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Abstract Fatty acid methyl esters from plant oils are the main component of biodiesel
and used as a substitute for petroleum diesel. Biodiesel generally contains a small
amount of monoglycerides as intermediate compounds, which have high melting
points and often solidify and clog fuel filters. The prediction of the cold-flow property
of biodiesel is of great importance for practical application. In this study, a
thermodynamic study was conducted for mixtures of monoglycerides and fatty acid
methyl esters. Temperatures of the solid-liquid equilibrium for the mixtures were
measured by differential scanning calorimetry and visual observation, while the
theoretical values were calculated using the modified Universal Quasi-chemical
Functional-group Activity Coefficients (UNIFAC) model (Dortmund). The theoretical
and experimental results were in good agreement, especially for binary mixtures of
monoglycerides and methyl esters. The importance of monoglycerides on the cold-
flow properties of biodiesel was determined, and the effects could be well described by

the modified UNIFAC model (Dortmund).
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Introduction

Fatty acid methyl esters (FAMESs) produced from plant oils are the main constituent
of biodiesel, which is widely used as an alternative to petroleum diesel. FAMEs are generally
produced by transesterification of triglycerides, which are the main component of plant oils.
Although biodiesel is attractive because it is a renewable energy source, it has some
drawbacks owing to the differences in chemical structure from petroleum-derived diesel.
Unsaturated double bonds in FAMEs are prone to oxidation, leading to poor stability in
oxidizing conditions [1]. Moreover, saturated FAMEs such as methyl palmitate and methyl
stearate have relatively high melting points and often solidify at low temperatures.

The use of biodiesel blended with petroleum diesel has being promoted in recent
years, especially in Southeast Asian countries [2]. Indonesia started to use 20% biodiesel
blended with petroleum diesel (B20) in 2016. The Indonesian government also plans to
implement a B30 policy in 2020 [3]. However, there is a concern that the above-mentioned
drawbacks may become problematic when the blend ratio of biodiesel increases. Dunn and
Bagby have reported that a high concentration of biodiesel in blends causes deterioration of
the cold-flow property of the fuel [4]. This leads to clogging of fuel filters, and thus engine
stalling may occur. Predicting the cold-flow property of a biodiesel blend is of great
importance to minimize the risk of fuel clogging.

Cloud point (CP) is an indicator of the cold-flow property of a fluid, defined in 1ISO
3015 [5] as the temperature at which a cloud of wax crystals first appears in a liquid when it
is cooled under specified conditions. Simple linear regression analyses have been undertaken
for the CP prediction of biodiesels and the models obtained had relatively good correlation
with experimental results [6-8]. However, these models are not applicable to all biodiesels
because they were established using only a few feedstocks. Our research group has predicted

CPs based on the solid-liquid equilibrium of FAME mixtures, as established in a previous



study [9]. The theoretical and experimental values were consistently in a good agreement
each other, even with the assumption of simple ideal solution. This finding has been
supported by some other groups [10, 11], and this thermodynamic approach has proven to
work well for CP prediction.

These predictions were only used for high-purity biodiesel composed of only FAMEs.
A small amount of monoglycerides (MGs) and diglycerides (DGs) are included as
intermediate compounds as well as unreacted triglycerides in real biodiesel. MG has a higher
melting point than the corresponding methyl ester and solidifies easily at low temperatures.
Tang et al. have reported that the insoluble precipitate from palm oil-based biodiesel
consisted mainly of MGs [12] and Chupka et al. found that the amount of saturated MGs
highly affected the CP of biodiesel blend [13]. MGs have several polymorphic crystalline
forms referred to as a, B’ and B, and each has different melting point (a < ' < B) [14]. The
potential for several MG polymorphs makes the cold-flow property of biodiesel complicated.
Chupka et al. have applied the ideal solution model for the calculation of solid-liquid
equilibrium to predict the CP of biodiesel containing MGs but found a large deviation
between the experimental and predicted values [15]. This implies that a mixture of MGs and
FAMESs behaves as a non-ideal solution unlike a mixture of only FAMEs.

As mentioned above, calculating the solid-liquid equilibrium of biodiesel would
become a powerful method to predict the cold-flow property. Since real biodiesel is a
complex mixture of FAMEs, MGs, antioxidant and so on, we need to determine
thermodynamic interactions between these components to calculate the equilibrium exactly.
Precipitation may be caused by MGs or saturated FAMEs. The effect of saturated FAMES
have already been elucidated in the previous paper [9], therefore, this study attempts to
elucidate the thermodynamic interactions between MGs and FAMEs using their binary and

multi-component mixtures, taking non-ideality of liquid phase into consideration. Although



this study was conducted with biodiesel model fuels, the knowledge obtained would be

valuable to establish a sophisticated prediction method for real biodiesel.

Materials and Methods
Materials

In typical plant oils, palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2)
and linolenic (C18:3) acids are the major fatty acids. Palmitic acid is the main saturated fatty
acids especially in palm oil, while oleic acid is a representative of unsaturated ones in almost
plant oils including palm oil. The MGs of palmitic acid are probably an important cause of
precipitation because they are saturated MGs and have higher melting points than unsaturated
MGs. Hence, we chose a binary mixture of 1-monopalmitin and methyl oleate as a model for
biodiesel from typical plant oils. Coconut and palm kernel oils are different from most plant
oils because they are composed of shorter fatty acids including lauric acid (C12:0). A binary
mixture of 1-monolaurin and methyl laurate was also studied as a model for fuel from
coconut and palm kernel oils. However, the choice of the components in binary mixtures is
not a significant concern in this study, because our primary purpose is to discuss the effect of
non-ideality in MG and FAME mixtures on the calculation of solid-liquid equilibrium.
Finally, some multi-component mixtures of MGs and FAMEs were also evaluated.

1-Monolaurin (C12:0 MG, >98%) and 1-monopalmitin (C16:0 MG, 98%) were
purchased from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan, while 1-monoolein (C18:1
MG, >99%), methyl laurate (C12:0 FAME, 99.5%), methyl palmitate (C16:0 FAME, >99%),
methyl oleate (C18:1 FAME, >99%), and methyl linoleate (C18:2 FAME, >99%) were
obtained from Sigma-Aldrich Japan Co., LLC., Tokyo, Japan. All chemicals were used

without purification.



Experimental Methods and Definitions

Differential scanning calorimetry (DSC) was performed using a DSC-50 system
(Shimadzu Corp.) to evaluate the solid-liquid equilibrium of samples in non-hermetic
aluminum-based pans under dry nitrogen flow. Indium and zinc were used for the
temperature calibration and a-alumina was used as a reference material. Heating and cooling
rates were set to 10 and -3 °C/min, respectively. Each sample was heated until fully melted
for each measurement and then cooled until the first phase transition was observed from
liquid to solid. The sample was then reheated until the solid phase melted and the temperature
of the endothermic peak top was defined as the solid—liquid equilibrium temperature (Tsce)
[16]. The reason that the Ts e was measured on the heating cycle was to remove the effect of
supercooling. Therefore, the measured Tsce will be slightly higher than the CP, because CP
occurs during the cooling cycle and often includes a supercooling effect. The melting point
and enthalpy of fusion were also estimated for each pure component based on the onset
temperature of the endothermic peak from the DSC heating curve [16], and the values
obtained were used to calculate the solid—liquid equilibrium.

Visual observation was conducted using a glass cell apparatus developed by Matsuda
et al. [17] (Fig. 1) when the concentration of MG was less than 2 wt% because the
endothermic peak was too small to detect at such low concentrations on DSC. Approximately
10 mL of the melted sample was placed in the sample cell (inner diameter, 20 mm; height,
150 mm) for each observation and cooled with agitation until solid substance formed. The
temperature at which solids formed was defined as the solidification temperature on cooling
(Ts). The sample was then heated maintaining agitation, and the temperature at which the
solid substance completely melted was defined as the melting temperature on heating (Twm).

The heating and cooling rates were approximately 1 and -1 °C/min, respectively.



Thermodynamic Model

The solid-liquid equilibrium can be thermodynamically expressed as the equality of
fugacities in solid and liquid phases (f%* and f;°*, respectively) for each component i by the
following equation:

flr = thus yixfl = vizf? 1)

where y/ and y;{ are activity coefficients of component i, and f* and f° are fugacities of
pure component i in liquid and solid phases, respectively. The x; and zi terms are mole
fractions of component i in liquid and solid phases, respectively. Furthermore, the fugacity

ratio of a pure component in solid and liquid phases can be described as follows [18]:

]iL = exp l(TSLE - Tm,i) (AHm,i>l _ Viin 0
fis RTs g Tin,i Vis Zj

where AH,,; and T, ; are enthalpy of fusion and the melting point of each component i,

respectively. It should be noted that the term of heat capacity is already omitted in this
equation because it is usually small enough to be non-consequential [18].

We assumed that the solid phase that formed at Ts.e is composed of only a single-
component and both zi and y; are equal to unity. This assumption is not always true but in the
case of a binary mixture of MG and FAME it is probably a plausible approximation because
their chemical structures are clearly different and may not form a mixed crystal.

The Universal Quasi-chemical Functional-group Activity Coefficients (UNIFAC)
model is well-established tool that can incorporate intra- and intermolecular contributions
based on the functional groups of each molecule in a mixture to estimate the activity
coefficient (y) [19]. We used a modified UNIFAC model developed by Gmehling et al.,
referred hereinafter to as “UNIFAC (Dortmund)”, to calculate y/ because it can be applied to
wide range of temperature [20]. The calculation was conducted using a program coded with

Microsoft Visual Basic for Applications 7.0 in Excel 2010.



Results and Discussion
Properties of Pure Component

Table 1 shows the melting point and enthalpy of each pure component measured by
DSC, along with the numbers of functional groups of each compound. The properties of the
MGs were estimated considering their polymorphic behavior. Generally a type crystals form
first when a pure MG is cooled until the phase transition occurs from liquid to solid. The a
crystals convert irreversibly to the B’ structure and then to the most stable p form after a
certain transition time [21]. The transition times tend to be faster for MGs with shorter chains
and more degrees of unsaturation [22]. High temperature and presence of the solvent also
shorten the transition times [22]. For these reasons, the melting point and enthalpy of a type
MGs were measured by heating the sample immediately after the solid phase had formed.
The properties of the B’ and 3 type crystals were measured after a certain transition time has
passed. The transition times were extremely fast for 1-monolaurin and 1-monoolein and the o
type structures quickly converted into the B form. Therefore, it was difficult to measure the
enthalpy of fusion for the B’ type of these compounds.

There are many publications reporting the thermodynamic properties of various
FAMEs and MGs, such as melting point and enthalpy [23-26]. The values measured in this
study were consistent with those previously reported, and the values obtained were applied
for the calculation of solid-liquid equilibriums. However, the enthalpies of B’ type
monolaurin and monoolein have not been reported, probably because of the difficulty of

measuring this transition.

Binary Mixture



Figure 2 shows the DSC curves for the binary mixture of 30 wt% 1-monopalmitin and
70 wt% methyl oleate. An exothermic peak was observed at 46.6 °C on cooling the liquid
sample (a), which is related to the formation of a type monopalmitin. Immediately exposing
the sample to heating after the a type crystals formed resulted in an endothermic peak at
51.5 °C (b), which can be assigned to the Tsie of the o type monopalmitin. When the sample
was heated 6 hours (c) or 11 days (d) after the a type crystals formed the endothermic peaks
shift to higher temperatures at 59.5 °C and 66.4 °C, respectively, which are the Ts.e values of
the B’ and P type crystals, respectively.

The binary mixture of 1-monopalmitin and methyl oleate was studied in the same way
at various concentrations and each Ts.e of the crystalline types are shown in Fig. 3. As
already reported by Chupka et al. [15], the ideal solution model (y* = 1) (shown as a dashed
line) has a large deviation from the experimental results (shown as filled circles) for every
crystalline form. However, the UNIFAC (Dortmund) model (shown as a solid line) provides
excellent agreement with the experimental values. Similar analyses for a binary mixture of 1-
monolaurin and methyl laurate are shown in Fig. 4. Although there is a small deviation for
the a type structure, it is obvious that the UNIFAC (Dortmund) model fits well with the
experimental results. The Tsie of B’ monolaurin was not measureable because of the fast
transition from B’ to B crystalline form.

These results show that the modified UNIFAC (Dortmund) model accounts for the
non-ideality in MG and FAME mixtures, and the solid-liquid equilibrium is well predicted
for the different types of FAMEs, MGs and their crystalline structures. The y! at the eutectic
point for various binary mixtures were calculated to discuss the degree of non-ideality (Table
2). Activity coefficients were estimated to be almost unity by the UNIFAC (Dortmund)
model for binary mixtures of only FAMEs. This is why CPs were successfully predicted for

mixtures of only FAMEs in the previous study [9], even assuming an ideal solution (y} = 1).



MG in FAME has a large activity coefficient; for example, y=59 for 1-monolaurin in methyl
linoleate. This means that MG in FAME shows remarkable non-ideality, and solids form
easily, even if the concentration is quite low.

Visual observation was conducted for the sample containing less than 2 wt% of MG
(Fig. 5). For monopalmitin in methyl oleate (a), the sample was cooled with agitation and the
solidification temperature (Ts) was measured (indicated by open circles). The sample was
then heated and the melting temperature (Tm) of the solid phase was also estimated (filled
circles). The measured Ts and Twm correspond completely with the Ts.e values calculated by
the UNIFAC (Dortmund) model for the B’ and B type structures, respectively. Similar
behaviors were observed for monolaurin in methyl laurate (b). It should be noted that the Ts.e
values of B’ monolaurin (dashed line) was calculated assuming a tentative value of 27,000
J/mol as the enthalpy of fusion because it was not measurable by DSC.

The reason MG solidifies at the Ts.e of B’ during the visual observation can probably
be explained as follows: the MG is not supercooled under agitation with a slow cooling rate,
so solidification occurs immediately when the temperature reaches the Ts e of B’. Once the
solid phase formed, it did not melt until the temperature exceeded the Tsie of B, even if the
sample was immediately exposed to a heating cycle. It appears that the B’ structure of MG
was quickly converted into B under the given conditions. Although the reason for these
behaviors remain unclear, it is possible that the B’ form is partly dissolved in FAME on the
heating cycle but immediately solidified as the B form, and this process is repeated until the
transition is finished. This mechanism is generally known as Ostwald’s rule of stages for the
transition of polymorphs in a solvent [27]. However, further study is needed to explore the

behaviors of MG in FAME.

Multi-Component Mixture
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Our study was extended to multi-component mixtures prepared by blending various MGs and
FAMEs. The Ts and Tm were measured by visual observation (Table 3). The measured Ts and
Twm values are close to the calculated Ts.e values of the B’ and  structures of the MGs,
respectively. Hence, similar phenomena seem to occur in these multi-component mixtures as
those in the binary mixtures (Fig. 5). Samples 1 to 5 — which contain two kinds of MGs —
had slight deviations between the measured and calculated values, whereas samples 6 and 7
— which contain only one MG — were almost consistent with the calculated values.

The solid phase was assumed to be formed as a single component (i.e., z;y; = 1) for
the calculation of the solid-liquid equilibrium. This assumption is probably appropriate when
the mixture contains only one MG. However, in cases including two or more MGs, the MGs
could cocrystallize (i.e., z;y; # 1). Maruyama et al. have reported a mixed crystal (solid
solution) composed of different MGs [28]. Further studies on the effect of solid solutions of
MGs are needed to allow precise prediction of the solid—liquid equilibrium of complex

mixtures.

Conclusions

A series of model mixtures of MGs and FAMESs were studied to aid the prediction of
cold-flow properties of biodiesel. Although remarkable non-ideality was found between MG
and FAME, it was determined that the modified UNIFAC (Dortmund) model can
successfully predict the non-ideality. Binary mixture of MG and FAME showed good
agreement between the theoretical values and measured equilibrium temperatures. Our study
was further extended to multi-component mixtures, and the theoretical and experimental
values were also consistent. However, mixtures with two kinds of MGs deviated from the

model to some extent, which might be caused by the effect of solid solution MGs. We need

11



further studies about the effect of cocrystallization of MGs to establish a practical prediction

model for real biodiesel.
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Table 1 Properties of each pure component used to calculate solid-liquid equilibria

Melting point Enthalpy of Number of functional groups
Component Type
(°C) fusion (J/mol) CHj3 CH; CH CH=CH OH(p) OHJ(s) CH,COO
FAME
Methyl laurate (C12:0) 4.5 36,400 2 9 0 0 0 0 1
Methyl palmitate (C16:0) 29.8 60,400 2 13 0 0 0 0 1
Methyl oleate (C18:1) -20.7 41,600 2 13 0 1 0 0 1
Methyl linoleate (C18:2) -42.4 36,200 2 11 0 2 0 0 1
MG
1-monolaurin (C12:0) a 44.8 22,400 1 11 1 0 1 1 1
B’ 59.5 -
B 62.3 38,000
1-monopalmitin (C16:0) a 66.4 34,100 1 15 1 0 1 1 1
B’ 72.7 49,900
B 75.7 63,600
1-monoolein (C18:1) a 15.0* 11,000* 1 15 1 1 1 1 1
B’ 30.1 -
B 35.0 49,400

* From reference [26]

- Not measureable because of fast transition



Table 2 Activity coefficients y/ calculated by the modified UNIFAC (Dortmund)

model in binary mixtures of FAME and MG at the eutectic point

Eutectic point

Solute Solvent Fraction Temperature vF of solute
(wt% of solute) (°C)
Methyl palmitate Methyl laurate 11.65 2.8 1.009
Methyl oleate 0.75 -20.7 1.001
Methyl linoleate 0.06 -41.7 1.008
1-monolaurin (a) Methyl laurate 2.22 4.3 16.679
Methyl oleate 0.22 -20.7 46.870
Methyl linoleate 0.07 -42.4 59.000
1-monopalmitin (a) Methyl laurate 0.83 4.5 12.643
Methyl oleate 0.06 -20.7 31.099

Methyl linoleate 0.01 -42.4 39.235




Table 3 Chemical compositions of the multi-component mixtures and the measured Ts and Tm by visual observation compared with

the calculated Tsce for B’ and B structures of MG

Composition of the mixture (wt%) Measured (°C) Calculated Tsie (°C)
Sample Methyl esters 1-monoglycerides
No. Laurate Palmitate Oleate Linoleate Laurin Palmitin Olein Ts Tm p’ p
(C12:0) (C16:0) (C18:1) (C18:2) (C12:0) (C16:0) (C18:1)
1 49.52 - 49.48 - 0.50 0.50 - 15.6 26.0 194 30.2
2 - 9.45 19.93 70.09 - 0.10 0.43 5.3 16.0 5.1 17.3
3 - 13.95 75.04 9.96 - 0.21 0.84 9.8 22.2 13.8 25.0
4 - 40.64 49.43 8.90 - 0.50 0.53 16.6 32.2 238 33.7
5 65.17 23.95 9.88 - 0.71 0.29 - 11.0 20.6 121 23.7
6 49.49 - 49.51 - - 1.00 - 28.3 37.0 28.4 37.7

7 - 13.96 75.52 10.31 - 0.21 - 15.0 254 14.9 25.9




