained oleic acid (C18,
61.3%) as a major fatty acid and all other fatty acids were present at less than 10%. Capric acid (C10)
was 43.6% present in the fraction F3. Fraction F4 was found to have highest quantities of oleic acid
(71.8%). Linoleic acid (C18) was present 16.91% in F4 (Table 2).

Table 2. Fatty acid composition of Azadirachta indica oil and its fractions.

No. Fatty Acid
Percentage (%)

F-1 F-2 F-3 F-4 Azadirachta indica Oil

1 Phthalic acid (C6) 13.4 3.9 0 0 2.6
2 Caprylic Acid (C8) 1.45 0 0 0 1.44
3 Capric acid (C10) 0 0 43.6 0 0
4 Dichloroacetic acid, undec-2-enyl ester (C13) 0 0 26.0 0 0
5 Palmitic Acid (C16) 5.3 2.32 18.5 1.3 14.7
6 Linoleic Acid (C18) 11.7 0 0.60 16.91 1.30
7 Oleic Acid (C18) 20.9 61.3 5.1 71.8 67.0
8 Stearic Acid (C18) 2.72 4.8 0 1.7 0.87
9 Arachidic Acid (C20) 4.2 8.38 0 3.1 1.88
10 Behenic Acid (C22) 5.9 8.6 0 0 0.98
11 Erucic Acid (C22) 22.4 9.4 0 1.7 0.93
12 Lignoceric acid (C24) 10.6 0 0 0 8.23

3.3. Assessment of Fuel Quality Parameters

The acid value (AV) is defined as “the weight of KOH in mg needed to neutralize the organic
acids present in 1 g of fat and it is a measure of the free fatty acids (FFA) present in the fat or oil” [31].
An increment in the amount of FFA in a sample of oil or fat indicates hydrolysis of triglycerides.
The acid value (AV) of Azadirachta indica oil, F1, F2, F3 and F4 were 1.23, 2.91, 6.61, 8.89 and 3.36,
respectively. The results obtained show that there was breakdown of fatty acids from triglyceride
chains during the molecular distillation process of fractionation. The observed density of all biodiesel
samples is given in Table 3. According to American standards (ASTM), there is no specified range
of density of produced biodiesel. However, in European standards (EN), the recommended range of
densities of biodiesel should range from 0.86 to 0.90 kg/liter. The density of Azadirachta indica oil and
fraction biodiesel samples ranged from 0.70–0.91 kg/liter. The density value has great influence on
some properties of the biodiesel concerning the engine efficiency including injection timing, injection
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system and spray properties. Lower density biodiesel has lower engine efficiency and higher density
value exhibits greater mass of biodiesel introduced into the injection system [35].

Table 3. Densities (kg/dm3) of biodiesel produced from Azadirachta indica seed oil and its fractions.

Catalyst Conc. of Catalyst (%) Densities (kg/dm3)

HCl

Azadirachta indica oil F-1 F-2 F-3 F-4
20 0.90 0.89 0.87 0.81 0.84
40 0.89 0.86 0.87 0.76 0.83
60 0.86 0.80 0.81 0.75 0.82
80 0.85 0.81 0.79 0.75 0.81
100 0.84 0.80 0.78 0.74 0.81

KOH

0.2 0.86 0.85 0.82 0.82 0.90
0.4 0.84 0.84 0.80 0.81 0.90
0.6 0.83 0.82 0.78 0.78 0.88
0.8 0.82 0.80 0.75 0.78 0.76
1.0 0.80 0.79 0.75 0.77 0.70

Lipase

1 0.86 0.90 0.89 0.86 0.85
2 0.80 0.90 0.89 0.76 0.84
3 0.80 0.88 0.87 0.76 0.84
4 0.80 0.86 0.87 0.75 0.82
5 0.79 0.84 0.81 0.75 0.75

The saponification value or saponification number of Azadirachta indica biodiesel synthesized by
using several catalyst concentrations is given in the Table 4. The saponification value or number relies
on fatty acid concentration present in the biodiesel and the molecular weight. The existence of fatty
acids with short chains of alkyl groups in biodiesel is also indicated by the saponification number.
Using a KOH catalyst, higher saponification values of Azadirachta indica biodiesel were observed. This
indicated high volatilities of the synthesized biodiesel. This might be supportive in burning Azadirachta
indica biodiesel easily and efficiently to avoid the backfire. This happens in diesel engines when
unburned fuel meets hot parts that are close enough to the tip, where oxygen is present, to explode
spontaneously. However, it is quite rare for this to happen. This property is reflected in the existence
of the small chained fatty acids or methyl esters.

Table 4. Saponification values (mg KOH/g) of biodiesel from Azadirachta indica seed oil and its
various fractions.

Catalyst Conc. of Catalyst (%) Saponification Number

HCl

Azadirachta indica oil F-1 F-2 F-3 F-4
20 270.2 ± 4.5 202.9 ± 4.1 270.2 ± 4.7 202.9 ± 4.1 270.2 ± 4.7
40 270.2 ± 4.5 214.1 ± 4.2 146.8 ± 2.6 191.9 ± 2.9 158.0 ± 2.5
60 171.9 ± 2.5 158.0 ± 2.6 191.7 ± 2.9 101.9 ± 2.1 158.0 ± 2.5
80 202.9 ± 4.1 214.1 ± 2.1 180.5 ± 2.8 101.9 ± 2.1 202.9 ± 4.2

100 281.4 ± 4.8 124.4 ± 2.2 191.7 ± 2.9 146.4 ± 2.4 109.7 ± 2.9

KOH

0.2 308.5 ± 5.3 249.0 ± 4.5 270.2 ± 4.7 281.4 ± 4.8 214.1 ± 4.1
0.4 341.5 ± 5.5 204.9 ± 4.1 281.4 ± 4.8 276.8 ± 4.7 259.0 ± 4.5
0.6 360.0 ± 5.6 156.1 ± 2.5 281.4 ± 4.8 270.2 ± 4.7 136.6 ± 2.3
0.8 371.2 ± 5.7 185.8 ± 2.8 191.7 ± 2.9 270.2 ± 4.7 270.2 ± 4.7
1 376.1 ± 5.8 178.5 ± 2.7 214.1 ± 4.2 259.5 ± 4.5 225.3 ± 4.2

Lipase

1 214.1 ± 4.2 158.0 ± 2.5 202.9 ± 4.3 226.3 ± 4.2 124.4 ± 2.2
2 202.9 ± 4.1 180.5 ± 2.8 124.4 ± 2.4 157 ± 2.5 169.2 ± 2.6
3 191.7 ± 2.9 146.8 ± 2.4 191.7 ± 2.9 124.4 ± 2.2 101.9 ± 2.1
4 191.7 ± 2.9 135.6 ± 2.3 169.2 ± 2.6 134.6 ± 2.3 101.9 ±2.1
5 180.5 ± 2.8 158.0 ± 2.5 214.1 ± 4.1 134.6 ± 2.3 124.4 ± 2.2

Furthermore, a high saponification number also articulates the presence of carboxylic groups in
high amounts in the biodiesel. In the present study, the maximum saponification value was 376 mg
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KOH/g of biodiesel sample synthesized by the pure Azadirachta indica oil using 1% KOH catalyst (w/w
of oil), while the minimum saponification value (136.6 mg KOH/g) of biodiesel sample produced by
the F4 fraction. Using the HCl catalyst, a maximum saponification value (281.4) of pure Azadirachta
indica oil biodiesel was shown using 100% HCl catalyst (w/w of oil) and the minimum value (101.9) for
the F3 fraction was observed using 60% and 80% HCl catalyst w/w of oil. Using the lipase enzyme
catalyst, a maximum saponification value (226.3) was observed for the F3 fraction using 1% lipase
enzyme catalyst (w/w of oil), while the minimum SP value (101.9) was observed for the F4 fraction
using 3% and 4% lipase enzyme catalyst (w/w of oil).

The iodine values (IV) of Azadirachta indica biodiesel are shown in Table 5. The minimum iodine
value (37.2) for the Azadirachta indica biodiesel was found for the biodiesel synthesized using 20% HCl
catalyst w/w of oil, while the maximum iodine value (218.4) was shown by pure Azadirachta indica
oil transesterified using KOH 0.8% w/w of oil. Iodine value relies on the unsaturated fatty acid and
indicate double bound present in biodiesel sample [36]. According to European standards, iodine
values equal to or less than 120 is preferable for biodiesel produced for consumption. However, in
American standards, no iodine value is specified. Unsaturation represented by the iodine value reflects
the chance of biofuel solidification [37]. The greater the unsaturation, the greater the iodine value will
be. High unsaturation in the biofuel may cause deposition as breakage of some weak bonds results in
polymerization or leads to epoxide formation in the engine at high temperatures. A careful examination
of Table 5 shows that biodiesel produced from Azadirachta indica oil had higher iodine values. However,
fractionation of Azadirachta indica oil into various components was useful for producing better quality
biodiesel with lower iodine values. The production of biodiesel from oil fractions (F1–F4) as compared
to whole oil was advantageous, as evidenced by the great oxidative stabilities of oil fractions (F1–F4).
Cloud point and pour point are important physical properties of any liquid fuel. Some fractions
produced under vacuum produced high-quality biodiesel with comparatively much better cloud, pour
points and Cold Filter Plugging Point than Azadirachta indica oil (Table 6). In fractionation, oil was
separated into various fractions. It was expected that some fractions will have better properties than
oil and others. As oil comprises all components so it displayed intermediate properties.

Cetane number (CN) is a biofuel quality parameter. CN is one of the factors that determines
the ignition capability and depends on the fatty acid or methyl ester composition in the biodiesel.
It influences the engine efficiency and ignition power after injection of biofuel [38]. In the present
study, the CN value ranged from 9.1–87.3 (Table 7). None of biodiesel sample produced from pure
Azadirachta indica oil met standard biodiesel cetane number requirements. However, the fractionation
process improved the centane number of produced biodiesels. Cetane number of all biodiesel samples
produced from Azadirachta indica oil fractions was in the recommended range. Biodiesel offers the
advantage of a direct replacement for ordinary diesel. In the present study, we propose a much cheaper
and simpler method named high vacuum fractional distillation as an alternative to refining to produce
high quality biodiesel with desired fuel properties. The cetane number of commonly occurring fatty
acids methyl esters are as follows: palmitic (85.9), palmitoleic (51.0), stearic (101.0), oleic (59.3), and
linoleic (38.2).

109



Energies 2020, 13, 2858

T
a

b
le

5
.

Io
di

ne
va

lu
es

of
bi

od
ie

se
lf

ro
m

A
za

di
ra

ch
ta

in
di

ca
se

ed
oi

l.

C
a

ta
ly

st
C

o
n

c.
o

f
C

a
ta

ly
st

(%
)

Io
d

in
e

V
a

lu
e

O
x

id
a

ti
v

e
S

ta
b

il
it

y
a

t
1

1
0
◦ C

(I
n

d
u

ct
io

n
T

im
e
/h

)

H
C

l

A
za

di
ra

ch
ta

in
di

ca
oi

l
F-

1
F-

2
F-

3
F-

4
A

za
di

ra
ch

ta
in

di
ca

oi
l

F-
1

F-
2

F-
3

F-
4

20
11

5.
2
±2

.5
51

.2
±1

.1
66

.3
±1

.3
44

.1
±0

.9
37

.2
±0

.5
11

.4
28

.8
21

.3
18

.7
13

.4
40

12
9.

6
±2

.1
52

.4
±1

.1
69

.6
±1

.4
44

.3
±0

.9
40

.2
±0

.6
11

.8
28

.7
22

.4
19

.4
13

.2
60

12
6.

4
±2

.2
60

.4
±1

.3
70

.0
±1

.8
48

.4
±0

.8
41

.8
±0

.4
11

.7
27

.9
23

.1
19

.3
13

.3
80

11
0.

4
±3

.1
61

.2
±1

.3
71

.2
±1

.9
49

.2
±0

.5
43

.6
±0

.6
11

.6
26

.9
22

.7
19

.2
13

.5
10

0
11

8.
0
±1

.2
61

.4
±1

.4
72

.1
±2

.5
49

.3
±0

.4
45

.2
±0

.4
11

.8
29

.8
22

.5
19

.1
13

.9

K
O

H

0.
2

19
2.

0
±2

.7
62

.0
±1

.3
63

.2
±1

.9
25

.2
±0

.5
41

.2
±0

.4
11

.3
28

.4
22

.6
19

.4
13

.8
0.

4
10

3.
2
±1

.9
66

.0
±1

.6
64

.0
±1

.7
43

.6
±0

.4
46

.4
±0

.6
11

.4
28

.3
22

.5
18

.9
13

.8
0.

6
18

4.
8
±2

.6
67

.3
±1

.6
65

.2
±1

.5
55

.2
±0

.4
47

.5
±0

.6
11

.3
27

.7
22

.8
18

.7
13

.7
0.

8
21

8.
4
±3

.1
68

.1
±1

.7
71

.2
±1

.5
79

.2
±2

.1
48

.2
±0

.7
11

.7
27

.5
21

.8
18

.9
13

.6
1

20
1.

6
±3

.5
69

.6
±1

.7
71

.4
±1

.6
91

.2
±2

.6
48

.8
±0

.6
11

.8
27

.3
22

.6
18

.7
13

.8

Li
pa

se

1
11

0.
4
±2

.5
67

.2
±1

.6
62

.0
±1

.5
55

.2
±1

.8
38

.0
±0

.5
11

.3
28

.9
22

.8
18

.6
13

.5
2

10
9.

9
±2

.6
68

.1
±1

.6
66

.3
±1

.7
55

.2
±1

.6
38

.4
±0

.7
11

.8
28

.1
22

.7
18

.8
13

.2
3

11
3.

9
±1

.6
69

.1
±1

.7
68

.0
±1

.8
55

.2
±1

.7
43

.2
±0

.7
11

.6
28

.2
22

.8
18

.9
13

.8
4

11
4.

6
±1

.7
69

.2
±1

.5
69

.2
±1

.8
58

.4
±1

.9
45

.2
±0

.8
11

.8
28

.5
22

.7
18

.6
13

.4
5

12
9.

6
±1

.9
69

.8
±1

.5
68

.8
±1

.5
59

.3
±1

.8
47

.2
±0

.9
11

.6
28

.4
22

.6
18

.8
13

.6

110



Energies 2020, 13, 2858

T
a

b
le

6
.

C
P,

PP
an

d
C

FP
P

(◦
C

)o
fv

ar
io

us
bi

od
ie

se
ls

am
pl

es
.

S
R

.
C

a
ta

ly
st

C
o

n
c.

%
A

za
di

ra
ch

ta
in

di
ca

O
il

F
-1

F
-2

F
-3

F
-4

C
P

PP
C

FP
P

C
P

PP
C

FP
P

C
P

PP
C

FP
P

C
P

PP
C

FP
P

C
P

PP
C

FP
P

1

H
C

l

20
2.

1
0.

2
−3

.1
0.

1
−4

.5
−1

0.
1

1.
2

0.
4
−6

.2
6.

3
1.

2
−5

.3
2.

3
0.

5
−3

.3
2

40
1.

5
−1

.3
−2

.9
1.

4
−1

.2
− 1

0.
2

1.
1

−0
.7
−6

.2
5.

4
0.

9
−5

.2
0.

4
−0

.4
−3

.2
3

60
1.

1
−1

.8
−3

.0
2.

1
−1

.9
− 1

0.
0
−0

.3
-2

.5
−6

.3
4.

3
0.

8
−5

.0
0.

8
−1

.2
−3

.0
4

80
1.

0
−1

.1
−2

.9
2.

3
−3

.2
− 1

0.
3

3.
8

0.
1
−6

.3
4.

7
0.

9
−5

.3
0.

1
−0

.3
−3

.2
5

10
0

0.
9

−0
.4

−2
.8

2.
7

−0
.7

− 1
0.

4
1.

3
−0

.5
−6

.1
5.

9
1.

1
−5

.4
1.

2
−0

.7
−3

.1

6

K
O

H

0.
2

−0
.4

−4
.6

−5
.1

−0
.1

−4
.5

−1
1.

1
−2

.6
−4

.9
−7

.1
1.

6
−1

.3
−5

.1
−0

.9
−4

.6
−4

.1
7

0.
4

−0
.6

−4
.8

−5
.0

−0
.3

−3
.4

− 1
1.

0
0.

1
−1

.1
−6

.0
9

4.
5

−5
.0

0.
4

−1
.3

−4
.0

8
0.

6
−0

.4
−4

.2
−5

.0
−2

.1
−4

.5
− 1

1.
1

0.
4

−1
.2
−6

.2
8.

4
4.

7
−5

.2
0.

6
−2

.3
−4

.1
9

0.
8

−0
.5

−4
.7

−5
.8

−2
.5

−4
.8

− 1
1.

2
0.

1
−1

.1
−6

.2
2.

7
−0

.3
−5

.2
0.

7
−2

.5
−4

.2
10

1
−0

.3
−4

.4
−5

.6
−2

.4
−4

.4
− 1

1.
3

0.
3

−1
.0
−6

.3
10

6.
6

−5
.2

0.
8

−2
.7

−4
.3

11

Li
pa

se

1
1.

1
−3

.1
−3

.4
7.

2
3.

8
−1

2.
0

5.
0

3.
5
−6

.0
15

11
−5

.0
1.

7
−2

.8
−4

.0
12

2
2.

1
−0

.1
−2

.9
5.

2
3.

5
−1

2.
2

5.
2

3.
0
−6

.2
14

10
−5

.1
2.

3
−0

.2
−4

.2
13

3
2.

8
−3

.1
−3

.3
8.

2
3.

4
− 1

2.
0

5.
4

2.
8
−6

.0
15

13
−5

.0
1.

3
−3

.1
−4

.0
14

4
3.

8
2.

9
−2

.9
6.

2
3.

5
− 1

2.
9

8.
4

5.
2
−6

.9
15

12
−4

.9
1.

1
−0

.7
−4

.7
15

5
5.

6
5.

1
−2

.7
5.

1
3.

2
− 1

2.
3

9.
2

5.
0
−6

.3
13

11
−5

.1
3.

5
2.

3
−4

.6

D
ie

se
lo

il
(C

P,
◦ C

)
D

ie
se

lo
il

(P
P,
◦ C

)
D

ie
se

lo
il

(C
FP

P,
◦ C

)

−1
5

to
−5

−3
5

to
−1

5
−8

111



Energies 2020, 13, 2858

T
a

b
le

7
.

C
et

an
e

nu
m

be
rs

of
bi

od
ie

se
lp

ro
du

ce
d

fr
om

A
za

di
ra

ch
ta

in
di

ca
se

ed
oi

la
nd

it
s

va
ri

ou
s

fr
ac

ti
on

s.

C
a

ta
ly

st
C

o
n

c.
o

f
C

a
ta

ly
st

(%
)

C
e

ta
n

e
N

u
m

b
e

r
4

7
M

in
im

u
m

(A
S

T
M

D
6

7
5

1
)

K
in

e
m

a
ti

c
V

is
co

si
ty

a
t

4
0
◦ C

(m
m

2
/s

)
3

.5
–

5
.0

(A
S

T
M

D
6

7
5

1
)

C
a

lo
ri

fi
c

V
a

lu
e

(M
J/

k
g

)

H
C

l

A
za

di
ra

ch
ta

in
di

ca
oi

l
F-

1
F-

2
F-

3
F-

4
A

za
di

ra
ch

ta
in

di
ca

oi
l

F-
1

F-
2

F-
3

F-
4

A
za

di
ra

ch
ta

in
di

ca
oi

l
F-

1
F-

2
F-

3
F-

4
20

37
.8

58
.9

48
.8

60
.5

55
.3

4.
8

4.
3

4.
4

4.
5

4.
7

37
.1

3
36

.5
2

37
.3

7
38

.3
1

39
.4

8
40

34
.5

57
.2

65
.0

61
.9

68
.9

4.
8

4.
3

4.
4

4.
5

4.
7

37
.1

5
36

.5
2

37
.4

1
38

.3
6

39
.5

3
60

46
.8

64
.4

56
.2

86
.1

68
.6

4.
8

4.
3

4.
3

4.
5

4.
6

37
.1

5
36

.5
9

37
.4

1
38

.3
8

39
.5

6
80

45
.5

55
.2

57
.7

85
.9

60
.6

4.
7

4.
2

4.
3

4.
4

4.
6

37
.2

0
36

.6
0

37
.4

3
38

.3
9

39
.5

8
10

0
36

.3
73

.5
55

.7
69

.6
83

.1
4.

7
4.

2
4.

2
4.

4
4.

5
37

.2
1

36
.6

0
37

.4
9

38
.4

5
39

.5
9

K
O

H

0.
2

17
.9

51
.5

49
.5

57
.2

59
.7

4.
8

4.
3

4.
4

4.
5

4.
7

37
.2

5
36

.5
0

37
.3

1
38

.3
3

39
.4

5
0.

4
36

.3
55

.3
48

.5
53

.4
54

.1
4.

7
4.

2
4.

4
4.

4
4.

6
37

.2
8

36
.5

1
37

.3
2

38
.3

5
39

.5
1

0.
6

17
.1

63
.3

48
.2

51
.3

72
.8

4.
7

4.
2

4.
4

4.
4

4.
6

37
.2

9
36

.5
3

37
.3

8
38

.3
6

39
.5

4
0.

8
9.

1
57

.5
55

.9
45

.9
52

.8
4.

7
4.

2
4.

3
4.

4
4.

6
37

.3
1

36
.5

5
37

.3
9

38
.3

8
39

.5
6

1
12

.6
58

.4
52

.9
44

.0
56

.7
4.

7
4.

2
4.

3
4.

3
4.

4
37

.3
4

36
.5

6
37

.4
0

38
.4

1
39

.5
6

Li
pa

se

1
44

.1
62

.9
56

.5
55

.2
78

.8
4.

8
4.

3
4.

4
4.

5
4.

7
37

.1
9

36
.5

7
37

.4
0

38
.3

2
39

.4
7

2
46

.7
58

.4
72

.5
65

.8
67

.1
4.

8
4.

3
4.

2
4.

5
4.

7
37

.2
1

36
.5

7
37

.4
1

38
.3

2
39

.5
1

3
46

.3
65

.1
56

.7
74

.9
87

.3
4.

7
4.

2
4.

2
4.

4
4.

6
37

.2
4

36
.5

9
37

.4
6

38
.3

5
39

.5
2

4
46

.1
68

.2
60

.2
70

.9
86

.9
4.

7
4.

1
4.

2
4.

4
4.

5
37

.2
5

36
.5

9
37

.4
8

38
.3

5
39

.5
5

5
44

.6
62

.3
53

.5
70

.7
76

.7
4.

7
4.

1
4.

2
4.

3
4.

5
37

.2
6

36
.6

0
37

.4
8

38
.3

9
39

.5
6

D
ie

se
lo

il
D

ie
se

lo
il

D
ie

se
lo

il

46
2.

0–
4.

5
(m

m
2 /

s)
at

40
◦ C

44
.8

0
M

J/
kg

112



Energies 2020, 13, 2858

A previous study [39] was undertaken with similar objectives such as development of cost-effective
processing technology, and elimination of degumming, esterification and dehydration steps from the
oil purification processes by conducting a supercritical extraction using CO2 [39].

However, when capital investment and processing cost of high vacuum fractional distillation
(HVFD) used in the present study is compared with a supercritical extraction using CO2, HVFD is a
much cheaper and simpler alternative. HVFD does not add to the cost of biodiesel as it is an alternative
route for oil purification. In another previous study [40], supercritical fluid carbon dioxide was used
to separate out biodiesel fraction from impure fatty acid methyl ester (FAME) solution mixes. The
disadvantage of doing fractionation after production of methyl esters is the production of a number of
useless byproducts, which does not happen in HVFD. Secondly, the prior methodology does not bring
any significant improvements in the cetane number, cloud point or pour point of biodiesel.

4. Conclusions

The following important conclusions can be drawn from the present study:

• Azadirachta indica seed oil can be explored as a renewable and reliable source for
biodiesel production.

• High vacuum fractional distillation (HVFD) process was very effective in producing such fractions
of Azadirachta indica oil which produced better quality biodiesel.

• A superior quality biodiesel was produced from some fractions as presented by oxidative stabilities,
iodine values, cloud points, pour points and cetane numbers.

• Biodiesel produced after fractionation of crude oil offers the advantage that it can be used as a
direct replacement for ordinary diesel.
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Abstract: Today, biofuels are indispensable in the implementation of fossil fuels replacement processes.
This study evaluates ethyl acetate (EA) as a solvent of two straight vegetable oils (SVOs), castor oil
(CO), and sunflower oil (SO), in order to obtain EA/SVO double blends that can be used directly as
biofuels, or along with fossil diesel (D), in the current compression-ignition (C.I.) engines. The interest
of EA as oxygenated additive lies not only in its low price and renewable character, but also in its
very attractive properties such as low kinematic viscosity, reasonable energy density, high oxygen
content, and rich cold flow properties. Revelant fuel properties of EA/SVO double and D/EA/SVO
triple blends have been object of study including kinematic viscosity, pour point (PP), cloud point
(CP), calorific value (CV), and cetane number (CN). The suitability of using these blends as fuels has
been tested by running them on a diesel engine electric generator, analyzing their effect on engine
power output, fuel consumption, and smoke emissions. Results obtained indicate that the D/EA/SO
and D/EA/CO triple blends, composed by up to 24% and 36% EA, respectively, allow a fossil diesel
substitution up to 60–80% providing power values very similar to conventional diesel.In addition,
in exchange of a slight fuel consumption, a very notable lessening in the emission of pollutants as
well as a better behavior at low temperatures, as compared to diesel, are achieved.

Keywords: ethyl acetate; castor oil; sunflower oil; straight vegetable oils; vegetable oil blends;
biofuels; diesel engine; soot emissions; engine power output

1. Introduction

Nowadays, fossil fuels such as coal, oil, and natural gas represent approximately 80% of the world
energy consumption. Furthermore, it is expected that the industrialization, together with the growing
population will increase energy demand in the next years, with the consequent negative effects on
global climate [1]. Thus, it is mandatory the use of renewable energy sources, such as solar, wind,
and biofuels, to avoid damaging the environment [2]. In this scenario, the production of fuels from
biomass has become as one of the best options to provide renewable liquid fuels for transportation.
On one hand, until today, biodiesel has been the mostly employed biofuel as substitute of fossil diesel.
Biodiesel is produced through transesterification of triglycerides from vegetable oils (palm, corn,
soybean, sunflower, etc.) with methanol or ethanol, being a sustainable and environmentally friendly
alternative. Furthermore, it has excellent properties operating in the current diesel engines, not only
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by itself but also in blends with fossil diesel. The main drawback in the biodiesel production is the
generation of glycerol as by-product in around 10 wt. % of the total biodiesel, which makes the biodiesel
production on an industrial scale economically unfeasible. Hence, the competitive commercialization
of biodiesel is still a challenge [3].

On the other hand, the use of SVOs as fuel was already initiated by Rudolph Diesel, when he made
the first demonstration of his compression ignition engine at the 1900 Paris Exposition with peanut
oil, and their usage continued until the 1920s, when diesel engine was adjusted for running with a
fraction of fossil petroleum (currently known as No. 2 diesel fuel) [4]. Nowadays, SVOs are considered
a very attractive alternative to fossil fuels because of their renewable nature and their high availability.
Moreover, some vegetable oils exhibit physicochemical properties analogous to conventional diesel,
excluding their high kinematic viscosity that lead to engine problems (poor fuel atomization and coke
formation). That is the reason why the use of vegetable oils as drop-in biofuels requires previous
treatments (i.e., transesterification reaction to obtain biodiesel) that reduce their viscosity values.

Recently, it has emerged a new methodology, to the direct usage of SVOs as biofuels in C.I. engines,
consisting of blending vegetable oil with a lower viscosity solvent (LVS), instead of undergoing them
chemical process. This approach has the advantage of avoiding the energetic and economic costs
associated to the transesterification process for the biodiesel production. Thereby, the high viscosity
of oils can be reduced to limits imposed by EN 590 standard to operate in the present diesel engines.
In this respect, an intensive investigation about different LVSs used as fuels has been reported in
literature, including different alcohols (methanol, ethanol, and n-butanol) [5–8] and light vegetable oils
(eucalyptus, camphor, orange, and pine oils) [9–12]. Generally, these compounds have been designated
as LVLC (low viscous low cetane), since they exhibit low viscosity and energy density values and
sometimes, low cetane number, as compared to conventional diesel [13].

Following this strategy, the low viscosity of gasoline has been harnessed to use it as LVS, in mixtures
with SVOs from several seeds (canola, sunflower, camelina, and carinata). In this way, SVO/gasoline
blends, with a content of gasoline ranging between 10 and 30% in volume, have allowed a higher
level of fossil fuel substitution than their counterparts blends using fossil diesel. Aside from adequate
density and viscosity values for being successfully employed in a diesel engine, the thermal efficiency
of these blends was close to conventional diesel, although the biofuel consumption was approximately
10% higher than that of diesel fossil [14]. Gasoline/SVO blending methodology has been more recently
applied even with castor oil, which has a high viscosity value of 226.2 cSt. Furthermore, this is
non-edible oil, avoiding ethical problems [15]. Thus, it has been reported that diesel/gasoline/castor
oil triple blends generate similar perform to fossil diesel, allowing a substitution of fossil fuel up to
24%. For its part, the same triple blend using sunflower oil provided 36% of fossil fuel substitution.
Other advantages obtained with these diesel/gasoline/SVO blends were a considerably reduction in
smoke opacity as well as a significative improvement of flow properties at cold climates [15].

In addition to gasoline, diethyl ether (DEE) [16] and acetone (ACE) [17] have been employed as
effective LVS of CO and SO, in triple blends with diesel. Both additives can be obtained from ethanol
which, in turn, can be obtained from biomass, making the process more sustainable. Both of these
oxygenated additives were able to lower soot emissions considerably, maintaining a good engine
performance. In spite of favorable fuel properties of DEE and ACE [16,17], the low calorific power
was revealed as the limiting factor to incorporate percentages of biofuel LVS/SVO higher than 40%.
Several studies have also been published fueling a diesel engine with diesel/DEE/SVOs triple blends.
Among the oils employed, it can be highlighted cashew nut shell oil [18], bael oil [19], as well as
sunflower and castor oil [16].

Additionally, ethyl acetate has been evaluated as a potential oxygenated biofuel since can be
readily produced from renewable feedstocks by several processes such as the direct esterification of
ethanol with acetic acid [20], through dehydrogenative dimerization of bioethanol with liberation
of molecular hydrogen [21], or by a biochemical process that includes acidogenic fermentation of
agricultural wastes materials [22]. EA is an environmentally friendly compound that exhibit very low
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kinematic viscosity, high miscibility with VOs and fossil diesel, high oxygen content, high auto-ignition
temperature which makes fuel safer for handling and transportation, and good cold flow properties
(very low PP and CP values) to improve winter engine performance. Hence, the application of EA as
solvent of second-generation oils, i.e., castor oil or waste cooking oils, could be an inexpensive and
valuable alternative to accomplish the replacement of fossil fuel, which is mandatory to realize now
with the operating car fleet.

Prominently improvements have been reported in brake thermal efficiency (BTE) but with a
slightly higher brake specific fuel consumption (BSFC) using ethyl acetate as fuel or additive for C.I.
engines [23]. In addition, exhaust temperature as well as CO, HC, and NOx emissions have been
diminished with this fuel [22–24]. Similarly, the addition of 10% EA to diesel has showed similar
brake specific fuel consumption respect to diesel, but with a notable reduction of soot emissions [25].
On the other hand, the addition of ethyl acetate to some bio-oils has provided important advantages
to enhance the storage stability, thanks to its non-hygroscopic nature [26]. This compound has been
also applied in blends with gasoline, leading to decrease in CO and HC emissions by around 50%
due to high oxygen content of ethyl acetate [27]. Moreover, EA has been also used as a surfactant to
emulsify a 50% diesel/50% ethanol mixture, resulting in an increase in BTE and a decrease in BSFC,
smoke density, particulate matter, exhaust gas temperature, HCs and CO [28].

In this research, the possibility of replacing fossil diesel by renewable biofuels obtained by
blending EA with SVOs, either sunflower or castor oil, has been evaluated. First, the optimum EA/SVO
blends that meet with viscosity requirements according to European normative, were chosen to be
subsequently mixed with diesel fossil. Then, the different EA/SVO double and D/EA/SVO triple
blends have been tested in a C.I. engine. Several parameters were measured, i.e., power output,
fuel consumption and soot emissions. Moreover, some of the most crucial fuel properties, e.g., calorific
value, cetane number, cloud point, pour point, and kinematic viscosity were determined to ascertain
the suitability of the mixtures as (bio)fuels. In addition, all these measurements were performed with
fossil diesel for comparison purposes.

2. Materials and Methods

Table 1 shows the main physicochemical properties of diesel, sunflower oil, castor oil,
and ethyl acetate.

Table 1. Physicochemical properties of fossil diesel, sunflower oil, castor oil, and ethyl
acetate [22,23,27,29,30]. Kinematic viscosity values have been experimentally measured in the
present work.

Property Diesel Sunflower Oil Castor Oil Ethyl Acetate

Density at 15 ◦C (kg/m3) 830.0 920.0 962.0 906.0
Kinematic viscosity at 40 ◦C (cSt) 3.20 37.80 226.20 0.45

Oxygen content (wt. %) 0 10 15 36
Calorific value (MJ/L) 35.52 36.43 38.00 21.55

Flash point (◦C) 66.0 220.0 228.0 −4.0
Auto-ignition temperature (◦C) 250 316 448 460

Cetane number 51 37 40 10

2.1. Ethyl Acetate/Vegetable Oil Double Blends and Diesel/Ethyl Acetate/Vegetable Oil Triple Blends

Sunflower oil was supplied by a local market, castor oil was purchased from Panreac Company
(Castellar Del Vallès, Spain), and ethyl acetate was acquired from Sigma-Aldrich Chemical Company
(St. Louis, MO, USA, ≥99.8% purity). Fossil diesel, used as reference fuel, was purchased from local
Repsol service station. The experimental methodology is shown in Figure 1. The EA/SO and EA/CO
double blends, and D/EA/SO and D/EA/CO triple blends were prepared by manual mixing of the
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different components at room temperature. The mixtures were designated as B20, B40, B60, B80,
and B100, where 100% fossil diesel is indicated as B0 and EA/SVO blend is B100, Table 2.

Figure 1. Scheme of experimental methodology.

Table 2. Diesel/ethyl acetate/sunflower oil blends containing 40% ethyl acetate, and diesel/ethyl
acetate/castor oil blends containing 45% ethyl acetate.

Blend Nomenclature B0 B20 B40 B60 B80 B100

% D 100 80 60 40 20 0

D/EA/SO % EA 0 8 16 24 32 40
% SO 0 12 24 36 48 60

D/EA/CO % EA 0 9 18 27 36 45
% CO 0 11 22 33 44 55

2.2. Characterization of the (Bio)fuel Blends

A fuel is defined by a series of properties that determine its performance in the engine,
and consequently, its commercialization. Blends properties, including kinematic viscosity, pour point,
cloud point, calorific value and cetane number, were determined through predictive equationsor
experimental methodology described below.

2.2.1. Kinematic Viscosity

The existence of maximum and minimum limits for the viscosity of a fuel is required for ensuring
the engine works without any risk, and fuel injection system is unaffected [31]. The viscosity measures
of mixtures were carried out in an Ostwald-Cannon-Fenske capillary viscometer (Proton Routine
Viscometer 33,200, size 150) at 40 ◦C, according to the European standard EN ISO 3104 test method
and following the methodology described in previous works [16,17].

2.2.2. Pour Point (PP) and Cloud Point (CP)

Cloud point and pour point are cold flow properties responsible for solidification of fuel at cold
operating conditions. At low temperatures, fuel crystallization results in clog to fuel lines and filters,
which causes problems to start engine as a consequence of the lack of fuel [32].

CP and PP measurements have been performed following the EN 23015/ASTM D-2500 and ISO
3016/ASTM D97 standards, respectively. The experiments are performed in accordance with the
procedure described in previous investigations [16,17]. All results are presented as average values of
duplicate determinations and error is calculated as standard deviation.
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2.2.3. Calorific Value

Calorific value (CV) is a crucial fuel property since it is directly related to power output of the
engine [30]. This parameter has been determined following the Kay Mixing rule (Equation (1)):

CV =
∑

i
CViXi (1)

where CVi is the calorific value of each component and Xi is the volumetric fraction of every
component [33].

2.2.4. Cetane Number

Cetane number (CN) is one of key parameters to define the ignition quality of a fuel in a diesel
engine. In general, CN of fuels must be above 51, as according norm EN 590, to facilitate autoignition
and provide short ignition delay. However, CN values too high can cause the ignition delay is
very short and combustion may start before the fuel and air are properly mixed, leading to an
incomplete combustion [34]. Experimental determination of the CN of a fuel is a procedure tedious and
expensive, and therefore estimation of cetane number of mixtures is carried out using the following
simple equation:

CN =
∑

i
CNiXi (2)

where CNi is the cetane number of each component and Xi is the volumetric fraction of every
component [33].

2.3. Performance of a Diesel Engine-Electrogenerator Set Fuelled with EA/SVO and D/EA/SVO Blends

The performance and soot emissions of a diesel engine-electric generator set have been analyzed
following the same experimental methodology previously reported [15–17]. Engine specifications
are shown in Table 3. In addition, the operating conditions of the engine were not modified during
the tests.

Table 3. Specifications of the Diesel Engine-Electrogenerator Set.

Model AYERBE 4000 Diesel

Alternator LINZ-SP 10MF 4.2 KVA
Engine YANMAR LN-70 296 cc 6.7 HP
Speed 3000 rpm

Maximum power 5 KVA
Voltage 230 V

Consumption 1.3 L/H (75%)

The electrical power (P) in watts can be easily calculated using a voltmeter-ammeter by application
of Equation (3):

P = V·I (3)

where V is the potential difference or voltage (in volts) and I is the electric current intensity or amperage
(in amps).

The contamination degree (measured in Bosch number units) was determined from the opacity
of the smoke generated in the combustion process, using a smoke density tester. In this research,
the smoke density was measured by an opacimeter-type TESTO 338 density gauge (or Bosch smoke
meter), Figure 2, according to standard method ASTM D-2156. The measurement range for smoke
density is 0 to 2.5 with ±0.03 accuracy, where the value 0 represents total clarity on the paper and 2.5 is
the corresponding value to 100% cloudy.
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Figure 2. Mechanical and environmental characterization of diesel engine-electrogenerator set [17].

The fuel consumption of diesel engine (in liters per hour) is calculated supplying to engine an
identical fuel volume (0.5 L) of each proposed (bio)fuel and measuring the volume consumed after
a specified time. These measurements were performed at three engine loads that are representative
of low (1 kW), medium (3 kW), and high (5 kW) power demands of the engine. Tests were done in
triplicate and the results are shown as average along with standard deviation, represented as error bars.

3. Results and Discussion

3.1. Fuel Properties of EA/SVO Double Blends, and D/EA/SVO Triple Blends

The kinematic viscosity results for ethyl acetate/sunflower oil (EA/SO) and ethyl acetate/castor oil
(EA/CO) double blends are shown in Table 4. As can be noticed, a remarkable decrease in the viscosity
values of SVOs was achieved by the use of ethyl acetate as solvent, as expected. In fact, only a 20%
of EA reduce the viscosity of CO from 226.2 cSt to 26.26 cSt, while the same proportion of EA get to
decrease the SO viscosity value from 37.80 to 11.52 cSt. Thus, increasing the volume of ethyl acetate
in the blends we are able to fulfill the viscosity values for being employed as fuels in C.I. engines,
as establish the European standard EN 590 ISO 3104. It is noticeable the stronger influence of EA on
castor oil, in comparison with SO, to reduce the very higher viscosity value of this oil. Following the
European normative (viscosities between 2.0 and 4.5 cSt), the blends with suitable viscosity values
which were selected for the reformulation of diesel are obtained with a proportion 40/60 of EA/SO and
45/55 of EA/CO, Table 4.

Table 4. Viscosity values at 40 ◦C (cSt, centistokes) of ethyl acetate (EA)/sunflower oil (SO) and
EA/castor oil (CO) double blends. Errors expressed as standard deviation have been calculated from
average three measurement.

Property Blend
Ethyl Acetate (% by Volume)

0 20 40 45 50 100

Kinematic
viscosity (cSt)

EA/SO 37.80 ± 0.46 11.52 ± 0.30 4.42 ± 0.04 3.76 ± 0.06 3.16 ± 0.06 0.45 ± 0.01
EA/CO 226.20 ± 0.55 26.26 ± 0.06 5.97 ± 0.07 4.47 ± 0.06 3.46 ± 0.12 0.45 ± 0.01

The best EA/SO and EA/CO double blends, containing 40% an 45% of ethyl acetate, respectively,
were employed to prepare the D/EA/SVO triple mixtures by addition of different volumetric proportions
to fossil diesel, which vary from 20% to 80% (B20 to B80). The kinematic viscosity results of triple
mixtures are shown in Figure 3. As can be seen, the incorporation of the EA/SVO biofuels, from B0
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to B100, promotes a slight increment in viscosity values of all blends, which was expected since they
exhibit higher viscosities than fossil diesel. In general, the viscosities of the blends fulfill with European
regulations EN 590, being in the range of 3.23–4.47 cSt.
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Figure 3. Kinematic viscosity values at 40 ◦C of diesel/ethyl acetate/sunflower oil (D/EA/SO) and
diesel/ethyl acetate/castor oil (D/EA/CO) triple blends. The results are the average of three measurements
and errors are represented as standard deviation through error bars.

Cloud point, pour point, calorific values, and cetane number of triple blends with SO are collected
in Table 5, whereas those with CO are collected in Table 6. Flow properties of diesel at low temperatures
are greatly improved by the presence of EA in the D/EA/SVO blends, independently on the vegetable
oil employed. In fact, a small percentage of ethyl acetate (8% in B20 blends with SO) generates
a significant decrease in the pour point (PP), from −16.0 to −19.9 ◦C, and in the cloud point (CP),
from −6.0 to −12.0 ◦C. Likewise, the triple blend with 11% of castor oil and 9% of EA reaches a reduction
in PP and CP of up to 5 ◦C and 7 ◦C, respectively. Based on these results, the blends which exhibit
the best behavior at low temperature are composed by 40% of biofuel, i.e., 60/16/24 (D/EA/SO) and
60/18/22 (D/EA/CO), which has conducted to a reduction of up to 4.2–6.0 ◦C in PP and 7.6–9.8 ◦C in
CP. Particularly, blends with castor oil as SVO allow to obtain a slight improvement of CP and PP
than their counterparts with sunflower oil. This behavior is very similar to that found using others
compounds such as diethyl ether [16] or acetone [17] as additives in triple mixtures with the SVOs.

Table 5. Cloud point, pour point, calorific value and cetane number of diesel/ethyl acetate/sunflower oil
triple blends (EA = 40%). Errors have been calculated from average three measurement and expressed
as standard deviation.

Diesel/Ethyl Acetate/Sunflower Oil Blend

Nomenclature
(% Renewable)

B0 B20 B40 B60 B80 B100
100/0/0 80/8/12 60/16/24 40/24/36 20/32/48 0/40/60

Cloud point (◦C) −6.0 ± 1.0 −12.0 ± 1.0 −13.6 ± 0.9 −12.5 ± 0.5 −12.2 ± 0.8 −10.6 ± 1.0
Pour point (◦C) −16.0 ± 1.2 −19.9 ± 0.8 −20.2 ± 1.1 −18.5 ± 0.7 −18.1 ± 1.0 −19.0 ± 0.8
Calorific value

(MJ/L) 35.52 34.51 33.50 32.49 31.49 34.38

Cetane number 51.00 46.04 41.08 36.12 31.16 26.20
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Table 6. Cloud point, pour point, calorific value and cetane number of diesel/ethyl acetate/castor oil
triple blends (EA = 45%). Errors have been calculated from average three measurements and expressed
as standard deviation.

Diesel/Ethyl Acetate/Castor Oil Blend

Nomenclature
(% Renewable)

B0 B20 B40 B60 B80 B100
100/0/0 80/9/11 60/18/22 40/27/33 20/36/44 0/45/55

Cloud point (◦C) −6.0 ± 1.0 −13.0 ± 1.0 −15.8 ± 0.7 −12.0 ± 0.6 −11.0 ± 1.0 −12.2 ± 1.0
Pour point (◦C) −16.0 ± 1.2 −21.0 ± 1.0 −22.0 ± 1.0 −19.4 ± 0.8 −18.5 ± 0.6 −20.0 ± 0.9

Calorific value (MJ/L) 35.52 34.54 33.55 32.57 31.58 30.60
Cetane number 51.00 46.10 41.20 36.30 31.40 26.50

Regarding the calorific values for triple blends (Tables 5 and 6), as the percentage of ethyl acetate in
the blend increase, the calorific value decrease. This is logical since EA exhibits a lower calorific value
than both, diesel, and SVOs. Therefore, the most favourable results are found in the B20 triple blends,
which have the highest calorific values, 34.51 MJ/L for the blends with sunflower oil (2.84% lower than
diesel), and 34.54 MJ/L for the blends with castor oil (2.76% lower than diesel), while the B80 triple
blends with highest biofuel content (80%) show the lowest calorific values of 31.49 and 31.58 MJ/L, i.e.,
11.35 and 11.09% lower than diesel, for SO and CO blends respectively. As can be observed, there is
no appreciable differences between calorific values of blends containing either sunflower or castor
oil, since both oils display a comparable calorific power (see Table 1). Overall, the calorific value of
biofuels EA/SVO studied was around 14% lower than that of diesel (B0).

The results related to cetane number (Tables 5 and 6) of blends with SO and CO were very similar
among them, showing a decrease in cetane number values as EA/SVO ratio increases. It can be seen
that the cetane number of all blends is below 51, which is the minimum cetane number of diesel in
European standard EN 14214. Therefore, the ignition delay of these fuels is expected to be longer
respect to conventional diesel fuel.

3.2. Performance of a Diesel Engine Operating as Electric Generator

According to the characterization results, the mixtures proposed as (bio)fuels that comply with
kinematic viscosity requirements stablished by European normative EN 590, were tested in a diesel
engine. The engine loads employed for the tests were 0, 1000, 2000, 3000, 4000, and 5000 W. Figure 4
illustrates the impact of engine load on engine performance fueled with the different D/EA/SVO triple
blends, containing SO (Figure 4a) and CO (Figure 4b). Furthermore, the performance of EA/SVO (B100)
and fossil diesel were also included for comparison.

Generally, as the power supplied increases up to 4000 W, the power output also increases, whereas
the highest engine load (5000 W) generated a drop in power output of engine. This behaviour is
observed with D/EA/SO blends containing up to 60% of biofuel, and with D/EA/SO blends containing
up to 80% of biofuel. On the contrary, blends B80 with SO and EA/SVO double blends display a different
trend: firstly, the power generated increases from 0 to 3000 W; then, it falls down from 3000 to 4000 W;
and finally, it remains stable when the highest load is applied to engine. It is noteworthy that, at the
highest load conditions, i.e., 4000 and 5000 W, the blends D/EA/CO exhibit very similar or even higher
power output values than diesel. Thus, fuels composed by up to 60% of biofuel, EA/SO (B20–B60),
and up to 80% of biofuel EA/CO (B20–B80) revealed a very notable efficiency on engine. However,
higher concentrations of EA/SVO led to a worst engine performance, in comparison with conventional
diesel or analogous mixtures with lower biofuel content. Be that as it may, it is very interesting the
fact that the EA/SVO double blends allow the running on engine without employing any fossil diesel
content, which means a 100% of diesel substitution for renewable compounds. This achievement
is even more remarkable for biofuel containing castor oil, since the decrease in the power output is
between 7% and 30% in respect to diesel, which is lower than that obtained for biofuel with sunflower
oil (50–74% lower than diesel). Usually, triple mixtures with castor oil exhibit better behavior as
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(bio)fuels than those containing sunflower oil in any proportion investigated. In this sense, the usage
of castor oil as part of these triple mixtures not only improves the power results as compared to
sunflower oil, but also achieves better results with regard to fossil diesel, even with higher percentages
of ethyl acetate up to 36% (B20–B80 blends). Taking into account that both SVOs exhibit very similar
calorific values (Table 1), the better behavior of CO could be due to the higher cetane number of this
oil, which improves the combustion quality. The progressive reduction in the engine performance
observed with the blends B20 to B100 could be attributed to the low calorific value that ethyl acetate
exhibit. Hence, a higher proportion of EA in the blend would promote the reduction in the energy
content of blends (Table 1). This fact agreed with the results reported in previous investigations
where triple blends containing ethanol [6], diethyl ether [16], or acetone [17] were employed as LVLCs.
Nonetheless, the influence of other operating parameters on engine performance cannot be ruled out.
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Figure 4. Power output (W) at different engine loads (1000–5000 W) for (a) diesel/ethyl acetate/sunflower
oil; (b) diesel/ethyl acetate/castor oil blends. The error in measurements was always less than 3%.

3.3. Smoke Emissions: Opacity

Figure 5 shows the smoke emissions (expressed in Bosch number) of the different blends tested.
As can be seen, the higher the amount of EA/SVO in the blend, the higher the reduction of soot
emissions. As we previously reported, this behavior is explained by the increase of the oxygen content
in the fuel. Oxygen acts reducing the formation of rich zones and promoting the oxidation of soot
nuclei during fuel combustion. Although the oxygen content is the dominant factor on soot emissions,
in turn a lower cetane number has also demonstrated to decrease soot particles emissions due to
that a longer ignition delay provides more time for the premixing of fuel and air prior to the start of
combustion, which increases the oxidation of soot particles [35].

Accordingly, the lowest opacity values are obtained with pure biofuels EA/SVO (B100),
independently on the vegetable oil used, since they have the highest concentration of EA and
the lowest CN. These B100 blends decrease soot emissions up to 85% when sunflower oil is employed
and up to 96% for the blends containing castor oil as SVO. For B20–B80 D/EA/SO triple blends,
the opacity is reduced from 16 to 80% of the total opacity value attained with fossil diesel, Figure 5a.
For its part, the reduction is even higher when B20–B80 D/EA/CO triple blends are employed, up to
94% lower than opacity obtained with diesel for B80 blend, Figure 5b. The slightly better behavior
obtained with CO blends can be attributed to the lower presence of unsaturation that ricinoleic acid of
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CO exhibit, in comparison to that exhibit by linoleic acid of SO. As it is well-known, unsaturation in
fuels contributes to the formation of soot precursor species [36]. The results are in agreement with
previous studies where triple mixtures with other oxygenated compounds reported a similar behavior
in term of emissions reduction [6,16,17].
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Figure 5. Smoke emissions (Bosch number) at different engine loads (1000–5000 kW) for (a) diesel/ethyl
acetate/sunflower oil; (b) diesel/ethyl acetate/castor oil blends.

3.4. Fuel Consumption

The fuel consumption is also an important parameter to commercialize a new (bio)fuel. Figure 6
shows the influence of the different EA/SVO and D/EA/SVO blends with SO (Figure 6a) and CO
(Figure 6b), on consumed volume (in liters per hour) by a diesel engine at low (1000 W), medium
(3000 W), and high engine loads (5000 W). As biofuel ratio added to blends is rising, from B20 to B100,
the volume consumed by the engine is greater. This fact is attributed to the fact that ethyl acetate
has a lower calorific value than diesel (Table 1), which results in a reduction in the energy content of
the mixtures, and therefore it is necessary to introduce more fuel on the engine to reach the required
output power. As all the studied mixtures have lower calorific values than those of diesel, the engine
consumes more fuel. The presence of sunflower oil leads to slightly higher fuel consumption compared
to the analogous mixture that it contains CO, probably due to the lower cetane number of sunflower
oil that increases the ignition delay, which deteriorates combustion process and leads to a higher fuel
consumption. Particularly, blends B20–B80 with SO consume between 14 and 24% more than diesel,
whereas the consumption of same blends with CO is about 4–21% more than diesel. On the other hand,
as it is expected, the B100 blends display the highest percentage of consumption, 33% and 29% for
EA/SO and EA/CO, respectively. For all the blends tested, the highest consumption as compared to
diesel is usually produced at the highest engine load (5000 W).

To sum up, blends with ethyl acetate as LVS of sunflower and castor oils here evaluated has showed
a greater efficiency on C.I. diesel engine than analogous mixtures tested in previous researches [16,17].
Triple blends containing DEE as renewable solvent achieved the best result with a proportion 60/18/22
D/DEE/CO, which led to a maximum of 40% of diesel replacement, and up to 77% of smoke emissions
reduction [16]. Likewise, the same ratio in a blend containing ACE [17] gave rise to an equal percentage
of fossil fuel substitution, but with emissions slightly lower (82%). In these cases, the engine does
not work with higher amounts of DEE and ACE due to knocking problems attributed to the low
energetic content of blends. Herein, the use of ethyl acetate allows to replace up to 100% of fossil diesel,
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with up to 94% in soot reduction respect to diesel. This means that all blends proposed can run in a
conventional diesel engine, although it should be taking into account that a loss in engine power is
produced as the concentration of pure biofuel EA/SVO supplied to the engine is increased.
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Figure 6. Fuel consumption values (L/h) at different engine loads (1, 3, and 5 kW) for (a) diesel/ethyl
acetate/sunflower oil; (b) diesel/ethyl acetate/castor oil blends. The results are the average of three
measurements and errors are represented as standard deviation through error bars.

4. Conclusions

In view of the current need for alternate fuels to supply the growing energy demand and also
comply with new environmental requirements related to its renewable character, the objective of this
research was to evaluate the potential of ethyl acetate as renewable biofuel in double blends with two
different straight vegetable oils, castor or sunflower oil, and also, in triple blends along with fossil
diesel. For that, the influence of these fuel blends on efficiency and emissions of a C.I. diesel engine
was investigated. Considering the experimental results, the following points are concluded:

1. All investigated blends comply with requirements of kinematic viscosity (2.0−4.5 cSt) established
by the European diesel standard EN 590, for usage in current diesel engines. However, calorific
value and cetane number were reduced by the incorporation of ethyl acetate.

2. The addition of ethyl acetate led to remarkable improvements in flow properties of fuels at low
temperatures in comparison to conventional diesel, which makes these fuels more suitable for
engine running in colder climates.

3. Excellent results of power output were achieved with the B20–B60 D/EA/SO and with the B20–B80
D/EA/CO blends. The best performance was shown by fuels composed of castor oil, especially
the B20 and B40 mixtures, exhibiting even better results than diesel at high engine load (4000 and
5000 W).

4. The consumption of engine fueled with the studied blends was greater than with conventional
diesel due to low calorific value of ethyl acetate.

5. The high oxygen content of ethyl acetate was the key factor to enhance the combustion process
and to achieve a very notable reduction of soot emissions. Higher proportion of EA/SVO in
mixtures decrease the opacity generated by the engine. Hence, the mixtures B100 provided the
better behaviour in term of achieving lower emissions.

6. This study also reveals that the EA/SVO double blends can be employed as direct biofuels without
adding fossil diesel, making these fuels completely renewable.
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7. The best results were achieved over the B40 blend with CO, which generated similar or even
higher power output than diesel at the highest engine load values, with lower soot emissions
and very similar fuel consumption. Moreover, this blend exhibited the best CP and PP values.
With the B40 blend, a 60% of fossil diesel substitution was achieved. Furthermore, the production
of ethyl acetate through renewable process like acidogenic fermentation from low-value biomass,
constitutes a fundamental tool towards more sustainable production of alternative fuels for
transportation sector.

8. Finally, the multi-component blending is a promising strategy to attain higher percentages of
fossil fuel substitution, at the same time that exhaust emissions from the transportation sector are
significantly diminished, keeping very good engine performance. This initial experimental study
represents an advance in the search for new biofuels that can replace the fossil fuels used in the
present fleet of vehicles.
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Nomenclature

ACE Acetone
ASTM American society for testing and materials
B0 100% diesel
B20 80% diesel + 20% EA/SVO blend
B40 60% diesel + 40% EA/SVO blend
B60 40% diesel + 60% EA/SVO blend
B80 20% diesel + 80% EA/SVO blend
B100 100% EA/SVO blend
BTE Brake thermal efficiency
BSFC Brake specific fuel consumption
CI Compression ignition
CN Cetane number
CO Castor oil
CP Cloud point
cSt Centistokes
CV Calorific value
D Diesel
DEE Diethyl ether
ISO International Standards Organization
LVLC Lower viscosity and lower calorific value
LVS Low viscosity solvent
PP Pour point
rpm Round per minute (min−1)
SO Sunflower oil
SVO Straight vegetable oil
VO Vegetable oil
W Watts
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Symbols

A Amperage (amps)
C Calibration constant (mm2/s)/s
P Electrical power (watts)
t Flow time (s)
V Voltage (volts)
υ Viscosity (centistokes)
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