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h i g h l i g h t s

� A thermodynamic model was used to screen CP improvement additives for FAMEs.
� The molar mass of the additive had the most significant effect on the CP.
� The selected additives lowered the CP of model FAME mixtures.
� These additives also improved the CP of FAMEs derived from cooking oils.
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a b s t r a c t

We assessed a simple thermodynamic model, with the aim of identifying biodiesel fuel cloud point (CP)
improving additives, by predicting the CP values of fatty acid methyl esters with additives. The results
showed that the molar mass of the additive has a significant effect in terms of improving the CP; the
melting point and fusion enthalpy of the additive, however, produce lesser effects. On the basis of these
results, we selected the additives tert-butyl alcohol, 2-butanol, cineol, 2-decanol, 2-decanone and oleyl
alcohol, and examined their effects on the CP of a model biodiesel fuel (a methyl oleate and methyl palmi-
tate mixture). The same trials were carried out using fatty acid methyl ester mixtures derived from com-
mercial cooking oils. As predicted, the selected test additives decreased the sample CP values, with the
optimum reduction obtained when using 10 wt.% of the additive. The results demonstrate that additives
capable of improving the CP can be readily screened using a simple thermodynamic model.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

For some time now, fatty acid methyl esters (FAMEs) have
received significant attention as alternative light oils and biomass
fuels (also known as biodiesel fuels). In fact, the production and
use of FAMEs are both increasing yearly. Recently, various edible
vegetable oils and a number of inedible vegetable oils, waste oils,
animal fats and algae oils have been used as the raw materials
for the synthesis of FAMEs [1–7].

Among the disadvantages of biodiesel fuel made from FAMEs
are the poor flow properties that result primarily from the pres-
ence of saturated FAMEs at lower temperatures. The flow proper-
ties of FAME mixtures may be improved through several means,
including the use of a light oil blend, reduced-pressure distillation,
winterization, and treatment with additives. Additives are often

found in petroleum diesel fuels, where they are known as cold flow
improvers, and they are a convenient and economical way to
improve flow properties. As an example, additives derived from
vegetable oils can noticeably decrease the pour point (PP) of bio-
diesel fuel [8,9]. Polymeric improvers can also reduce the PP and
the cold filter plugging point (CFPP) of biodiesel made from waste
cooking oils [4,10]. The use of additives, however, does not signif-
icantly decrease the crystallization temperature of the biodiesel
fuel, known as the cloud point (CP).

In neat biodiesel, both the PP and CFPP are typically lower than
the CP, and it has been reported, based on empirical studies, that
the PP and CFPP are both functions of the CP [11]. Therefore, a pre-
diction of the CP will allow for an estimate of the PP and CFPP val-
ues. Many studies have found that the CP of FAMEmixtures may be
theoretically estimated on the basis of several assumptions [11–
14]. According to these studies, the ideal solution of the Hildebrand
equation readily provides an approximate prediction of the CP [14].
If the theoretical equation for the crystallization temperature of
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FAME mixtures is also applicable to FAME-additive mixture
systems, the selection of CP-improving additives may be possible,
based on specific additive properties.

The aim of the present study was to identify additives that
effectively improve the CP values of FAMEs by using a thermody-
namic model based on solid–liquid equilibrium, and to test the
selected additives in conjunction with FAMEs derived from com-
mercial cooking oils.

2. Material and methods

2.1. Preparation of biodiesel fuel

Methyl oleate (>60.0%) and methyl palmitate (>95.0%) were
purchased from Wako Pure Chemical Industry, Ltd. (Osaka, Japan)
and used without further purification. We blended the methyl ole-
ate and methyl palmitate to prepare the FAME mixture we used as
a pseudo-biodiesel fuel. In this process, the methyl palmitate was
melted using a mantle heater set at approximately 333 K, after
which the molten methyl palmitate and methyl oleate were
quickly blended. The resulting FAME mixture was further agitated
on a hotplate stirrer and then allowed to sit at room temperature
for 1 day. The FAME mixtures were formulated to contain specific
weight percentages of saturated FAME: Samples 1 and 2 contained
12.9 and 44.5 wt.% methyl palmitate, respectively. The trial con-
centrations of methyl palmitate, 12.9 wt.% in low concentration
case and 44.5 wt.% in high concentration case, were determined
from the ratio of methyl palmitate to methyl oleate contents in
rapeseed oil and olive oil, and palm oil in reference respectively
[15]. The selected additives were combined with the FAMEs and
the resulting FAME-additive mixture was agitated on a hotplate
stirrer.

In this study, we also prepared FAME mixtures derived from
cooking oils through a transesterification reaction using canola
(Ajinomoto Co. Inc., Tokyo, Japan), olive (Garcia de la Cruz, Toledo,
Spain) or soybean oils (Ajinomoto Co. Inc.), methanol (>99.8%,
Wako Pure Chemical Industry, Ltd.) and KOH (>85.0%, Wako Pure
Chemical Industry, Ltd.) as the alkaline catalyst. The raw oil was
heated to 333 K in a water bath, after which a portion of KOH in
methanol was added (KOH:methanol:oil mass ratio = 1:15:34)
and the mixture was agitated for 1 h. The resulting mixture was
then washed with water several times, filtered, and dried under
vacuum. Molecular sieves (3 Å) (Wako Pure Chemical Industry,
Ltd.) were subsequently added to the FAME mixture to ensure that
it remained dry. The sample was stored at room temperature prior
to use.

2.2. Analysis of samples

The cloud point (CP) values of the samples were determined by
visually observing the extent of sample crystallization during cool-
ing at 1�K intervals. The CP test apparatus consisted of a low tem-
perature circulating bath and a platinum resistance temperature
measurement device. This apparatus closely matched that required
by the Japanese Industrial Standard (JIS) K2269 [16]. The bath tem-
perature was set at 273, 255 or 243 K depending on the predicted
sample CP. The accuracy of the test apparatus was confirmed by
measuring the CP of a light oil standard (CP = 269 K, Tokyo
Chemical Industry Co. Ltd., Tokyo, Japan) and of dodecane
(m.p. = 263.6 K, >99.0%, Wako Pure Chemical Industry, Ltd.) before
measuring the FAME samples.

The FAME contents of the samples were assessed using a gas
chromatograph (GC-17A, Shimadzu) equipped with an Rtx-Wax
column (30 m � 0.25 mm I.D., 0.25 lm film) and an FID detector.
The FAME concentrations were calculated based on the internal

standard method in a manner similar to that provided in the EN
Standard (EN 14013) and in JIS K2390 [17], using hexadecane
(>99.0%, Wako Pure Chemical Industry, Ltd.) as the internal stan-
dard. The validity of the internal standard was confirmed by com-
paring the hexadecane peak area with that of other internal
standard materials (methyl heptadecanoate (>99.0%, Sigma–
Aldrich Co. Llc., St Louis, MO, USA) and methyl nonadecanoate
(>98.0%, Sigma–Aldrich Co. Llc.)), thus determining a correction
factor for hexadecane. The accuracy of the correction factor was
confirmed by analyzing a standard FAME mixture (RM-6, Sigma–
Aldrich Co. Llc.).

2.3. Thermodynamic prediction of cloud point

As noted, the CP of FAME mixtures, defined as the temperature
at which crystals begin to form in a liquid sample, has been
explained based on the solid–liquid equilibrium [11,12,14]. Gener-
ally, the activity coefficient cLi

� �
of the liquid phase is an important

factor in the crystallization behavior of a non-ideal liquid. Imahara
et al. [12] proposed a simple model in which the activity coefficient
is unity cLi ¼ 1

� �
. The CP values predicted by this model correspond

well with the experimentally determined CP values of FAMEs, since
the non-ideality of the liquid phase cLi–1

� �
is negligible at atmo-

spheric pressure in the case of FAMEs [13]. Because the CP may
be approximately predicted by assuming that a FAME mixture is
an ideal solution, crystallization behavior in FAME mixtures may
be estimated based on the FAME composition (xi), fusion enthalpy
DHm,i and melting point (Tm,i) [14]. In this study, therefore, the sim-
ple crystallization model was applied to the prediction of CP values
for the FAME-additive systems. In this model, each component i in
the FAME-additive system will begin to crystallize at a tempera-
ture, T, predicted by the equation

T ¼ Tm;i 1� RTm;i

DHm;i
ln xi

� ��
: ð1Þ

The value of T was calculated for each component in this
manner. The highest T was taken as the crystallization tempera-
ture of the system. According to the definition of CP, this
temperature can be converted into CP. Because the FAME
composition (xi) is a function of molar mass (Mi), the CP of the
FAME-additive system was simulated using three parameters:
molar mass (Mi), melting point (Tm,i) and fusion enthalpy
(DHm,i). The following test additives were selected according to
the simulation results: tert-butyl alcohol (>98%, Wako Pure
Chemical Industry, Ltd.), 2-butanol (>99%, Wako Pure Chemical
Industry, Ltd.), cineole (>90%, Kanto Chemical Co., Inc., Tokyo,
Japan), 2-decanol (>98%, Tokyo Chemical Industry Co., Ltd.),
2-decanone (>99%, Tokyo Chemical Industry Co., Ltd.) and
oleyl alcohol (>70%, Kanto Chemical Co., Inc.). The details of this
selection method are discussed below. These test additives
were used without further purification and the CP values of the
resulting FAME-test additive mixtures were measured.

The additives as a cold-flow improver are used in a wide range
of concentration. A low additive concentration (0.1–2 wt.%) is used
in a case of polymeric material because of prediction of viscosity
increase [4,18,19]. On the other hand, fat derivatives, FAME deriva-
tives and agent consist of C, H, O elements only were used as addi-
tives at higher concentration (1–20 wt.%) [8,9,20]. Dunn et al. used
0.5, 1, 2, 5, 10, 25 and 50 wt.% of the branched-chain FAME as
improver [21]. In this study, the additives consist of C, H, O ele-
ments only, and thus the agents meet the letter criterion. Accord-
ing to the previous research, the concentration of additives was
chosen at 5 wt.% and 10 wt.%.
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