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In this work, the quality of biodiesel produced by basic transesterification from several

vegetable oils (soybean, rapeseed, sunflower, high oleic sunflower, Cynara Cardunculus L.,

Brassica Carinata and Jatropha Curca) cultivated in Extremadura has been studied in detail.

The influence of raw material composition on properties such as density, viscosity, cetane

number, higher heating value, iodine and saponification values and cold filter plugging

point has been verified. Other biodiesel properties such as acid value, water content and

flash and combustion points were more dependent on characteristics of production pro-

cess. Biodiesel produced by rapeseed, sunflower and high oleic sunflower oils trans-

esterification have been biofuels with better properties according to Norm EN 14214.

Finally, it has been tested that it is possible to use oils mixtures in biodiesel production in

order to improve the biodiesel quality. In addition, with the same process conditions and

knowing properties of biodiesel from pure oils; for biodiesel from oils mixtures, its methyl

esters content, and therefore properties dependent this content can be predicted from a

simple mathematical equation proposed in this work.

ª 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Biodiesel, a biofuel comprised ingeneral of long-chain fatty acid

methyl esters (FAMEs) derived from vegetable oils or animal

fats, is an alternative to fossil fuels and it can also be used as a

fuel additive. The advantages of biodiesel fuels over diesel fuel

arewell known (less smoke andparticulates production, higher

cetane number, domestic origin, lower carbon monoxide and

hydrocarbon emissions. They also are biodegradable and non-

toxic, and provide engine lubricity to low sulfur diesel [1e3]).
; fax: þ34 924 289385.
cinar).
34
rved.
The most common route to biodiesel production is the

transesterification reaction, shown in equation (1). This process

involves several critical parameters which strongly influence

the final yield, such as reaction temperature, alcohol/oil molar

ratio, type of catalyst, type/chemical structure of alcohol,

amount/concentration of catalyst, reaction time and other

technical aspects (heating system, super-critical and sub-

critical conditions, bath or continuous flow processes, etc.)

[4e6].

mailto:jencinar@unex.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biombioe.2014.01.034&domain=pdf
www.sciencedirect.com/science/journal/09619534
http://www.elsevier.com/locate/biombioe
http://dx.doi.org/10.1016/j.biombioe.2014.01.034
http://dx.doi.org/10.1016/j.biombioe.2014.01.034
http://dx.doi.org/10.1016/j.biombioe.2014.01.034


b i om a s s a n d b i o e n e r g y 6 3 ( 2 0 1 4 ) 2 2e3 2 23
O C
O

R3H2C

HC O C
O

R2

R1

O
COH2C

H3C OH

O C
O

R3H3C

R1

O
COH3C

O C
O

R2H3C

H2C

HC

H2C OH

OH

OH

3+ +
Catalyst

Triglyceride Methanol GlycerolMethyl esters
(Biodiesel)

(1)

In addition to these factors, the selection of rawmaterial is

essential for theproductionofbiofuel and thisdependson local

availability and corresponding affordability. Do not forget that

the high production cost of biodiesel is largely attributed to the

cost of feedstock. Traditionally, the use of edible vegetable oils

and animal fats is the most widespread for biodiesel produc-

tion. However, this use is controversial because edible vege-

table oils compete with food materials e the food versus fuel

dispute [7,8]. Therefore, recent focus about the use of non-

edible plant oil source as the raw material for biodiesel pro-

duction is on the rise: Cynara Cardunculus L. oil [9e11], Jatropha

Curcas L. oil [12], Brassica Carinataoil [13,14], or Pongamia Pinnata

oil [15]. Besides as European standard specification EN 14214 in

2004 defined the biodiesel as FAMEs from any kind of raw

materials, including recycled frying oils, under fulfilling the

given quality specifications; biodiesel production from used

frying oils has also been studied in detail [3,16,17].

On the other hand, biodiesel quality depends on their fatty

acid ester composition and therefore on fatty acid of raw

materials (oils or fats). The main structural features that in-

fluence the physical fuel properties are chain length, degree of

unsaturation and branching of the chain. Among the fuel

specifications which depend on chemical composition are

cetane number (CN), kinematic viscosity, density, oxidative

stability, cold-flow properties in the form of cloud point (CP),

pour point (PP), and cold filter plugging point (CFPP), iodine

and saponification values (IV and SV), exhaust emissions, lu-

bricity, and heat of combustion [7,18,19].

Therefore, the biodiesel productionwith full compliancewith

EN14214 (orASTM6751-07) is avery challenging task. The search

fornewand lowcost rawmaterials includesmixturesofdifferent

sources [20], as well as the development of simulation tools

capable of predicting the properties of the final products [21].

According to these considerations, the main objective of

this study is to determine the properties of different biofuels

from vegetable oils (edible and not-edible) produced in the re-

gion of Extremadura (Spain) to check the influence of physical

characteristics of these oils on the quality of biodiesel. The

determined properties of biodiesel will be studied in detail.

Also, different mixtures of oils with the best properties will be

employed to improve thequality of biodiesel, as far as possible.
2. Materials and methods

2.1. Materials

Soybean (S), rapeseed (R), sunflower (SU), high oleic sunflower

(HO), Cynara Cardunculus L. (CC), Brassica Carinata (BC), and
Jatropha Curca L. (JC) oils were provided by Investigation Centre

“La Orden” (Badajoz, Spain), Section of Non-Food Crops.

Methanol (99.6 v/v%), potassium hydroxide (85 wt.%), sodium

hydroxide (99 wt.%) and potassium methoxide (90 wt.%) were

purchased from SigmaeAldrich, Merck, Panreac and Alfa

Aesar, respectively. Methyl esters of miristic, palmitic, pal-

mitoleic, stearic, oleic, linoleic, linolenic, and erucic acids

(employed as standards in the chromatographic determina-

tion) were purchased from Fluka and Sigma; and methyl

heptadecanoate (used as internal standard) was purchased

from Fluka. All reagents used in biodiesel characterization

were of analytical grade. Moreover, mixtures of oils at

different proportions by weight were also prepared for bio-

diesel production: rapeseed and soybean oils (50R50S; 75R25S;

25R75S), rapeseed and high oleic sunflower oils (50R50HO;

75R25HO; 25R75HO), and rapeseed, soybean and high oleic

sunflower oils (33R33S33HO).

2.2. Experimental procedure

Transesterification reaction was carried out in a 500 mL

spherical glass reactor, provided with a thermostat, magnetic

stirring, condensation system, and sampling outlet. This

installation was similar to that employed in previous works

[9,22,23]. Before reactions, the material was washed and

completely dried.

First, 250 g of vegetable oil or mixture were heated in the

reactor at the reaction temperature, and when it was reached,

methanol and dissolved catalyst were added and stirring

started (zero time). At spaced intervals, samples of 2 mL were

taken out from the reaction mixture and its methyl esters

content was determined. Samples and reaction final mixture

were placed in decantation funnels and allowed to stand

overnight to ensure the complete phase separation (methyl

esters and glycerol). The glycerol phase (bottom phase) was

removed and the biodiesel phase (upper phase) was washed

with deionizer water to reach neutral pH, to remove non-

reacted methanol, homogeneous catalyst and possible glyc-

erol remainders.

2.3. Analytical procedure

Biodiesel quality was evaluated according to biodiesel Euro-

pean Standard EN 14214. This organization specifies the

criteria that should be satisfied by a biodiesel of high quality,

or diesel and biodiesel mixtures, for its use in motor vehicles

[24]. Similar methods were used to characterize the vegetable

oils.

The content and the composition of FAMEs were analyzed

by gas chromatography (GC) in a VARIAN 3900 chromato-

graph, provided with a flame ionization detector (FID), using a

silica capillary column Agilent Technologies 1909-BD-113 of

30 m length, 0.32 mm inner diameter, and 0.25 mm film

thickness. Helium was used as carrier gas at a flow rate of

0.7mLmin�1. Injector temperature was kept at 270 �C, and FID

temperature at 300 �C. The oven was maintained initially at

200 �C, during 21 min, and then it was elevated to 220 �C, at
20 �C min�1 and remained for 10 min up to 220 �C. The fatty

acid profile in vegetable oils was determined by GC: oils were

transesterified according to ISO 5509:2000, the FAMEs were

http://dx.doi.org/10.1016/j.biombioe.2014.01.034
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Table 1 e Properties and fatty acids content of vegetable oils.

Parameter Soybean
(S)

Rapeseed
(R)

Sunflower
(SU)

High oleic
sunflower

(HO)

Cynara
Cardunculus

(CC)

Brassica
Carinata
(BC)

Jatropha
Curcas
(JC)

Density 15 �C, g L�1 920.3 919.3 918.3 918.6 923.7 918.7 921.0

Kinematic viscosity 40 �C, cSt 39.3 38.5 38.3 38.0 37.5 41.4 39.0

Water content, wt.% 0.07 0.06 0.06 0.07 0.07 0.07 0.10

Acid value, mgKOH,g
�1
oil 2.74 0.71 1.90 4.14 2.06 2.77 10.13

Iodine value, gI2,100g
�1
oil 119.8 101.1 93.5 84.4 115.2 106.6 96.4

Saponification mgKOH,g
�1
oil 193.2 184.0 187.7 185.1 190.1 188.3 190.8

Calculateda

molecular weight, g mol�1

847 908 879 871 866 868 797

Content of fatty acid, wt.%

Miristic acid (C14:0) 0.09 0.07 0.05 0.03 0.12 0.06 0.07

Palmitic acid (C16:0) 11.60 4.92 4.88 3.92 8.96 3.90 13.95

Palmitoleic acid (C16:1) 0.11 0.24 0.11 0.18 0.23 0.29 1.07

Stearic acid (C18:0) 3.25 1.63 4.78 2.59 2.63 1.22 7.94

Oleic acid (C18:1) 25.09 66.59 67.66 85.31 27.65 24.18 42.71

Linoleic acid (C18:2) 52.93 17.08 21.26 6.71 45.04 19.79 33.78

Linolenic acid (C18:3) 5.95 7.75 0.09 0.05 4.09 13.18 0.05

Erucic acid (C22:1) 0.43 0.31 0.94 0.88 10.33 36.00 0.19

Others 0.56 1.40 0.33 0.33 0.95 1.39 0.23

a Calculation using acid value and saponification value.
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analyzed by GC, identifying each FAME by comparison with

standards, and quantifying from the peak areas.

The rest of determined properties were: density at 15 �C
(pycnometry), kinematic viscosity at 40 �C (capillary visco-

simeter, ISO 3104:1994), cetane number (CN) (cetane number

predictionwith its FAMEs composition according to Tong et al.

[25]), unsaturation degree (UD) (unsaturation degree predic-

tion with its FAMEs composition according to Ramos et al.

[19]), flash and combustion points (UNE 51-023-90), water

content (Karl Fisher UNE-EN ISO 12937:2000), cold filter plug-

ging point (CFPP) (UNE-EN 116:1997), saponification value (SV)

(UNE-EN 55012), iodine (IV) and acid values (AV) (UNE-EN
Table 2 e Basic transesterification conditions and methyl este

Exp. Transesterification co

Catalyst Methanol:oil
molar ratio

Tempera

1 1.0 wt.% KOH 9:1 35 �C
2 1.0 wt.% KOH 9:1 45 �C
3 1.0 wt.% KOH 9:1 55 �C
4 1.0 wt.% KOH 9:1 65 �C
5 1.0 wt.% KOH 9:1 65 �C
6 1.0 wt.% KOH 9:1 65 �C
7 1.0 wt.% KOH 9:1 65 �C
8 1.0 wt.% KOH 3:1 65 �C
9 1.0 wt.% KOH 6:1 65 �C
10 1.0 wt.% KOH 12:1 65 �C
11 0.5 wt.% KOH 9:1 65 �C
12 1.5 wt.% KOH 9:1 65 �C
13 0.5 wt.% NaOH 9:1 65 �C
14 1.0 wt.% NaOH 9:1 65 �C
15 1.5 wt.% NaOH 9:1 65 �C
16 0.5 wt.% CH3OK 9:1 65 �C
17 1.0 wt.% CH3OK 9:1 65 �C
18 1.5 wt.% CH3OK 9:1 65 �C

In Italics: variable which has been studied in each experiment; In bold: t
14111:2003), and higher heating value (HHV) (higher heating

value prediction by saponification and acid values according

to Demirbas‚ [26]).
3. Results and discussion

3.1. Raw materials and reaction conditions

3.1.1. Properties of the raw materials
Table 1 shows vegetable oils properties and its content of fatty

acids. Except Jatropha Curcas oil, all oils had small amount of
rs content of obtained biodiesel from soybean oil.

nditions Methyl
esters contentture Agitation

rate
Time

700 rpm 120 min 94.6

700 rpm 120 min 95.0

700 rpm 120 min 97.1

700 rpm 120 min 97.6

300 rpm 120 min 97.3

500 rpm 120 min 97.5

900 rpm 120 min 96.9

700 rpm 120 min 86.1

700 rpm 120 min 97.1

700 rpm 120 min 97.9

700 rpm 120 min 96.1

700 rpm 120 min 97.5

700 rpm 120 min 96.3

700 rpm 120 min 97.7

700 rpm 120 min 98.5

700 rpm 120 min 97.2

700 rpm 120 min 98.3

700 rpm 120 min 98.5

he experiment with the highest methyl ester content.

http://dx.doi.org/10.1016/j.biombioe.2014.01.034
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free fatty acids (FFA) and low water content, and, therefore,

they showed favorable conditions for a basic trans-

esterification process [27].

First, in this paper, an experimental review of the basic

transesterification was conducted in the laboratory reactor,

with the aim of optimizing the main process variables:

amount and type of basic homogeneous catalyst, agitation

rate,methanolmolar ratio and reaction temperature. Soybean

oil was selected for the optimization process because it
Fig. 1 e Basic transesterification conditions (soybean oil). a)

Temperature influence (CH3OH:oil 9:1; 700 rpm; [KOH],

1.0 wt.%). b) Agitation rate influence (CH3OH:oil 9:1; 65 �C;
[KOH], 1.0 wt.%). c) Methanol molar rate influence (700 rpm;

65 �C; [KOH], 1.0 wt.%).
presented intermediate characteristics of all oils under study

(see Table 1).

Becausemost of properties of biodiesel depend on the used

feedstock and, specifically, on its fatty acid content [18], sec-

ondly, a study of biodiesel quality in terms of rawmaterial was

performed, using the reaction conditions more favorable.

Finally, different oil mixtures were tested to achieve better

fuel quality, when was possible.

3.1.2. Basic transesterification optimization. Soybean oil
To obtain high FAMEs content by basic transesterification of

soybean oil, the main variables were tested. These conditions

and the methyl esters content of obtained biodiesel are sum-

marized in Table 2.

The influence of reaction temperature was studied at 35,

45, 55 and 65 �C (experiments 1 to 4 in Table 2). As expected, an

increase in methyl esters content with increasing of temper-

ature was observed. This is because the effect of temperature

on reaction rate is positive, as can be seen in Fig. 1a: as tem-

perature increased, FAMEs formation rate was higher, being

65 �C the optimal temperature.

Mass transference problems could occur during the

transesterification process when high methanol/oil molar

ratios are used. Alcohol is not soluble in triglycerides formolar

ratios over 3:1 [28]. Therefore, if higher relations are used,

there is a liquideliquid process at the beginning of the reac-

tion and its rate could be controlled by the diffusion of the

reagents between the phases. The study of agitation rate ef-

fect is important for overcoming these problems. As can be

seen in Fig. 1b, the mass transference problems were over-

come with agitation values greater than 500 rpm. The agita-

tion of 700 rpm was maintained in order to ensure good

mixing conditions.

The effect of methanol/oil molar ratio was tested in this

work too. As reported in previous research [3], it was found

that when methanol molar ratio was increased above the

stoichiometric ratio (3:1), FAMEs formation was favored. This

is because increasing the amount of methanol the chemical

equilibrium was shifted to the biodiesel production. For

methanol/oil molar ratios between 6:1 and 12:1, low vari-

ability was found, although the molar ratio of 9:1 was the

most favorable for the biodiesel production with the proved

conditions (see experiments 4 and 8 to 10 in Table 2, and

Fig. 1c).

Finally, in order to optimize the catalyst use, different

types and amounts of homogeneous basic catalysts were

tried. As can be seen in Table 2 (experiments 4 and 11e18),

the final results were nearly independent of the type of

catalyst, within the used range. Therefore, KOH was selected

as basic catalyst because of it is the most commonly

employed in the industry. On the other hand, when

increasing the amount of every catalyst, methyl esters for-

mation rate increased slightly and amount of 1.0 wt.% was

selected as adequate.

To reach a FAMEs content of 97.6 wt.% by basic trans-

esterification of soybean oil, it was necessary a KOH amount

of 1.0 wt.% (with respect soybean oil), a methanol/oil ratio of

9:1 and to keep the reaction for 120 min at 65 �C, stirring at

700 rpm. These transesterification conditions were used in

subsequent reactions.

http://dx.doi.org/10.1016/j.biombioe.2014.01.034
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Table 3 e Biodiesel quality. Transesterification of pure vegetable oils (Reaction conditions: 1.0 wt.% KOH, 9:1 CH3OH:oil,
65 �C, 700 rpm, 120 min).

Parameter Biodiesel fuels EN
14214S R SU HO CC BC JC-p-e.d

Methyl ester content, wt.% 97.6 99.6 99.0 99.5 92.3 88.3 98.1 >96.5

C16:0, wt.% 10.6 4.5 4.5 3.6 7.6 3.0 13.5

C18:1, wt.% 25.1 66.6 67.6 85.3 25.8 21.4 42.9

C18:2, wt.% 52.1 17.2 20.9 6.7 41.7 17.2 33.6

C18:3, wt.% 5.91 7.75 0.03 0.01 3.75 11.41 0.20

C22:1, wt.% 0.35 <0.01 1.00 <0.01 10.2 33.3 0.18

Unsaturation degree, UDa 143.4 116.8 111.4 99.9 136.5 126.4 112.8

Density 15 �C, g L�1 885.7 879.6 878.6 876.6 885.7 896.9 881.6 860e900

Kinematic viscosity 40 �C, cSt 4.04 4.42 4.55 4.74 4.66 5.31 4.46 3.50e5.00

Water content, wt.% 0.03 0.02 0.01 0.02 0.01 0.03 0.03 <0.05

Acid value, mgKOH,g
�1
oil 0.24 0.32 0.34 0.32 0.41 0.31 0.28 <0.50

FFA content, % 0.12 0.16 0.17 0.16 0.21 0.16 0.14

Iodine value, gI2,100g
�1
oil 120.6 101.5 92.4 84.6 114.8 106.1 96.7 <120

Saponification, mgKOH,g
�1
sample 190.7 185.0 186.0 187.5 189.2 188.1 186.9

Cetane numberb 42.6 48.3 51.0 53.2 43.2 46.4 49.2 >51.0

Higher heating valuec, KJ,g�1
sample 39.80 40.32 40.42 40.47 39.95 40.13 40.32

Flash point, �C 165 177 161 167 175 177 188 >120

Combustion point, �C 179 193 189 194 197 200 198

CFPP, �C �4 �7 1 2 �3 5 1 �20 to 5

a Unsaturation degree calculated according to Ref. [19].
b Cetane number determined according to Ref. [25].
c Higher heating value predicted according to Ref. [26].
d JC oil was pre-esterified. Conditions of esterification: 65 �C, 0.5 wt.% of H2SO4, 6:1 methanol molar ratio, 45 min.

Fig. 2 e Density (left axe) and iodine value (right axe) vs.

unsaturation degree.
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3.2. Biodiesel fuels quality. Methyl esters content
influence (different vegetable oils)

Basic transesterification of S, R, SU, HO, CC, BC oils and JC oil

pre-esterified (pre-esterification conditions: 65 �C, 6:1 meth-

anol/oil molar ratio, 700 rpm, 0.5 wt.% of H2SO4) was carried

out under the experimental conditions previously selected.

The main parameters of obtained biodiesel fuels were

determined. These parameters and the content of the most

important methyl esters are summarized in Table 3, as well as

the limits established by the Norm EN 14214. As can be seen,

the best results were obtained with R, SU and HO oils (99.6,

99.0 and 99.5 wt.%, respectively), i.e., the oils with higher

methyl oleate content (66.6, 67.6 and 85.3 wt.% of methyl

oleate, respectively).

3.2.1. Density
Density is a key fuel property, which directly affects the en-

gine performance characteristics because many of these

characteristics, such as cetane number or heating value, are

related to the density [29]. The European EN norm established

the density limits in the range of 860e900 g L�1. In this work,

densities of all obtained biodiesels were between these

values.

Values of biodiesel density will depend on the methyl es-

ters composition and their purity. On the one hand, density

will increase with decreasing chain length (number of carbon

atoms) and increasing number of double bonds (unsaturation

degree, UD). On the other hand, density could be decreased by

the presence of low-density contaminants, such as methanol

in this case [30].

As can be seen in Table 3, the order of UD of biodiesel fuels

is: from S > CC > BC > R > JC > SU > HO. The obtained values
of density followed this trend (from 876.6 to 885.7 g L�1), i.e.

they increased with increasing of their unsaturation degrees

(see Fig. 2). Biodiesel obtained from BC oil was the unique

exception (896.9 g L�1). This deviation could be due to its lower

purity (88.3 wt%), which results in a considerable amount of

non-reacted compounds with a higher density than the

FAMEs formed. The deviation cannot be due to the presence of

C22:1 (33.3 wt.%) in biodiesel from BC because the density

decreases with chain length; and the mentioned deviation is

bigger and not lower.

3.2.2. Kinematic viscosity
Viscosity is a measurement of the internal friction between

molecules or of the resistance to flow of the liquids. In a diesel

engine, the liquid fuel is sprayed into compressed air and

http://dx.doi.org/10.1016/j.biombioe.2014.01.034
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Table 4 e Kinematic viscosity at 40 �C and cetane number of several pure FAMEs.

C14:0 C16:0 C16:1 C18:0 C18:1 cis C18:1c trans C18:2 C18:3 C22:1

Kinematic viscosity at 40 �Ca, cSt 3.30 4.38 3.67 5.85 4.51 5.20 3.65 3.09 7.33

Centane numberb 66.2 74.3 51.0 75.6 56.5 e 38.2 32.7 76.0

a From Ref. [34].
b From Ref. [25].
c The differentiation between cis and trans methyl oleate was considered only for prediction of viscosity.

Fig. 3 e a) Calculated vs. experimental kinematic viscosity

at 40 �C. b) Experimental kinematic viscosity at 40 �C vs.

unsaturation degree.
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atomized into small drops near to the nozzle exit [18]. High

values of viscosity give rise to a poor fuel atomization,

incomplete combustion, and carbon deposition on the in-

jectors [30e32]. High viscosity also causes more problems in

cold weather, because viscosity increases with decreasing

temperature [33]. On the other hand, fuels with low viscosity

may not provide sufficient lubrication for the precision fit of

fuel injection pumps, resulting in leakage or increased wear

[32]. Kinematic viscosity at 40 �C is limited to 3.5e5.0 cSt in the

European EN 14214 norm, and to 1.9e6.0 cSt in the American

ASTM D6751 norm.

The kinematic viscosity of fatty compounds is significantly

influenced by compound structure as the present data ob-

tained at 40 �C. Influencing factors are chain length, position,

number and nature of double bonds, as well as nature of

oxygenated moieties. Generally, the hydrocarbons in fossil

diesel exhibit lower viscosity in a narrower range than the

fatty esters comprising biodiesel and related fatty compounds

with dibenzothiophene affecting viscosity of a low-viscosity

solvent less than a long chain hydrocarbon and fatty esters.

In some cases, the viscosity of the fatty acids comprising a

certain feedstock may affect the utility of the resulting esters

as biodiesel fuel [32].

Knothe and Steidley predicted the kinematic viscosity of

several biodiesels from the kinematic viscosity values of the

individual components, with the equation (2) [34]:

ymix ¼
X

AC$yC (2)

inwhich ymix is the kinematic viscosity of the biodiesel sample

(mixture of FAMEs), AC is the relative amount (%/100) of the

individual methyl ester in the mixture (as determined by GC)

and yC is the kinematic viscosity of everymethyl esters at 40 �C

(see Table 4).

As can be seen in Fig. 3a, the experimental kinematic vis-

cosity values are very close to predicted kinematic viscosity

values. This confirms that the viscosity of biodiesel is directly

related to its methyl esters content. The calculated values do

not include the unknown components of biodiesel and this

lead the differences between the experimental and predicted

values.

It is observed that lower viscosity values were obtained for

those fuels with less UD (S biodiesel with 4.04 cSt). In fact, if

the experimental viscosity versus UD is represented (see

Fig. 3b), a linear relationship between both parameters is

found for S, R, SU, HO and JC biodiesel, i.e. the group whose

contribution to their UD was mainly due to methyl esters

C18:1, C18:2 and C18:3 (group with practically the same chain

lengths). CC and BC biodiesel, with a higher viscosity, depart

from this trend because of its high content of methyl ester

C22:1 whose chain length is greater.
3.2.3. Acid value (AV)
Acid value is a measurement of the FFA concentration and is

influenced by several factors as on the type of raw material

used for biodiesel production and its respective degree of

refinement. The parameter can also be increased during

storage due to hydrolytic cleavage of methyl ester bonds [18].

At last, acidity can be formed during the transesterification

process by mineral acids introduced as catalysts or by FFA

resulting from acid work-up of soaps, but, due to the analo-

gous motives, it can also be decreased during the production

process (by neutralization reaction with mineral basic cata-

lysts or by simultaneous esterification reaction in the process

when acid catalysts are used). High fuel acidity has been

http://dx.doi.org/10.1016/j.biombioe.2014.01.034
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discussed in the context of corrosion and the formation of

deposits within the engine, particularly in fuel injectors, by

catalyzing polymerization in hot recycling fuel loops. How-

ever, it has been shown that free fatty acids as weak carbox-

ylic acids pose far lower risks than strong mineral acids [35].

The acid values for the analyzed samples are inferior to the

maximum value of 0.50mgKOH,g
�1
sample that the Norm EN 14214

indicates (between 0.24 and 0.41 mgKOH,g
�1
sample).

3.2.4. Iodine value (IV)
Iodine valuemeasures the unsaturation degree of fuel and it is

expressed as the percentage in mass of iodine absorbed by

mass of sample. Thus, iodine value increases by increasing

number of double bonds. This fact is verified in Fig. 2. There-

fore, IV depends on the fatty acid distribution in the raw

material; and it is independent of the degree of conversion

theoretically, because the number of double bonds is not

influenced by the transesterification degree. Indeed,

comparing values of Tables 1 and 3, it is found that the dif-

ferences between the feedstock and biodiesel were minimal.

A high iodine value can indicate chemical instability, since

the double bonds are quite reactive zones of themolecule [36].

According to this statement, the HO biodiesel

(IV ¼ 84.6 gI2,100g
�1
sample) would be the most stable against the
Fig. 4 e a) Higher heating value vs. unsaturation degree

40 �C. b) Cetane number vs. unsaturation degree.

Fig. 5 e a) Cold filter plugging point vs. unsaturation

degree. b) Cold filter plugging point vs. methyl linolenate

content.
S biodiesel (IV ¼ 120.6 gI2$100gsample
�1 ), the most unstable of the

obtained biodiesel whose IV was superior to the limit

permitted by Norm EN 14214.

3.2.5. Saponification value (SV)
Saponification value (SV) is milligrams of KOH necessary to

saponify 1 g of oil sample. It is related to the molecular weight

average, so SV of oil decreases with increase of its molecular

weight [26]. However, acids from triglycerides are the same as

those that form the FAMEs (biodiesel), therefore, molecular

weight average does not change significantly and the

employed raw material for biodiesel production strongly in-

fluences in this parameter [3]. Since in this work the calcu-

lated SVs have been used to determine the molecular weights

of oils, it not would be valuable to check this trend.

Norm EN 14214 does not set limits for this parameter. The

obtained values for the produced biodiesel can be seen in

Table 3 (values between 185.0 and 190.7 mgKOH,g
�1
sample).

3.2.6. Higher heating value (HHV)
Although biodiesel fuel does not contain aromatics, it con-

tains methyl esters with different levels of saturation. It is

http://dx.doi.org/10.1016/j.biombioe.2014.01.034
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known that the heating value increases with increasing chain

length and it decreases with increase in the number of double

bonds. The increase in heat content results from a high in-

crease in the number of carbons and hydrogens, as well as an

increase in the ratio of these elements relative to oxygen. A

decrease in heat content is the result of fewer hydrogen atoms

(i.e., greater unsaturation) in the molecule [26].

The experimental determination of higher heating value

(HHV) and ultimate analysis requires special instrumentation.

Therefore, A. Demirbas‚ [26] developed a mathematical equa-

tion to calculate the HHVs of the lignocellulosic fuels from its

IV and its SV. On the one hand, SV decreases with increase of

the molecular weight and the percentages of carbon and

hydrogen increase with decrease in molecular weight. On the

other hand, the increase in IV (greater unsaturation) results in

a decrease in HHV. With these considerations, equation sug-

gested for calculation of HHVs (kJ g�1) was:

HHV ¼ 49:43� ð0:041$SVþ 0:015$IVÞ (3)

The obtained values are shown in Table 3. HO biodiesel had

the highest HHV (40.47 kJ g�1), although the differences of

HHVs were minimal. As mentioned previously, IV increased

with increasing of unsaturation; therefore as expected, HHV

decreased with increasing UD (see the trend shown in Fig. 4a).

3.2.7. Cetane number (CN)
Cetane number (CN) is one of the main indicators of the

quality of the diesel fuel, because it is related with time of

ignition lag of a fuel to the injection in the combustion

chamber. High values of CN guarantee a good control of the

combustion, increasing therefore the engine efficiency. In
Table 5 e Biodiesel quality. Transesterification of vegetable oil m
65 �C, 700 rpm, 120 min).

Parameter

50R50S Exp.d

Theor.e
75R25S Exp.d

Theor.e
25R75S E

Theor

Methyl ester content, wt.% 99.0 98.6 99.3 99.1 98.0 98.1

C16:0, wt.% 7.4 7.5 5.9 6.0 8.8 9.1

C18:1, wt.% 46.5 45.9 56.9 56.2 35.8 35.5

C18:2, wt.% 35.1 34.7 26.0 25.9 43.8 43.4

C18:3, wt.% 6.82 6.88 7.11 7.37 6.22 6.38

Unsaturation degreea 131.0 131.1 123.5 123.4 136.3 136

Density 15 �C, g L�1 882.7 882.7 880.6 881.5 884.7 884

Kinematic viscosity 40 �C, cSt 4.26 4.23 4.30 4.33 4.19 4.14

Water content, wt.% 0.01 — 0.02 — 0.03 —

Acid value, mgKOH,g
�1
oil 0.19 — 0.20 — 0.18 —

FFA content, % 0.10 — 0.10 — 0.09 —

Iodine value, gI2,100g
�1
oil 113.0 111.0 104.6 106.3 117.5 115

Saponification, mgKOH,g
�1
oil 188.6 187.8 187.2 186.4 190.1 189

Cetane numberb 46.3 45.5 46.6 46.9 43.9 44.0

Higher heating valuec, kJ g�1 40.00 40.06 40.18 40.19 39.87 39.9

Flash point, �C 164 — 164 — 163 —

Combustion point, �C 189 — 189 — 187 —

CFPP, �C �5 �5.5 �6 �6 �4 �4.

In Italics: variable which has been studied in each experiment.
a Unsaturation degree calculated according to Ref. [19].
b Cetane number determined according to Ref. [25].
c Higher heating value predicted according to Ref. [26].
d Experimental value.
e Theorist value predicted according to equation (5).
addition, fuels with high CN present facility for the cold start,

low noise to the slow motion and less polluting gases of exit

[36].

Determination of the CN of a fuel by an experimental

procedure is a tedious job for the upcoming biodiesel pro-

duction industry. One of theways of solving the problemof CN

determination is to develop models to predict the CN when

some parameters are known. Since the fatty acid composition

of base oil predominantly affects the CN of the biodiesel pro-

duced from it, models can be developed relating CN to the

composition of FAMEs [18].

In this work, CN prediction with the FAMEs composition

was realized according to Tong et al. [25], shown in equation

(4):

CN ¼ 1:068
X

ðCNC$ACÞ � 6:747 (4)

in which CN is the cetane number of the biodiesel sample

(mixture of FAMEs), AC is the relative amount (%/100) of the

individual methyl ester in the mixture (as determined by GC)

and CNC is the cetane number of every methyl esters (see

Table 4).

As can be seen in Table 3 and Fig. 4b, and according to other

papers [37], CNs decreasedwith increasing UD. Thus, only CNs

of SU and HO biodiesel (51.0 and 53.2, respectively) were in

accordance with the requirements of the Norm EN 14214

(>51.0).

3.2.8. Cold filter plugging point (CFPP)
Cold filter plugging point (CFPP) is the temperature at which a

fuel causes a plug in the filter due to its crystallization or

gelation. Therefore, this parameter is very critical for the
ixtures (Reaction conditions: 1.0 wt.% KOH, 9:1 CH3OH:oil,

Biodiesel fuels

xp.d

.e
50R50HO

Exp.d Theor.e
75R25HO

Exp.d Theor.e
25R75HO

Exp.d Theor.e
33R33S33HO
Exp.d Theor.e

99.8 99.6 99.7 99.6 99.8 99.5 99.0 98.0

3.9 4.0 4.0 4.3 3.6 3.8 6.1 6.2

76.7 76.0 73.0 71.3 81.7 80.6 59.6 58.4

11.9 12.0 14.6 14.6 9.4 9.3 25.5 25.1

3.81 3.94 5.75 5.90 1.89 1.97 4.42 4.54

.8 109.1 108.3 114.3 112.6 105.0 104.1 119.9 118.8

.2 878.6 878.1 879.6 878.8 878.6 877.3 876.6 879.7

4.61 4.58 4.55 4.50 4.69 4.66 4.39 4.36

0.03 — 0.03 — 0.01 — 0.02 —

0.26 — 0.25 — 0.26 — 0.20 —

0.13 — 0.13 — 0.13 — 0.10 —

.8 92.4 93.0 97.1 97.3 89.5 88.8 101.7 101.2

.3 186.9 186.3 186.5 185.6 187.4 186.9 188.0 185.8

50.9 50.7 49.8 49.5 52.3 52.0 48.0 47.6

3 40.38 40.36 40.32 40.35 40.40 40.39 40.20 39.78

165 — 169 — 165 — 167 —

189 — 194 — 193 — 187 —

5 �3 �2.5 �6 �5 �1 �1 �3 �3
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diesel engine performance. Norm EN 14214 establishes a limit

for moderate climate and other limit for arctic climate, each

country can select one of two options (moderate or arctic) for

seasonal classes (summer and winter) and modify this spec-

ification based on national meteorological data [37].

Bavelaar and Beynen found that the slip point, the tem-

perature which starts to flow into a capillary tube, had a

negative correlation with the ratio of the unsaturated to satu-

rated fatty acids [38] and, in this sense, Park et al. reported that

CFPP values increased with increasing saturation of oils [39].

In Fig. 5a this trend is tested but it is found that R and BC

biodiesel away than expected. When studying CFPP values as

a function ofmethyl linolenate content (see Fig. 5b) was found

that as increasing amount of C18:3, CFPP decreased, including

R biodiesel (CFPP ¼ �7 �C). This shows the great influence of

this ester on CFPP values. However, BC biodiesel was also an

exception in this sense. High value of CFPP of BC biodiesel

(5 �C) could be due to its lower purity, and thus its higher

content of other components such as tri-, di- and mono-

glycerides, in addition to their higher content of esters with

longer chain (C22:1).

3.2.9. Flash and combustion points
Flash point measures the tendency of a sample to form

inflammablemixtures with air, under controlled conditions of

laboratory. Combustion point is the temperature to which a

flame brings about the continued inflammation of a fuel.

Combustion point is usually greater to flash point and both

points are related to the security in the storage and fuel

handling. High values of both points diminish the fire risk and

make more insurance and stable the storage. In addition, it is

known that very small quantities of residual alcohol present in

biodiesel provokea significantdecrease in theflashpoint. Boog

et al. found that there is a direct correlation between the flash

pointand theresidualalcoholcontent in thepreparedbiodiesel

[40]. According to this paper, biodieselwith theminimumflash

point demanded by theNormEN 14214, 120 �C, cannot have an

alcohol concentration higher that 0.1% wt.

The obtained results of flash and combustion points were

much higher that established by European Norm (flash point

from 161 to 188 �C; combustion point from 179 to 200 �C), and
therefore it can be assumed that obtained biofuels had not

residual alcohol content.

3.2.10. Water content
Water presence in biodiesel can cause oxide formation and

corrosion. In addition, it aid to the microbial growth that can

happen in the interface between biodiesel and free water. The

Norm EN 14214 allows a water content of 500 mg kg�1, that is

to say, a 0.05 wt.%, for not to exceed the solubility of the water

in biodiesel (w1500 mg kg�1) and thus to avoid that the water

remains suspended [36]. As it is observed in Table 3, the bio-

diesel obtained in this work did not exceed the maximum

water content permitted by EN 14214 (obtained values be-

tween 0.01 and 0.03 wt.%).

3.3. Improving of biodiesel quality. Mixtures of oils

The discussed results reveal that if the raw material is not

adequate, it might produce a biodiesel which not meet the
requirements of Norm EN 14214. A possible solution is to mix

the raw materials. In this work, several mixtures of oils at

different proportions by weight were also prepared for bio-

diesel production: rapeseed and soybean oils (50R50S; 75R25S;

25R75S), rapeseed and high oleic sunflower oils (50R50HO;

75R25HO; 25R75HO), and rapeseed, soybean and high oleic

sunflower oils (33R33S33HO).

The properties of obtained biofuels are shown in Table 5. It

finds that, with the same process conditions and knowing

properties of biodiesel from pure oils, and assuming that the

mixture behaves in ideal form with respect to the properties

that dependent on the content of methyl esters, these prop-

erties of biodiesel from oils mixture can be predicted accord-

ing to follow equation:

PBDMIX ¼
X

AOIL$PBDOIL
(5)

in which PBDMIX is the property of biodiesel from oils mixture,

AOIL is the relative amount (%/100) of oil in initial mixture and

PBDOIL is the same property of every biodiesel from the pure oil

(shown in Table 3).

As expected, Table 5 (concretely in columns with italic

font) shows that equation (5) predicted the methyl ester con-

tent of biodiesel from mixtures successfully, therefore this

equation was also applicable to predict those properties

dependent the methyl esters distribution: density, kinematic

viscosity, iodine value, cetane number, higher heating value

and cold filter plugging point. All predicted values were very

close to experimental values.

On the other hand, the equation (5) is not applicable to

predict water content, acid value or flash and combustion

points because they were more influenced by trans-

esterification and purification processes than by rawmaterial.

Finally, comparing values shown in Table 3 and values

shown in Table 5, it is checked that, for example, the CFPP,

density and kinematic viscosity of HO biodiesel can be

improved using HO and R oils mixtures in the biodiesel pro-

duction, i.e., it is proved that using mixtures of determined

oils, it is possible to modify the properties of biodiesel.
4. Conclusions

In summary, as expected, properties such as density, kine-

matic viscosity, iodine value, cetane number, higher heating

value and cold filter plugging point depend largely on the

unsaturation degree of biodiesel, i.e., on its methyl esters

distribution, or the fatty acids distribution of raw materials.

Thus, on the one hand, HO biodiesel, with the lowest UD (99.9),

had the highest values of CN, HHV and viscosity (excepting

viscosity of BC biodiesel because of motives exposed previ-

ously); and the lowest values of density and IV. On the other

hand, S biodiesel (UD¼ 143.4) showed the lowest values of CN,

HHV and viscosity; and the highest values of IV and density

(excepting density of BC biodiesel because of motives exposed

previously). In respect to CFPP, R biodiesel had the lowest

value due to its high methyl linolenate content. Other prop-

erties such as water content, acid value or flash and com-

bustion points were more influenced by transesterification

and purification processes than by raw material.

http://dx.doi.org/10.1016/j.biombioe.2014.01.034
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In order to improve the quality of biodiesel, it is possible to

use oils mixtures in biodiesel production. In addition, with the

same process conditions and knowing properties of biodiesel

from pure oils; for biodiesel from oils mixtures, its methyl

esters content, and therefore properties dependent this con-

tent can be predicted from a simple mathematical equation.
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