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The study of the phase behaviour of binary mixtures of fatty acid methyl esters (FAME) and alkanes are here
studied to understand the behaviour of the mineral diesel/biodiesel blends. Six binary mixtures of the most
common saturated methyl esters (methyl stearate or methyl palmitate) with a saturated alkane (hexadecane,
octadecane or eicosane) were evaluated by differential scanning calorimetry (DSC), X-ray diffraction (XRD) and
optical microscopy. The binary mixtures studied show a more complex phase behaviour than previously reported,
which it is shown to be dependent of the size difference between the alkyl chain length of the esters and the
alkanes. It was found that in mixtures with equal alkyl chain length a co-crystal is formed, and when the alkane
chain length is larger than in the FAME by two methylene groups the formation of a solid-solution increasing
significantly the solid phase stability is observed. The results and conclusions derived from the phase behaviour of
this set of binary mixtures, between alkanes and methyl esters, can be used as a model for the interpretation of the
cloud and pour points increase in biodiesel blends (in special the ones with a rich fraction of methyl palmitate or
methyl stearate when combined with mineral diesel with high content of octadecane or eicosane respectively).
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1. Introduction

The solid–liquid equilibrium of fatty acid methyl and ethyl esters
has been extensively studied [6,20–22], nevertheless the phase behaviour of binary mixtures of fatty acid esters and hydrocarbons has been
poorly investigated. There are only a few studies of ethyl esters or
methyl esters with aromatic hydrocarbons [23] and linear alkanes
[24–27]. Typically, the phase diagrams of these mixtures exhibits invariant points, such as eutectics and peritectics. The interpretation of
their phase diagrams is fundamental for the understanding the low
temperature phase behaviour of blends of biodiesel and diesel fuels
[20,23–26].
The binary mixtures of FAMEs composed by methyl myristate,
methyl palmitate and methyl stearate were studied by Costa et al. [22]
that showed that these mixtures present very complex phase behaviour
with multiple phase regions and peritectic and metatectic reactions.
Maximo et al. [20] studied the blends of FAME with FAEE with
mixtures as ethyl palmitate, ethyl stearate or ethyl oleate with methyl
palmitate. These systems showed also a very complex behaviour with
the formation of solid-solutions, peritectic reactions and metatectic
transitions. The authors proposed that the mixtures of FAME with FAEE
could be used to improve their cold flow properties when compared
with mixtures of FAMEs.
The systems of FAMEs with aromatics were studied by Benziane
et al. [23] that concluded that all the mixtures studied presented a
simple eutectic behaviour. In another work Benziane et al. [24] studied
the FAMEs (methyl palmitate and methyl stearate) in mixtures with
heavy alkanes (n-eicosane, n-tetracosane and n-octacosane) again reporting that these mixtures had a simple eutectic behaviour. A similar
conclusion was reported by Lobbia et al. with the study of the crystallization curve of the methyl stearate, methyl nonadecanoate, ethyl
stearate and methyl palmitate with hexadecane [27].
Mixtures between FAEE and alkanes were studied by Robustillo
et al. [25] reporting systems of ethyl laurate, ethyl palmitate and ndecane and by Chabane et al. [26] which studied mixtures of ethyl
myristate with n-tetradecane and n-hexadecane and ethyl palmitate
with n-octadecane. All the systems were reported to present a simple
eutectic behaviour except for the system ethyl laurate and n-decane
were a peritectic point was also identified. Some of these systems show
the presence of solid–solid transitions.
Since pure biodiesel is seldom used, most of it being sold as blends
with mineral diesel, it would be very important to study the phase
behaviour of the mixtures of the most abundant saturated fatty acid
methyl esters in biodiesel with n-alkanes. The mixtures of dissimilar

Fossil fuels have well know adverse environmental effects such as
the emission of CO2 and SO2, and their production is limited to a few
regions often fraught with political problems. For those reasons a
considerable effort has been developed to replace them for more sustainable and renewable sources of energy [1].
Biofuels are environmentally friendly fuels that can be produced
from renewable feedstocks reducing the dependency on oil imports, and
CO2 emissions [2]. One of the most used biofuels is biodiesel that is “a
fuel comprised of monoalkyl esters of long-chain fatty acids made from
natural, renewable sources such as new/used vegetable oils or animal
fats” [3]. Biodiesel has a lot of advantages since it is renewable, energy
efficient, biodegradable, and has a high cetane number. Besides, one of
its main advantages is its similarity with conventional diesel that allows
it to be used in conventional diesel engines, without any engine modification, or to be blended with diesel in any proportion, improving its
lubricity, and ignition quality. Biodiesel has a lead role on the alternatives to petrol fuel, but some challenges must be overcome to optimize their production, usability, sustainability and to decrease their
environmental impact [2,4,5].
One of the problems with biodiesel is its behaviour at low temperatures, since it has higher cloud and pour points than mineral diesel
[6,7], what could lead to the formation of solid deposits that clog fuel
filters in vehicles or cause blockage in the fuel lines, leading to fuel
starvation in engine operation [8–13]. The low temperature properties
of biodiesel are controlled by several specifications, such as pour point
(PP) (ASTM D-97, ASTM D-5949), cold filter plugging point (CFPP)
((EN 116, IP-309, ASTM D-6371), cloud point (CP) (EN 23015, ASTM
D-2500), and the low-temperature filterability test, LTFT (ASTM D4539). This is particularly important in cold regions during winter
months [14–17].
The biodiesel is mainly produced by transesterification of oils and
fats with an alcohol and so the final composition depends on the source
of the oil and the alcohol used in the esterification. The biodiesel
composition is an important factor in the definition of its cold flow
properties. The biodiesel fuels with significant amounts of saturated
fatty compounds show a higher CP and PP due to the high melting point
of the saturated fatty compounds [18]. There are studies showing that
the cloud point of biodiesel could be determined by the amount of saturated fatty acid methyl esters (FAME) regardless the composition of
unsaturated esters [19].

C20 (Eicosane), n1=20

C18 (Octadecane), n1=18

C16 (Hexadecane), n1=16

MeC18 (Methyl Stearate), n2=18

MeC16 (Methyl Palmitate), n2=16

Fig. 1. Schematic representation of the binary mixtures between methyl esters and alkanes studied in this work. Alkanes: Eicosane, C20H42, (C20); Octadecane,
C18H38, (C18); Hexadecane, C16H34, (C16); FAMEs: Methyl stearate, C19H38O2, (MeC18); Methyl palmitate, C17H34O2, (MeC16).
2

Fuel 262 (2020) 116488

N.F.M. Branco, et al.

size are well established to produce simple eutectic systems with a near
ideal behaviour [24–26].
This work presents a systematic study of the phase behaviour of
binary mixtures composed by combination of the most abundant saturated FAMEs with the n-alkanes with similar size as depicted schematically in Fig. 1. The phase diagrams of these two FAMEs, methyl palmitate (MeC16) and methyl stearate (MeC18) with hexadecane (C16),
octadecane (C18) and eicosane (C20) were studied in detail using differential scanning calorimetry (DSC), temperature controlled polarized
optical microscopy, and x-ray powder diffraction, XRD. The DSC is
rapid and a sensitive technique that is able to determine accurately the
temperature and the heat involved in the phase transition [28–30]. The
results and its relevance to the behaviour of blends of diesel with biodiesel will be discussed below.

For the thermal study, small quantities of each sample were sealed
in an aluminium crucible (30/50 μg) and heated at a rate of 5 K·min−1
to 323.15 K under nitrogen atmosphere. The sample was maintained at
this temperature for 5 min and was then cooled at a rate of 5 K·min−1 to
a temperature of 223.15 K and maintained at this temperature for
10 min. After this isothermal step, the sample was then heated at a
scanning rate of 2 K·min−1 until the complete melting and an isothermal step of 5 min. Due to peaks overlapping, which prevents the
direct evaluation of the onset temperature, the solid–solid and solid–liquid transitions were evaluated based on the peak temperatures
[6,20,22,35] and corrected to the temperature delay estimated by the
difference between the onset and the peak temperatures observed in the
runs with the pure compounds (DSC with identical experimental conditions: sample mass, temperature scanning rate). For the DSC (PerkinElmer model Pyris Diamond) temperature correction “Peak” to “Onset”
were typically in the order of – 1.2 K (Onset_T = Peak_T – 1.2), for the
DSC (Netzsch model 200F3) the same corrections were slightly higher
in the order of – 2.0 K (Onset_T = Peak_T – 2.0), for the scanning rate of
2 K·min−1. Additional details could be found as Supporting information.
The uncertainty of the experimental results was taken as the overall
standard deviation for the enthalpies of melting, σ, and was estimated
as ± 0.5 K for the temperature and 2% for the heat involved in the
melting process (typical ± 4 J·g−1 considering the size and the average
molar mass of the samples).

2. Experimental
2.1. Materials
All the compounds used in this study were supplied by SigmaAldrich. The stated purity presented by the supplier and the purity of
the samples evaluated in our laboratory using gas chromatography (HP
4890 equipped with a cross-linked, 5% diphenyl and 95% dimethylpolysiloxane column), is depicted in Table 1. The relative atomic
masses used were those recommended by IUPAC in 2013 [31]. Due to
their high quality the samples were handled without any further purification.
Binary mixtures of around 200 mg with different compositions
(molar fraction between 0.0 and 1.0 in 0.1 mol fraction steps) were
prepared gravimetrically (using an analytical balance, Mettler Toledo,
model AG245, with a mass resolution of ± 0.01 mg) and kept in sealed
glass bottles to avoid contamination. The mixtures were heated to a
higher temperature than the melting point of the pure components
(315 K) mixed and kept overnight in order to obtain a homogeneous
solution. Some additional binary mixtures were prepared, using the
same procedure, whenever necessary to increase the definition/resolution of the phase diagrams. The overall uncertainty of the experimental mole fraction was estimated to be approximately ± 1 × 10−3.

2.3. Phase transition morphology analyses
The morphology analysis of the solid phases of the mixtures, and the
solid–solid and solid–liquid phase transitions observed by DSC were
explored by optical microscopy using an Olympus optical system,
model BX51, equipped with a Linkam T95-PE temperature controller
with LTS120, and a camera Olympus DP71 with U-CMAD3/U-TV1x-2.
The qualitative characterization of the crystal structures of the solid
phases was carried by x-ray powder diffraction in a Panalytical XRD
apparatus model Empyrean, operating with an anode of Cu
(Kα1 = 1.5406 Å; Kα2 = 1.5444 Å). The low temperature chamber was
an Anton Paar model TTK450, the temperature controller an Anton
Paar TCU100 and the chamber was cooled using liquid nitrogen.
Diffraction data were collected in the 2θ range from 3° to 50° in steps of
0.02 and a time per step of 50 s using a linear detector PIXEL 1D with an
active length 3.347°, with incident slit of ¼° and diffracted beams antiscatter slits of 7.5 mm. The diffractograms acquired for these mixtures
did not have enough resolution to allow the crystal structures to be
derived from them. They were only used to identify differences between
the solid regions comparing the diffractograms at different temperatures and concentrations. The samples were heated or cooled until the
desired temperature at which the diffraction data were collected. The
heating or cooling process of the sample was conduct by the temperature controller with no programmed temperature rate [36,37].

2.2. Differential scanning calorimetry
The thermal study of each sample was evaluated by DSC, using two
different commercial DSC instruments (Perkin-Elmer model Pyris
Diamond DSC and NETZSCH 200F3 DSC) using in both instruments
high purity (99.999%) gaseous nitrogen as protective gas
(50 ml·min−1). The temperature and heat flux scales of the power
compensation DSC (Perkin-Elmer model Pyris Diamond) were calibrated by measuring the temperature and the enthalpy of fusion of
reference materials [32–34] namely, benzoic acid, 4-methoxybenzoic
acid, triphenylene, naphthalene, anthracene, 1,3,5-triphenylbenzene,
phenylacetic acid, perylene, ortho-terphenyl, and 9,10-diphenylanthracene, indium and water at different scanning rates (2, 5, and
10 K·min−1). The temperature and heat flux scales of the DSC (Netzsch
model 200F3) were calibrated based in the temperature and the enthalpy of fusion of the following reference materials: benzoic acid, oterphenyl, cyclohexane, adamantane, undecane and water [32–34].

3. Results
Given the limited information available about the phase behaviour
of systems composed of fatty acid methyl esters and alkanes, the main
components of waxes forming in biodiesel and mineral diesel, the phase

Table 1
Compounds description, experimental and suppliers purities (%(m/m)).
Chemicals name

Chemical formula

Molecular weight/g·mol−1

CASno.

Purity/GC

Purity/supplier

Hexadecane
Octadecane
Eicosane
Methyl Palmitate
Methyl Stearate

C16H34
C18H38
C20H42
C17H34O2
C19H38O2

226.42
254.47
282.52
270.43
298.48

544–76-3
593–45-3
112–95-8
112–39-0
112–61-8

99.6
99.1
99.6
99.8
99.7

> 99
99
99
> 99
99
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diagrams of several of these mixtures are here measured and analysed.
The phase diagrams reported below are the result of the interpretation of the DSC thermograms, from which, whenever possible
Tammann plots are presented to help identification and interpretation
of eutectic points and the solid solution domains. These results were
complemented with information derived from optical microscopy
where it is possible to observe some visual changes in solid structure or
the initial/final melting temperatures. The results are further supported
by XRD where is possible to observe the crystal structures changes with
temperature and concentration. The melting properties of the pure
compounds are reported in Table 2.
The phase behaviour results were compared with the prediction of
an ideal eutectic behaviour described by the Solid-Liquid equilibrium
equation that describes the dependence of the liquidus line temperature
with the mole fraction, T(xi), the liquid mixture being assumed as an
ideal liquid solution, and neglecting the correction effect of the difference in the heat capacities between the solid and liquid phases.

ln(xi ) =

Hfus
R

1
Tfusi

1
T (x i )

315
MeC18 (A) + C16 (B)

l

300
T /K

B(s)+l

A(s)+l

285
A(s)+B(s)

270

0.0

0.2

0.4

0.6

0.8

xA

C16

1.0
MeC18

Fig. 2. Solid-liquid phase diagram (p = 0.10 ± 0.01 MPa) for the binary
system methyl stearate (A) and hexadecane (B): ● – liquidus line; ■ – solid–solid transition; ▲ – eutectic transition. Dashed grey lines (—) indicates the
ideal liquidus line.

(1)

In this equation xi is mole fraction of the component i, Tfus i and
ΔHfus are the melting and heat of fusion of the pure component, and R is
the universal gas constant. This equation was only used for comparative
proposes between the different binary systems and should not be considered an attempt to describe the observed thermal behaviour.

6.0

∆Hss / kJ·mol-1

3.1. Phase behaviour of the binary mixture methyl stearate + hexadecane
(MeC18 + C16)
Fig. 2 shows the solid–liquid phase diagram measured at atmospheric pressure (p = 0.10 ± 0.01 MPa) for the system composed by
methyl stearate and hexadecane (MeC18 + C16). The thermograms are
depicted in Fig. SI.1. It was found that the (MeC18 + C16) system
presents a simple eutectic type behaviour with an eutectic composition
close to xA = 0.15 and an eutectic temperature of 289 K in good
agreement with the results published by Lobbia et al. [27]. An invariant
solid–solid transition at 278 K was found in this binary mixture in the
intermediate binary mixtures compositions.
The solid–solid transition identified by DSC is not observable by
optical microscopy. It shows a small endothermic and reversible heat of
transition which was correlated with the hexadecane content as shown
in the Tammann plot presented in Fig. 3. This suggests that the solid
phase that undergoes the solid–solid transition is formed by hexadecane
crystallizing on a solution of MeC18 on a structure not present when
hexadecane is crystallized from the melt.
The structural change involved in this solid–solid transition was
explored by XRD. The change in the XRD spectra with the temperature
is depicted in Fig. 4 for the mixture with a composition of x = 0.25 of
methyl stearate. The XRD data of the mixtures was compared with the
XRD of the pure compounds. In the spectra regions highlighted by the

4.0

2.0

0.0

0.0

0.2

0.4

0.6
xA

C16

0.8

1.0
MeC18

Fig. 3. Tammann diagram for the solid–solid transition for the binary system
methyl stearate (A) + hexadecane (B). Solid-solid transition observed at
T = 278 ± 1 K. Linear dependence with hexadecane mole fraction, converging
to XA = 1.0, ΔHss = 2.5 ± 0.5 kJ·mol−1 (hexadecane).

regions “a” and “c” two new diffractions peaks at 2θ = 23° and
2θ = 26°, are depicted, as well as a decrease of the peak intensity at
2θ = 24°, region “b”, supporting the existence of a structural change in
the crystal which is not observed in the pure hexadecane.

Table 2
Melting properties of the pure compounds studied.
Component name

Tfus/K this work

Tfus/K literature

ΔHfus/J·g−1 this work

ΔHfus/J·g−1 literature

Hexadecane
Octadecane
Eicosane
Methyl palmitate

290.9
300.3
309.2
301.7

235
235
260
202

Methyl Stearate

310.5 ± 0.5

291.1a
301.3a
309.7a
300.53 ± 0.02b
305.15c
302.2d
310.16 ± 0.05b
310.9c
311.0d

228.79 ± 0.4a
241.29 ± 0.4a
238.21 ± 0.4a
209.0 ± 4.6b
207.05 ± 7.8c
215d
222.0 ± 1.8b
206.7 ± 5.7c
240d

±
±
±
±

0.5
0.5
0.5
0.5

±
±
±
±

4
4
5
4

218 ± 4

“a” – reference [38]; “b” – reference [39]; “c” – reference [40]; “d” – reference [41]; Temperature and specific enthalpy uncertainty: taken as the overall standard
deviation, σ, including the calibration uncertainty. Estimated as σ (temperature) = ± 0.5 K and σ (specific enthalpy of fusion) = ± 4 J·g−1).
4
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Arbitrary units

c

C16

MeC18

20

22.5

25

χB=1.0

283.2 K

χA=0.25

283.2 K

χA=0.25

263.2 K

χA=1.0

303.2 K

27.5

Arbitrary units

b

a

5

30

2θ

A2B

χA=0.67

C18

χB=1.0

20

35

2θ

50

MeC18(A) + C18(B)
A2B(s)+l

l

283.2 K

A(s)+l

Arbitrary units

B(s)+l

T /K

300

285

270

χA=1.0

Fig. 7. XRD spectra for the pure compounds methyl stearate (A) and octadecane
(B) at 298.2 K and the A2B co-crystal formed at the 2:1composition.

Fig. 4. XRD spectra for the solid–solid transition observed in binary mixtures
composed by methyl stearate (A) and hexadecane (B).

315

MeC18

0.0

0.2

268.2 K

A2B(s)+A(s)

B(s)+A2B(s)

0.4

0.6

0.8

xA

C18

1.0

25

MeC18

30

35

2θ

40

Fig. 8. XRD spectra for the binary system composed by 40% (mol/mol) methyl
stearate and octadecane.

Fig. 5. Solid-liquid phase diagram (p = 0.10 ± 0.01 MPa) for the binary
system methyl stearate (A) and octadecane (B): ● – liquidus line; ♦ – solid–solid
transition; ▲ – peritectic transition. Dashed grey lines (—) indicates the ideal
liquidus line.

315
MeC18 (A) + C20 (B)

310

8

SS'+l
SS''+l

SS''

305

4

SS'''+l

l

T /K

∆Hss / kJ·mol-1

12

SS''+SS'''
SS'''

SS'

0

300
0.0

C18

0.2

0.4

0.6
xA

0.8

1.0

0.0
C20

MeC18

0.2

0.4

0.6
xA

0.8

1.0
MeC18

Fig. 9. Solid-liquid phase diagram (p = 0.10 ± 0.01 MPa) for the binary
system methyl stearate (A) and eicosane (B): ● – liquidus line; ■ – solid–solid
transition; ▲ – solidus line ♦ – possible metatectic transition. Dashed lines
represent hypothetical transitions for which no evidence from DSC was available. Dashed grey lines (—) indicates the ideal liquidus line.

Fig. 6. Tammann diagram for the solid–solid transition for the binary system
methyl stearate (A) and octadecane (B). Solid-solid transition observed at
T = 275 ± 1 K. Linear dependence with octadecane mole fraction, converging
to XA = 0.66, ΔHss = 8.0 ± 0.5 kJ·mol−1 (octadecane).
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8

MeC18

xA=1.0

6

c)

∆Hss / kJ·mol-1

Arbitrary units

xA=0.9
xA=0.6
b)

xA=0.2
xA=0.1

a)

5

2

xB=1.0

C20
20

35

0

50

2θ

4

0.0

C16

0.2

0.4

0.6
xA

0.8

1.0
MeC16

Fig. 13. Tammann diagram for the solid–solid transition for the binary system
methyl palmitate (A) and hexadecane (B). Solid-solid transition observed at
T = 258 ± 1 K. Linear dependence of hexadecane mole fraction,
ΔHss = 7.0 ± 0.5 kJ·mol−1 (hexadecane).

Fig. 10. XRD spectra for the binary system formed composed by methyl stearate (A) and eicosane (B) at 300 K.

320

3.2. Phase behaviour of the binary mixture methyl stearate + octadecane
(MeC18 + C18)

MeC16(A) + C20 (B)

l

305

The solid–liquid phase diagram for the binary mixture of methyl
stearate + octadecane (MeC18 + C18) is presented in Fig. 5 and its
thermograms in Fig. SI.2. This binary mixture presents novel features
when compared with the previous phase diagram (MeC18 + C16). Here
evidence to the formation of an intermediate compound, with a composition of xA = 0.66, which suggests the 2:1 stoichiometric of FAME to
alkane is found. The eutectic point was identified at T = 298 K and a
molar fraction xA ~ 0.2. The intermediate compound (2:1), decomposes
at T = 300 K with the formation of a peritectic point at a composition
close to xA = 0.5. The composition ratio of the intermediate compound
(2:1) was further supported by the Tammann plot of the solid–solid
transition observed at 275 ± 1 K which converges to xA = 0.66 as
depicted in Fig. 6. Fig. 7 presents the XRD spectra of the two pure
compounds and the intermediate compound (2:1). The comparative
analysis the XRD spectra supports the formation of the intermediate
compound identified from the phase diagram obtained from DSC.
Moreover, as mentioned above, this system also shows a solid–solid
transition at about 275 K which is observable by DSC and XRD. The
change in the crystal structure are supported by the XRD data as reported in Fig. 8 (2θ = 30° peak disappearance) highlighted in the dashed line box. The Tammann plot presented in Fig. 6 provides a strong
indication that this solid–solid transition is associated to the octadecane, and is the octadecane analogous to the transition observed in the
previous phase diagram for hexadecane. It is also quite interesting to
observe that the octadecane solid–solid seems to be induced by its
crystallization from the solution as it was not observed in pure octadecane.

A(s)+l

T /K

B(s)+l

290

275

A(s)+B(s)

0.0

0.2

0.4

0.6

0.8

1.0

xA

C20

MeC16

Fig. 11. Solid-liquid phase diagram (p = 0.10 ± 0.01 MPa) for the binary
system methyl palmitate (A) + eicosane (B): ● – liquidus line temperature; ■ –
solid–solid transition; ▲ – solidus line. Dashed grey lines (—) indicates the
ideal liquidus line.

310

MeC16(A) + C16 (B)
SS

l
B(s)+l

AB(s)+l

A(s)+l

T /K

290

SS+l

270

250

AB(s)+A(s)

B(s)+AB(s)

0.0
C16

0.2

0.4

0.6
xA

0.8

3.3. Phase behaviour of the binary mixture methyl stearate + eicosane
(MeC18 + C20)
The phase diagram for the binary system methyl stearate + eicosane (MeC18 + C20) is significantly more complex than the phase
diagrams discussed previously. A significant number of phase transitions were observed by DSC at lower temperatures which indicates a
much more complex behaviour. Fig. 9 presents our interpretation of the
solid–liquid phase diagram for this binary mixture based in rationalization of the DSC thermograms depicted in Fig. SI.3. Here the solid lines
correspond to actual observations of phase transitions while the black
dashed lines are the suggestions of the missing phase transitions that

1.0
MeC16

Fig. 12. Solid-liquid phase diagram (p = 0.10 ± 0.01 MPa) for the binary
system formed by methyl palmitate (A) and hexadecane (B): ● – liquidus line;
■ – metatectic transition; ▲ – solidus line; ♦ – solid–solid transition. Dashed
grey lines (—) indicates the ideal liquidus line.
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a

b

Arbitrary units

χA=1.0
268.2 K
χA=0.5

30

2θ 40

35

AB
C16

χB=1.0

253.2 K
25

MeC16

5

20

2θ 50

35

Fig. 14. XRD spectra of the binary system composed by methyl palmitate (A) and hexadecane (B) a) 30% (mol/mol) methyl palmitate; b) At 283 K and the AB cocrystal formed by the 1:1 mixture.

305
MeC16(A) + C18 (B)
l

xA=0.9

SS'''+l

T /K

SS''+l

Arbitrary units

SS'+l
300

SS''

295

MeC16

xA=1.0

xA=0.5
xA=0.4
xA=0.3
xA=0.1

SS'''
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xB=1.0
290

0.0

0.2

0.4

0.6

0.8

1.0
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C18

5

MeC16

Arbitrary units

Fig. 15. Solid-liquid phase diagram (p = 0.10 ± 0.01 MPa) for the binary
system methyl palmitate (A) + octadecane (B): ● – liquidus line; ■ – solid–solid transition; ▲ – solidus line, ♦ - possible metatectic transition. Dashed
grey lines (—) indicates the ideal liquidus line.
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is the formation of a peritectoid at a composition close to xA = 0.2 and
T = 308 K. The initial melting of the mixture of molar fraction
xA = 0.10 at 308 K was detected by optical microscopy and is present as
Supporting information (Fig. SI.4).
An eutectoid was also observed at a composition close to xA = 0.5
and T = 306 K. The melting of the intermediate solid solution SS″ was
observed by optical microscopy at xA = 0.3 and T = 307 K which is
presented as supporting information (Fig. SI.4). At the composition
range between xA = 0.1 and xA = 0.5, an invariant transition at
T = 303 K was found. At the same composition region, but at higher
temperature, we found the indication for the formation of two biphasic
regions, SS′ + SS″ and SS″+SS‴.
Based on the analysis of the XRD spectra for the different binary
compositions, depicted in Fig. 10 we found the indication of a distinct
crystal structure pattern for the different compositions supporting the
existence of the solid solution. The binary system MeC18 + C20 is
characterized by the significant solid phase stabilization as indicated by
the rise of the liquidus line temperature when compared with the hypothetical ideal behaviour.

293.2 K

10

35

Fig. 17. XRD spectra for the binary system composed by methyl palmitate (A)
and octadecane (B) at 295 K.

295.7 K

5

20

C18

20

Fig. 16. XRD spectra for the binary system composed by 20% (mol/mol) methyl palmitate and octadecane.

3.4. Phase behaviour of the binary mixture methyl palmitate + eicosane
(MeC16 + C20)

should be present based on the phase rule, optical microscopy and XRD
spectra observations. In the region on the left-hand side of the phase
diagram, close to the pure eicosane, we found an indication to the
formation of a solid-solution. In this region of the phase diagram, there

The binary system methyl palmitate + eicosane (MeC16 + C20),
represented in Fig. 11, presents a solid–liquid phase diagram, similar to
the MeC18 + C16 system, with the formation of an eutectic point
7
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3.6. Phase behaviour of the binary mixture methyl palmitate + octadecane
(MeC16 + C18)
The solid–liquid phase diagram of the system methyl palmitate + octadecane (MeC16 + C18) is presented in Fig. 15 and its thermograms in Fig. SI.7. This binary mixture presents a behaviour similar
to the methyl stearate + eicosane (MeC18 + C20) system, with evidences for the formation of a solid-solution in wide ranges of composition. As before the phase diagram presented is based in rationalization
of the DSC thermograms, the solid lines corresponding to actual observations of phase transitions while the black dashed lines are the
suggestions of the missing phase transitions that should be present
based on the phase rule, optical microscopy and XRD spectra observations.
In this binary mixture we observed the formation of a peritectoid in
the alkane rich region at a molar fraction of around xA = 0.2 and at
299 K. The eutectoid appears at 293 K at a composition between
xA = 0.3–0.4. This transition is supported by the XRD data presented in
Fig. 16. At the molar fraction of xA = 0.2 some new diffraction peaks
were observed which supports the structural modification expected
from the phase diagram proposed.
The eutectic point was found at a molar fraction of about xA = 0.5
and T = 296 K. At the methyl palmitate rich region an extensive solid
solution region is observed. As for the system methyl stearate + eicosane the existence of the solid solution region is supported by XRD data
and optical microscopy as shown in Fig. 17 and Fig. SI.8, respectively.
4. Conclusions
The solid–liquid phase diagrams of the saturated methyl esters and
alkanes binary mixtures series show a more complex behaviour than
previously reported. Their behaviour follows a pattern that seems to be
related with the balance between the size of the methyl ester and the
alkane. We found the formation of co-crystals, peritectic and metatectic
reactions in mixtures with equal alkyl chain size, and the formation of
solid solutions in mixtures of an alkane with a chain two methylene
longer than the alkyl chain of the methyl esters. The molecular understanding/interpretation of the phase behaviour of these systems is
schematically represented in Fig. 18.
The observed behaviours could be divided in tree typical scenarios
organized according the differences in size between the alkyl chains of
the mixture components which seem to rule the phase stability. The
comparison with the ideal liquid phase model shows a good agreement
near the pure compounds and the general conclusions are in good
agreement with the results published by Lobbia et al. where a deviation
to the ideal eutectic point in the system C16 + MeC16 and an ideal
eutectic behaviour as observed for C16 + MeC18 and C16 + MeC19.
This last system confirms the conclusion that the ideal eutectic should
be forming for the systems represented in Fig. 18, scenario A.
The results here reported and the understanding drawn from the
simple binary systems here studied could be extended to the diesel/
biodiesel blends phase behaviour interpretation and can be a good
model to the interpretation of the increase of the cloud and pour points
in biodiesel blends with a rich fraction of methyl palmitate or methyl
stearate when combined with mineral diesel with a rich fraction in
octadecane or eicosane respectively. The formation of the solid solution
in a wide range of concentrations, not previously reported or anticipated, could have important impact on the wax formation as well as in
the performance of additives used to improve the low temperatures
behaviour of diesel blends.

Fig. 18. Schematic diagrams of the phase behaviour of binary mixtures of saturated methyl esters and alkanes and their dependence with the alkyl chain
size differences. Dashed line depicts the ideal liquid behaviour described by the
Solid-Liquid model.

around 295 K and a composition close to xA = 0.8 as well as a solid–solid transition. The thermograms for this system are depicted in
Fig. SI.5. The lower temperature transition is an invariant solid–solid
transition at around 280 K which was observed in the compositions
region between xA = 0.1 and xA = 0.7. As in previous systems it can be
assigned to eicosane crystallizing from solution on a new solid phase
not observed in the crystallization from the melt.
3.5. Phase behaviour of the binary mixture methyl palmitate + hexadecane
(MeC16 + C16)
The solid–liquid phase diagram for the binary mixture methyl palmitate + hexadecane, (MeC16 + C16) is presented in Fig. 12 and its
thermograms are depicted in Fig. SI.6. It shows solid–liquid phase
diagram similar than that previously discussed for the system
MeC18 + C18.
The liquidus line is in good agreement with the data published by
Lobbia et al. [27]. However, our solid–liquid phase diagram results
highlights some novel details not previously reported. For molar fractions above xA = 0.5, DSC data suggest the existence of a metatectic
transition, as often previously observed in systems with fatty acid esters
[20–22], which was further confirmed by optical microscopy. Moreover, the formation of a co-crystal at a 1:1 stoichiometric proportion
(AB) was confirmed by the the Tammann plot representation of the
solid–solid transition at T = 259 K presented in Fig. 13, which indicates
the existence of a peritectic point at compositions close to xA = 0.4.
This is also supported by the XDR spectra shown in Fig. 14 where the
disappearance of the peak at 2θ = 30° at high temperatures is observed.
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