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Vapour-liquid phase equilibria and interfacial proper-
ties of fatty acid methyl esters from molecular dynam-
ics simulations

Esther Feria,a Jesús Algaba,a José Manuel Míguez,a Andrés Mejía,b Paula Gómez-
Álvarez,a and Felipe J. Blas,∗a

We have determined the phase equilibria and interfacial properties of methyl esters homologous
series (from methyl acetate to methyl heptanoate) from direct simulation of the vapour-liquid inter-
face. Methyl esters are modelled using the united atom approach in combination with the TraPPE
force fields for alkanes, alkenes, carbon dioxide, ethers, and carboxylic acids in a transferable
way. This allows to take into account explicitly both dispersive and coulombic interactions, as well
as the repulsive Pauli-exclusion interactions. Simulations are performed in the NVT or canonical
ensemble using molecular dynamics. Vapour-liquid surface tension is determined using the virial
route, i.e., evaluating the normal and tangential components of the pressure tensor along the sim-
ulation box. We have also calculated density profiles, coexistence densities, vapour pressures,
surface entropies and enthalpies, and interfacial thickness as functions of temperature, as well as
the normal boiling temperatures and the critical temperatures, densities, and pressures for each
member of the series. Special attention is paid to the comparison between experimental data
taken from the literature and our results obtained from molecular dynamic simulations. We also
analyze the effect of increasing the molecular weight of the methyl esters (at fixed temperature)
on all the properties considered, with special emphasis on phase equilibria envelopes and surface
tension. The TraPPE force fields transferred from other molecules and chemical families are able
to predict very accurately the experimental vapour-liquid phase envelopes of methyl esters. We
also compare the results obtained from simulations for the surface tension with experimental data
taken from the literature. To our knowledge, this is the first time that vapour-liquid phase equilib-
ria and interfacial properties, and particularly surface tension, of the methyl esters homologous
series are obtained from computer simulation.

1 Introduction
Current environmental regulations and energy directives recom-
mend and promote to increase, at least 10%, the use of renew-
able fuels for transport by 2020, and also to dramatically reduce
the transportation emission levels by 20301. These initiatives
have been motivated to reduce greenhouse gas emissions, where
transportation contributes 34% of the total emissions. One of the
most groundbreaking alternatives to accomplish these targets is
to replace (partially or totally) the fossil-fuels based by biofuels
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(fuels produced from natural renewable sources), where one of
the most recently emerging biofuels is the biodiesel. Biodiesel
are considered the third (or fourth) generation of biofuels2 due
to they are renewable, biodegradable, non-toxic, produces less
carbon dioxide than fossil fuels, and also they can replace the
petroleum diesel and be used either in their neat form or blended
with fossil diesel inside of the compression ignition engines with-
out any extensive engine modification. In general terms, biodiesel
can be obtained from a group of mono-alkyl esters3 that, depend-
ing on the alcohol (methanol or ethanol) used for the transes-
terification process, become Fatty Acid Methyl Esters (FAMEs) or
Fatty Acid Ethyl Esters (FAEEs), respectively. From a technical
viewpoint, the use of FAMEs as a fuel is more developed than
FAEEs4,5 for efficient use.

Despite the novel use of FAMEs as diesel fuel, systematic re-
search concerning the characterization of interfacial properties
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(e.g., the interfacial concentration of species, the interfacial thick-
ness, the superficial enthalpy and entropy, and surface or inter-
facial tension) of pure and mixtures with FAMEs is very limited.
For the case of pure short chain FAMEs (i.e., from methyl acetate
to methyl heptanoate), the available experimental data for inter-
facial tensions reported in DECHEMA6 and Landolt-Börnstein7–9

databases and also the DIRPP10 and NIST correlations11, only
cover a narrow temperature range (273 K to 360 K). Theoretical
models, such as the Square Gradient Theory12, need the experi-
mental data of interfacial tensions to fit their parameters and use
them as a model to predict the other interfacial properties. For
the case of mixtures, the scenario is even worse, especially for
the case of mixtures of hydrocarbons or aromatics with FAMEs,
where interfacial properties are unexplored and only very few
sparse data can be found. The only exception is the case of water
+ FAMEs mixtures, where both experimental determinations and
theoretical modeling have been carried out by one of us.13 There-
fore, considering the environmental regulations and energy direc-
tives, it is necessary to carry out systematically exploration of the
interfacial behavior of the compounds involved in the biodiesel
production. These properties are the key requirement for their
future use as a fuel, as well as for environmental issues, such
as the removal of contaminants from water and for groundwa-
ter remediation14,15. Consequently, this work has focused on the
determination of some selected interfacial properties for the case
of pure short-chain FAMEs from methyl acetate to methyl hep-
tanoate.

Due to the lack of predictive theories, molecular dynamics
(MD) simulations can be used as a predictive tools to explore
both bulk properties (i.e., coexistence density curve, T−ρ, vapour
pressure or Clapeyron curve, P− T ) and interfacial properties
(e.g., interfacial concentration of species, the interfacial thickness,
the superficial enthalpy and entropy, and surface or interfacial
tension) from low temperature to near the critical point.

In the last decades, computer simulation has become an essen-
tial tool for modelling and predicting thermodynamic properties,
including phase equilibria and interfacial properties, of complex
systems of fundamental and applied interest. In particular, dur-
ing the last twenty years, a remarkable progress has been made
in the development of new force fields for describing complex
molecules from a molecular perspective. Perhaps, the most rel-
evant example of this kind of force fields is the transferable pa-
rameters for phase equilibria (TraPPE) approach of Siepmann and
coworkers16, that allows to determine with high accuracy ther-
modynamic and structural properties of complex molecules. The
key idea behind the TraPPE models is transferability, i.e., to pre-
dict the behaviour of a given molecule or set of molecules only
from the knowledge of molecular parameters for particular chem-
ical groups taken unchanged from other systems, regardless of the
atomic makeup of the rest of the molecule. This strategy allows to
truly predict the thermodynamic and other structural and dynam-
ical properties without the need of adjustments to experimental
data of the system under study.

In work, we use the united-atoms (UA) version of the Trans-
ferable Parameters for Phase Equilibria approach (TraPPE-UA) to
predict the phase behaviour and interfacial properties of FAMEs.

As it is mentioned in the previous paragraph, it would be pos-
sible to obtain new molecular parameter values according to
the TraPPE-UA force fields by fitting to experimental vapour-
liquid phase equilibria. However, following Kamath et al.17, it
is also possible to use the parameter values from the TraPPE-UA
database for chemical groups that describe different molecules,
including alkane and alkenes, carbon dioxide, ethers, and car-
boxylic acids, and transfer them to predict the phase equilibria
and interfacial properties of the first members of the methyl es-
ters chemical family. The main goal of this work is to use the
transferable molecular parameters of the TraPPE-UA force field to
predict the phase equilibria and interfacial properties of the first
members of linear methyl esters using MD simulation. In particu-
lar, we use the direct coexistence technique in the NVT or canon-
ical ensemble. The results obtained from MD simulation are with
experimental data taken from the literature11 to critically assess
the models ability. To our knowledge, this is the first time that
the vapour-liquid interfacial properties, and particularly the sur-
face tension, of the first members of the methyl esters chemical
family are determined from computer simulations.

The organization of this paper starts with the description of
molecular models in Section 2. In the next section, Section 3,
simulation details are provided and explained briefly. In Section
4, the main results of interfacial properties are presented and
discussed. Finally, the main conclusions are summarized in the
last section.

2 Molecular models
As we have mentioned, methyl esters have been modeled follow-
ing the united-atom approach. In all cases, the force fields use
the Lennard-Jones and Coulomb potentials to describe the non-
bonded interactions,

U(ri j) = 4εi j

[(
σi j

ri j

)12
−
(

σi j

ri j

)6
]
+

qiq j

4πε0ri j
(1)

where ri j is the distance between interacting sites i and j, σi j and
εi j are the diameter and well depth associated to the LJ inter-
molecular potential, qi and q j are the partial charges on inter-
acting sites i and j, and ε0 the permittivity of vacuum. All the LJ
parameters for unlike interactions are obtained using the Lorentz-
Berthelot combining rules.

According to the TraPPE-UA philosophy, molecular parameters
are taken from existing parametrizations and combined to form
the molecules of interest, as it has been explained in the previ-
ous section. Molecular parameters for non-bonded interactions
for the carbonyl chemical group (C=O) are taken from molec-
ular parameters of two different molecules: The parameters of
the carbonyl oxygen are taken from the oxygen parameters of the
carbon dioxide model proposed by Potoff and Siepmann18, and
the parameters of the carbonyl carbon are taken from the carbon
parameters of the carboxylic acids models proposed by Kamath et
al.19. The molecular parameters involved in the methoxy (or ter-
minal methyl group bonded to the ether oxygen, –O–CH3), i.e.,
the ether oxygen and the methyl group CH3 (sp2), are taken from
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Table 1 Well depth, ε, size, σ , and partial charges, q, parameters for the
TraPPE-UA force field corresponding to non-bonded interactions of
methyl-esters (from methyl acetate to methyl heptanoate). Letters in
parentheses indicate the atom a particular sites is bonded to. All values
are taken from the works of Siepmann and co-workers 18–21. See also
the TraPPE webpage 16.

Atom ε/kB(K) σ(Å) q(e)
CH3− (O) 98.0 3.75 0.25
−O− 55.0 2.80 -0.40

C = (O) 41.0 3.90 0.55
O = (C) 79.0 3.05 -0.45

CH3− (C) 98.0 3.75 0.05
CH2− (C) 46.0 3.95 0.05

CH3− (CHx) 98.0 3.75 0.00
CH2− (CHx) 46.0 3.95 0.00

the work of Stubbs et al.20 The molecular parameters of methyl
(CH3– not bonded to the oxygen ether) and methylene (–CH2–
not bonded to the carbon –C– atom) groups are taken from the
TraPPE-UA parameter values of alkanes proposed by Martin and
Siepmann21. It is interesting to mention that Maerzke et al.22

considered TraPPE force field for acrylates and metacrylates that
share some of the same united atoms as the FAMEs studied in
this work. However, these substances contain conjugated dou-
ble bonds. In our work, we consider methyl esters that do not
contain this kind of bonds, and due to that to use the TraPPE
molecular parameters of Kamath et al.19 and Stubbs et al.20. All
the molecular parameters used in this work to describe the non-
bonded interactions, including the partial charges values for elec-
trostatic interactions of all the chemical groups, are summarized
in Table 1.

Table 2 Bond length values for the TraPPE-UA force field corresponding
to methyl-esters (from methyl acetate to methyl heptanoate). All values
are taken from the TraPPE webpage 16.

Bond Bond length (Å)
C = O 1.200
C – O 1.344

CH3 – O 1.410
CHx – C 1.520

CH2 – CHx 1.540

As in the case of the LJ parameters and partial charges, bond
lengths, bending, and torsional force field parameters character-
izing the bonded interactions are obtained from the TraPPE-UA
values of different chemical groups. Tables 2, 3, and 4 collect all
the parameter values used in this work. Note that according the
usual TraPPE-UA force field approach, the bond length between
different chemical groups are fixed.

3 Simulation details
All MD simulations are carried out in conditions at which the
vapour-liquid interface is present, following the standard method-
ology23,24 for all models studied. In particular, simulations are
performed in the NVT canonical ensemble using GROMACS (ver-
sion 4.6.1)25 at a fixed temperature T , in a parallelepipedic sim-
ulation cell of constant volume V = Lx × Ly × Lz, where Lx, Ly,
and Lz are the dimensions of the simulation box. We use periodic
boundary conditions in all three directions.

Table 3 Bending potential parameters for the TraPPE-UA force field
corresponding to methyl-esters (from methyl acetate to methyl
heptanoate). All values are taken from the TraPPE webpage 16.

Bending θ (deg) kθ /kB (K/rad2)
CH3–O–C 115 62500
O–C=O 125 62500

O–C–CH3 110 70596
O=C–CH3 125 62500
O=C–CH2 125 62500

C–CH2–CH2 114 62500
CH2–CH2–CH2 114 62500
CH2–CH2–CH3 114 62500

A homogeneous liquid system is first equilibrated in a paral-
lelepiped simulation box. The dimensions of the box are Lx =

Ly = 3.9nm for the case of methyl acetate and Lx = Ly = 3.95nm
for the rest of methyl esters. For the lengths of the simula-
tion boxes along the z-axis we have used the following sizes:
Lz = 11nm (methyl acetate), Lz = 13nm (methyl propionate), Lz =

16nm (methyl butyrate), Lz = 19nm (methyl valerate), Lz = 20nm
(methyl hexanoate), and Lz = 23nm (methyl heptanoate). We
consider N = 1100 molecules for all the methyl esters studied in
this work. After equilibration of these bulk-liquid systems, the
box is expanded along the z direction leaving the liquid phase slab
at the center. The final overall dimensions of the vapour-liquid-
vapour configuration box are therefore Lx = Ly = 3.9nm and
Lz = 33nm for the case of methyl acetate, and Lx = Ly = 3.95nm
and Lz = 39, 48, 57, 60, and 69nm for the methyl propionate,
methyl butyrate, methyl valerate, methyl hexanoate, and methyl
heptanoate, respectively.

In order to reduce the truncation and system size effects in-
volved in the phase equilibrium and interfacial properties calcu-
lations, the cut-off radius (rc) has been taken equal to a value of
5σ (rc = 1.95nm for methyl acetate and 1.975nm for the rest of
methyl esters). It has been shown by several authors26–28 that
such a value provides a reasonable description for the interfacial
properties. Long-range interactions are determined using three-
dimensional Ewald technique with a convergence parameter of

0.1 Å
−1

and a maximum value for the reciprocal lattice equal to
31 is used.

We have used the Verlet leapfrog29 algorithm with a time step
of 0.001ps. It is important to note in this case that the time step
value chosen has been necessary to sample correctly the torsional
potentials of esters models. A Nosé-Hoover thermostat30 with
large time constant equal to 1.0 ps has been used. Simulations
of the homogeneous liquid systems are equilibrated during 5ns.
After this, the vapour-liquid-vapour systems are also equilibrated
during 5ns. After the systems reach equilibrium, the properties
of the coexisting vapour and liquid phases are obtained as appro-
priate averages during 20ns. In order to estimate errors on the
variables computed, the sub-blocks average method has been ap-
plied.31 In such approach, the production period is divided into
M independent blocks. The statistical error is then deduced from
the standard deviation of the average σ̄/

√
M, where σ̄ is the vari-

ance of the block averages and M has been fixed in this work to
M = 10.

The equilibrium vapour pressure, P, and interfacial tension, γ,
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Table 4 Torsional potential parameters for the TraPPE-UA force field corresponding to methyl-esters (from methyl acetate to methyl heptanoate). All
values are taken from the TraPPE webpage 16.

Torsion c0/kB (K) c1/kB (K) c2/kB (K) c3/kB (K)
CH3–O–C=O 11594.6 3374.2 -4118 -613.6

CH3–O–C–CH3 6551.3 1566.1 -4196 789.2
CH3–O–C–CH2 6551.3 1566.1 -4196 789.2
O–C–CH2–CH2 839.87 -2133.17 106.68 3097.72
O–C–CH2–CH3 839.87 -2133.17 106.68 3097.72
O=C–CH2–CH2 1121.13 142.79 -115.68 -1172.92
O=C–CH2–CH3 1121.13 142.79 -115.68 -1172.92

C–CH2–CH2–CH2 1009.97 -2018.93 136.38 3165.28
C–CH2–CH2–CH3 1009.97 -2018.93 136.38 3165.28

CH2–CH2–CH2–CH2 1009.97 -2018.93 136.38 3165.28
CH2–CH2–CH2–CH3 1009.97 -2018.93 136.38 3165.28

are obtained from the diagonal components of the pressure ten-
sor. The vapour pressure corresponds to the normal component,
P≡ Pzz, of the pressure tensor, while the interfacial tension is ob-
tained using the mechanical route32–35 as:

γ =
Lz

2

[
Pzz (z)−

Pxx (z)+Pyy (z)
2

]
(2)

In Eq. (2), the additional factor 1/2 comes from having two inter-
faces in the system, and Lz is the size of the simulation box in the
z direction, defined along the longitudinal dimension across the
interface.

The experimental determination of the critical state of FAMEs
is extremely difficult due to their thermal instability. One alterna-
tive route to obtain the critical coordinates, i.e., critical pressure,
Pc, temperature, Tc, and density, ρc, is to use the vapour-liquid
equilibrium MD results together the scaling law36,37 given by:

ρL−ρV = A(T −Tc)
β (3)

and the corresponding law of rectilinear diameters

ρL +ρV

2
= ρc +B(T −Tc) (4)

β is the corresponding critical exponent33, with a universal value
of β = 0.325, and A, B, Tc and ρc are four unknown constants ob-
tained fitting to the simulation results. ρL and ρV are the liquid
and vapour coexistence densities at the corresponding tempera-
ture T , respectively. Critical temperature, Tc, and density, ρc, can
be easily obtained from Eqs. (3) and (4).

An independent way to calculate Tc is to apply an alternative
scaling law using interfacial information from the system.38,39

Following this route, γ is related to Tc by the following expression:

γ = γ0 (1−T/Tc)
µ (5)

where γ0 is the so-called "zero-temperature" surface tension and
µ is the corresponding critical exponent. Here, we fix µ to the
universal value µ = 1.258 as obtained from renormalization-group
theory.33 Once again, the unknown constants, γ0 and Tc are found
by fitting the interfacial tension data with temperature.

The critical pressure can be estimated from an extrapolation
of the Clausius-Clapeyron relation to the critical temperature ob-
tained from Eq. (3) or Eq. (5):

lnP =C1 +
C2

T
(6)

where C1, and C2 are correlation parameters. The value of Pc is
obtained using Eq. (6) at T = Tc. The critical temperature value,
Tc, used in the previous equation is obtained from Eq. (3).

The surface entropy (∆sγ ) and surface enthalpy (∆hγ ) change of
surface formation can be also determined using the temperature
dependence of the surface tension from the following derivative
expressions33,40:

∆sγ =−
(

∂γ

∂T

)
P

(7)

∆hγ = γ +T ∆sγ (8)

Finally, an interesting property that can be obtained from the
calculation of density profiles is the interfacial width along the
vapour-liquid equilibrium. Implicitly this property is defined by
fitting the curves from the original mean field van der Waals the-
ory,33 described by

ρ (z) =
ρL +ρV

2
− ρL−ρV

2
tanh

[
α (z− z0)

d

]
(9)

where the constant α = 2tanh−1(0.8) is chosen so that d is the 10-
90 interfacial thickness and z0 the position of the Gibbs dividing
surface. If coexistence densities are calculated previously (see the
next section for further details), d and z0 could be treated as ad-
justable parameters in Eq. (9). Since two interfaces are simulated
simultaneously during each simulation, it is possible to compare
the interfacial thickness values obtained from both interfaces. In
this work, the values determined are always found to be the same
within statistical uncertainty, indicating that the inhomogeneous
systems are properly equilibrated at all temperatures.

4 Results and discussion
In this section we present the main results from the simulations
of the six methyl esters using the TraPPE-UA molecular models
described in the previous sections. We focus on the interfacial
properties, such as density profiles, interfacial thickness, surface
entropy and enthalpy, and surface tension. We also examine the
temperature dependence of these properties, and compare our
results for the different models with experimental data taken from
the literature11.
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Fig. 1 Simulated equilibrium density profiles across the vapour-liquid
interface of methyl esters as obtained from MD NVT simulations using
the TraPPE -UA models for (a) methyl acetate (blue curves), (b) methyl
propionate (red curves), (c) methyl butyrate (magenta curves), (d)
methyl pentanoate (orange curves), (e) methyl hexanoate (green
curves), and (f) methyl heptanoate (turquoise curves) at different
temperatures. From bottom to top (in the liquid region): 300, 325, 350,
375, 400, 425, 450, 475, 500, 525, and 550K

We analyze the thermodynamic and interfacial behavior of all
the FAMEs at different temperatures using the same methodology
that in our previous works.41–47 Density profiles are calculated
by dividing the system in 200 slabs along the z direction. The
molecular density profiles, ρi (z), are obtained by assigning the
position of each united atom center, zi, to the corresponding slab
and constructing the molecular density from mass balance consid-
erations. The bulk vapour and liquid densities in each system are
calculated by averaging ρi (z) over appropriate regions sufficiently
removed from the interfacial region. In addition to that, the final
bulk vapour density value, at each temperature and chain length,
is obtained after averaging the density profiles on both sides of
the liquid film.

We show in Fig. 1 the density profiles ρ(z) for the six methyl
esters considered in this work, from methyl acetate up to methyl
heptanoate, at different temperatures as modelled using the
TraPPE-UA models. For the sake of clarity, we only present one
half of the profiles corresponding to one of the interfaces. Also
for convenience, all density profiles have been shifted to place z0

at the origin.
As can be seen, liquid density decreases and vapour density in-

creases as the temperature is increased in all cases as expected.
The slope of each density profile, in absolute value, along the in-
terfacial region becomes smaller as the temperature approaches
the critical point for each system. According to the near-critical
scaling laws33, the interfacial thickness must diverge as the tem-
perature approaches the critical temperature. The results pre-
sented in Fig. 1 corroborate this behaviour.

From the density profiles depicted in the previous Figure, it
is possible to obtain the vapour-liquid phase envelopes of the
different FAMEs studied in this work. Results corresponding to
the vapour and liquid coexistence densities, at different tempera-
tures, are presented in Table 5. Fig. 2 shows the phase diagrams
of all the systems considered as obtained from MD computer sim-
ulations. Experimental data taken from the literature11 is also
included for comparison. In general, computer simulation is able
to predict very accurately the vapour and liquid densities in the
whole range of temperatures considered, from near the triple-
point to the critical temperature. Very small differences between
simulation and experimental data for the liquid branch of the
phase envelope can be seen at low temperatures in the case of
methyl acetate, methyl propionate, and methyl butyrate.

In addition to the vapour and liquid coexistence densities, we
have also determined the coordinates of the critical points of all
the FAMEs for the MD simulation results using the scaling laws
given by Eqs. (3) and (4). In particular, we follow the methodol-
ogy explained in the previous section. As in the case of the vapour
and liquid coexistence densities, we compare our results obtained
from the analysis described above with experimental data taken
from the literature11. The critical temperatures and densities of
all the FAMEs obtained from MD simulations are presented in Ta-
ble 6. Comparison between simulation and experimental critical
coordinates can also be observed in Fig. 2. Agreement between
simulation and experiments is excellent in all cases. Computer
simulation results overestimate the experimental values less than
a 3% (2.7% is the case of methyl hexanoate and 0.7% in the case
of methyl butyrate). Differences between experiment and simu-
lation could be due to finite-size scaling effects that occur during
simulations when the system is close to the critical state. These
effects can be taken into account explicitly using advanced sim-
ulation techniques, such as the Finite-Size Scaling procedure of
Binder48. However, this kind of analysis is out of the scope of
this work. Critical densities of the homologous chemical family
is also accurately predicted by the TraPPE-UA models of FAMEs.
Deviation between simulation and experiments for ρc is always
below 2%, except in the case of methyl valerate (5.9%). In all
cases, critical densities are slightly overestimated as expected.

We have also determined the normal boiling temperature of
each methyl ester. This has been done using Eq. (6) and evalu-
ating the pressure at P = 101325Pa. Predictions from simulation
are shown in Table 6. Comparison between values taken from the
literature and prediction obtained from simulation show a good
agreement between both results. As can be seen, in most cases the
deviation is ≈ 2.2−3.8%, except in the case of methyl hexanoate,
in which deviation is 4.69%, approximately.
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Fig. 2 Vapour-liquid coexistence densities of methyl esters. The open
symbols correspond to the coexistence densities obtained from MD NVT
simulations and the filled symbols to the experimental data taken from
the literature 11 for methyl acetate (blue diamonds), methyl propionate
(red triangles up), methyl butyrate (magenta circles), methyl pentanoate
(orange triangles down), methyl hexanoate (green squares), and methyl
heptanoate (turquoise triangles right). The continuous curves
correspond to the fits of the simulation data presented in this work to
Eqs. (3) and (4). Symbols at the highest temperatures for each
coexistence curve represent the critical points estimated from Eqs. (3)
and (4) (filled symbols) and the experimental critical points taken from
the literature 11 (open symbols).

Vapour pressure of FAMEs is also calculated from MD simu-
lation. Since we are simulating planar vapour-liquid interfaces,
the system is inhomogeneous. Consequently, the pressure is no
longer a scalar magnitude but a tensorial quantity. In this case,
the normal component of the pressure tensor (acting perpendic-
ularly to the planar interface) is equal to the vapour pressure of
the system. The results obtained from computer simulations are
shown in Table 5. We have also presented the vapour pressure,
as functions of temperature, of all the FAMEs studied in this work
in Figure 3. Prediction obtained from computer simulations pro-
vide, in general, a good description of the vapour pressure curves,
particularly for methyl acetate, methyl propionate, and methyl
heptanoate. As can be seen in Figure 3, in the case of methyl
butyrate, methyl valerate, and methyl hexanoate, MD simulation
results overestimate the vapour pressure at mid and high temper-
atures. We have also represented the vapour pressure data in a

Fig. 3 Vapour pressure of methyl esters (from methyl acetate to methyl
heptanoate). The meaning of the symbols is the same as in Fig. 2. The
continuous curves correspond to the fits of the simulation data
presented in this work to Eq. (6). Filled symbols at the highest
temperature for each vapour pressure curve represent the critical points
obtained from Eq. (6) using the critical temperature values obtained
from Eq. (3).

Fig. 4 Clausius-Clapeyron representation of the vapour pressure of
methyl esters (from methyl acetate to methyl heptanoate). The meaning
of the symbols is the same as in Fig. 2.

Clausius-Clapeyron plot (Figure 4). TraPPE-UA models are able to
predict very accurately the vapour pressure of all the FAMEs, from
methyl acetate up to methyl heptanoate, at low temperatures.

One of the main goals of this work is to predict the interfa-
cial properties of FAMEs. Figure 5 displays the variation of the
interfacial thickness, d, as a function of temperature obtained us-
ing Eq. (9) for each FAME. From this Figure it is possible to ob-
serve that d increases with increasing temperature. This means
that the interfacial region becomes wider as the temperature is
increased. At low temperatures, the density profiles show sharp
interfaces, which can be identified with low values of interfacial
thickness. An increase of the temperature results in a wider in-
terfacial region as the system approaches the critical point, and
consequently, the interfacial thickness increases. As T → Tc, the
interfacial thickness diverges as the liquid and vapour phases be-
come identical.
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Fig. 5 10-90 interfacial thickness d as a function of the temperature for
methyl esters (from methyl acetate to methyl heptanoate). The symbols
correspond to the values obtained from density profiles obtained from
MD NVT simulations and the dashed curves are included as a guide to
the eye. The meaning of the symbols is the same as in Fig. 2.

Fig. 6 Surface entropy of methyl esters (from methyl acetate to methyl
heptanoate) as obtained from the combination of the MD NVT simulation
results and Eq. (7). The meaning of the symbols is the same as in Fig. 2.

The surface entropy, ∆sγ , that can obtained from the tempera-
ture derivative of the surface tension according to Eq. (7), is an
useful magnitude in studies involving surfaces in which temper-
ature, and also surface tension, is non-uniform, leading to the
well-known Bénard-Marangoni convection phenomena49. Fig. 6
shows the surface entropy change of surface formation for FAMEs
as a function of temperature. ∆sγ is obtained from MD com-
puter simulations of the interfacial tension in combination with
Eq. (7). ∆sγ varies linearly with T for all the methyl esters con-
sidered here and slightly decreases with increasing temperature.
This behaviour is related with the slight curvature of the surface
tension as a function of temperature (see below). In addition to
that, for a fixed temperature, ∆sγ exhibits its largest values for
short methyl esters and gets smaller as the molecular weight of
the FAME increases. This indicates that curvature of surface ten-
sion, as a function of temperature, is larger for short methyl esters

than for long FAMEs. Interestingly, as the temperature increases,
differences between ∆sγ for FAMEs becomes smaller, showing that
curvature of surface tension, at high temperature, is similar for all
methyl esters. This is a clear indication of the universal behaviour
of γ = γ(T ) for different members of the homologous series as the
system approaches the critical region.

Fig. 7 Surface enthalpy of methyl esters (from methyl acetate to methyl
heptanoate) as obtained from the combination of the MD NVT simulation
results and Eq. (8). The meaning of the symbols is the same as in Fig. 2.

It is possible to obtain the surface enthalpy, ∆hγ , as a function of
temperature, for the FAMEs studied in this work. As in the case of
the surface entropy, ∆hγ can be determined from MD simulation
data of the interfacial tension using Eq. (8). According to this,
surface enthalpy is computed directly from surface tension values
and the numerical derivative of γ(T ) with respect to the tempera-
ture. Fig. 7 shows ∆hγ , as a function of temperature, of the methyl
esters. As can be seen, this property decreases with temperature,
as expected. A nearly linear behaviour is observed for the short-
est FAMEs. However, the ∆hγ −T plots show a certain curvature
as the molecular weight is increased. At fixed temperature, the
surface enthalpy decreases as the lengths of the methyl esters are
increased. Although this is true at low and mid temperatures, this
trend seems to change as T is high.

Finally, we consider the vapour-liquid interfacial tension of
methyl esters, from methyl acetate up to methyl heptanoate.
Fig. 8 shows the surface tension, as a function of temperature,
as obtained from MD simulations using the virial or mechanical
route. According to this, the surface tension is calculated using
Eq. (2), i.e., as the difference between the normal and tangential
macroscopic components of the pressure tensor. We have also in-
cluded experimental data taken from the literature11 in order to
compare the predictions from the TraPPE-UA molecular models.
Simulation results obtained in this work show an excellent agree-
ment with experimental data in the temperature range at which
experimental data is available (T . 360K). Simulation results ob-
tained from the use of TraPPE-UA models for methyl esters seem
to slightly overestimate the surface tension at low temperatures
for methyl acetate, methyl propionate, and methyl butyrate. For
longer molecules, agreement between simulation and experimen-
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Fig. 8 Vapour-liquid surface tension as function of temperature for
methyl esters (from methyl acetate to methyl heptanoate). The meaning
of the symbols is the same as in Fig. 2. The continuous curves
correspond to the fits of the simulation data presented in this work to
Eq. (5).

tal data is excellent.
As in the case of the vapour-liquid phase envelopes, we have

also fit the simulation data using the well-known Guggenheim’s
scaling law for the surface tension as a function of temperature
according to Eq. (5)38,39. This allows to obtain the critical tem-
perature of each methyl ester and compare these values with the
experimental critical values. Table 6 includes the values found in
this work. It is interesting to compare the critical values obtained
from Eqs. (3)-(4) and (5). As can be seen, critical temperatures
determined using surface tension values and vapor and liquid co-
existence densities are different. A priori, one expects that both
values should be the same. However, one should take into ac-
count the following points: (1) Strictly speaking, the scaling laws
given by Eqs. (3) and (5) are only valid in the asymptotic limit
T → Tc; in this work, as it is usual in the literature41,42,44,50,51, we
have used data corresponding to states located at T far away from
Tc (data corresponding to temperatures from around a 30− 40%
below the critical temperature up to near the critical point). (2)
The estimation of the critical coordinates depends critically on the
size of the system; here we use only 1100 molecules, which in our
opinion, it is not enough to avoid the finite-size effects of the sys-

tems under study52. (3) The location of the critical coordinates
depends also critically on the cutoff distance used during the sim-
ulation, and if tail corrections are applied or not. This is especially
important if we are using two different kind of properties (den-
sity and surface tension values) to obtain the critical temperature
since they are affected by the truncation of the intermolecular po-
tential in a different way, as it probably happens in this work. (4)
Finally, the goal of the this work is not to obtain accurate values of
critical temperatures and densities of methyl esters but to check
if TraPPE force field is able to predict, in a transferable manner,
the phase equilibria and interfacial properties of methyl esters.
We think a procedure similar to that followed by Dinpajooh et
al.52, finite-size scaling53 or mixed-field theory using the Binder
cumulant parameter54 methodologies, is the correct approach to
be followed if accurate estimations of critical points are needed.
Unfortunately, this is out of the scope of this work.

It is interesting to mention that experimental data taken from
the literature11 is only available at low temperatures, from 300 up
to 360K, approximately. The reason for which there is no experi-
mental data at higher temperatures is that methyl esters become
unstable as temperature is higher, generating micro bubbles in the
tensiometer and densimeter, making impossible to measure this
property accurately. Fortunately, this is not the case for computer
simulations. Our study allows to obtain the surface tension of all
the methyl esters analyzed in this work up to 450−550K, depend-
ing on the critical temperature of each substance. It is important
to recall that the simulated surface tension values in this work are,
to the best of our knowledge, reported for the first time. This is
particularly important in this case since there is none experimen-
tal data at temperatures above 360K for non of the FAMEs stud-
ied, as just commented. The excellent agreement found, not only
for surface tension at low temperatures, but also for vapour-liquid
coexistence densities and vapour pressures in wide ranges of tem-
peratures, makes the TraPPE-UA models proposed and used in
this work excellent candidates for predicting the phase equilibria
and interfacial properties of FAMEs. Simulation data presented
in this work could be used, not only for theoretical modelling of
these compounds, but also for the design and use of new chem-
ical processes involving FAMEs as future and alternative diesel
fuels, as well as for environmental issues, including the removal
of contaminants from water and for groundwater remediation.

5 Conclusion
We have studied the phase equilibria and interfacial properties of
methyl esters homologous series (from methyl acetate to methyl
heptanoate) using the TraPPE force fields for different molecules
and chemical families in a transferable way. In particular, we use
the direct coexistence technique, in combination with MD NVT
simulations, to study inhomogeneous systems of pure esters con-
taining two vapour-liquid interfaces.

We examine the vapour-liquid surface tension using the virial
route, i.e., calculating the normal and tangential components of
the pressure tensor. We have also determined density profiles,
coexistence densities, vapour pressures, surface entropies and en-
thalpies, interfacial thickness, and critical temperature, density,
and pressure as functions of temperature for all the methyl esters
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considered. Predictions from the MD simulation for vapour-liquid
coexistence densities and vapour pressures are compared with ex-
perimental data taken from the literature. These three properties
are predicted remarkably well by the TraPPE models. This is par-
ticularly important since the molecular parameters of the TraPPE
force fields are taken in a transferable way from other molecules
and chemical families without need of adjustment.

We also predict the behaviour of interfacial thickness, surface
entropy, and surface enthalpy, as functions of temperatures, and
consider the effect of increasing the molecular weight of the
homologous family. Particularly interesting are the results for
the surface tension of methyl esters. The TraPPE models and
the molecular parameters transferred from other molecules and
chemical families are able to predict very accurately the surface
tension of all the methyl esters studied in this work at low temper-
atures. Although experimental data is only available at tempera-
tures below 360K, computer simulations allows us to provide sur-
face tension up to the pure critical points of each substance. This
is an important result since this is the first time the vapour-liquid
surface tension of methyl esters is determined in the literature
at these conditions. In fact, this is the first computer simulation
work devoted to the prediction of the vapour-liquid equilibria and
interfacial properties of the homologous series.
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Table 5 Liquid density ρL, vapour density ρV , vapour pressure P, compressibility factor Z, and surface tension γ at different temperatures, as obtained
from MD NVT simulations for methyl esters (from methyl acetate to methyl heptanoate). The errors are estimated as explained in the text.

T (K) ρL(kg/m3) ρV (kg/m3) P(MPa) Z γ(mN/m)
Methyl acetate

300 897(3) 1.2(1) 0.041(3) 1.06 (1) -
325 867(3) 3.3(2) 0.114(7) 0.946(2) 22.3(3)
350 835(3) 6.5(3) 0.231(8) 0.90(1) 18.4(2)
375 800(4) 10.7(5) 0.42(1) 0.93(2) 15.4(3)
400 763(3) 20.0(6) 0.78(1) 0.86(1) 12.0(4)
425 722(8) 32.0(7) 1.26(2) 0.821(7) 9.0(5)
450 679(4) 51(1) 1.92(1) 0.75(1) 6.4(2)

Methyl propionate
325 858(2) 1.8(2) 0.06(3) 1.07(4) 21.7(3)
350 828(2) 3.6(2) 0.111(4) 0.94(2) 19.2(2)
375 797(3) 7.2(0.4) 0.233(9) 0.91(2) 15.7(6)
400 765(3) 12.8(5) 0.45(1) 0.93(2) 12.2(3)
425 729(3) 21.1(6) 0.726(9) 0.86(1) 9.9(3)
450 687(4) 34.7(7) 1.16(1) 0.788(8) 8.1(3)
475 643(3) 54(1) 1.78(3) 0.733(3) 5.1(3)

Methyl butyrate
350 818(4) 2.0(3) 0.063(5) 1.10(8) 19.0(3)
375 790(2) 4.8(3) 0.140(6) 0.95(2) 16.1(4)
400 759(3) 8.9(5) 0.267(5) 0.92(3) 13.4(4)
425 726(3) 15.3(5) 0.472(8) 0.89(1) 10.6(3)
450 694(4) 26(1) 0.77(1) 0.81(1) 8.0(2)
475 653(3) 39.3(1) 1.14(2) 0.751(8) 6.2(2)
500 608(5) 54(2) 1.64(2) 0.75(8) 4.1(4)

Methyl valerate
375 789(3) 2.5(3) 0.066(5) 0.98(4) 16.7(4)
400 761(3) 5.1(4) 0.134(6) 0.92(3) 14.3(4)
425 731(2) 9.4(3) 0.27(1) 0.928(9) 12.1(3)
450 701(2) 15.1(6) 0.42(1) 0.858(9) 10.0(3)
475 670(2) 24.0(5) 0.70(1) 0.860(6) 8.1(5)
500 630(3) 37.8(1) 1.06(2) 0.782(8) 5.8(5)
525 589(4) 56.9(2) 1.52(3) 0.710(5) 4.0(4)

Methyl hexanoate
375 802(3) 1.7(2) 0.037(4) 0.92(3) 17.7(5)
400 775(2) 2.9(2) 0.073(5) 0.984(4) 15.4(5)
425 748(2) 5.9(3) 0.152(6) 0.95(1) 13.5(4)
450 719(4) 9.7(5) 0.26(1) 0.935(9) 11.3(3)
475 690(4) 17.6(5) 0.47(1) 0.873(2) 9.8(3)
500 657(3) 26.5(8) 0.68(1) 0.80(1) 7.3(3)
525 621(2) 43(1) 1.07(2) 0.742(7) 5.1(4)

Methyl heptanoate
300 870(2) 0.02(1) - - 25.1(8)
350 824(2) 0.36(4) - - 21.1(8)
400 775(2) 2.2(2) 0.046(5) 0.993(4) 16.1(6)
450 722(2) 6.1(4) 0.15(1) 1.06(1) 11.8(4)
500 663(2) 17.4(6) 0.43(1) 0.944(9) 9.0(3)
550 597(3) 41(1) 1.03(2) 0.869(8) 4.0(5)

Table 6 Experimental (T exp
c , ρ

exp
c , Pexp

c , and T exp
b ) and predicted (T †

c , T §
c , ρ†

c , P†
c , and Tb) critical temperatures, densities, and pressures and normal

boiling temperatures of methyl esters (from methyl acetate to methyl heptanoate). Critical temperatures, T †
c and T §

c , are obtained from the analysis of
the MD NVT coexistence densities using Eqs. (3) and (4), and the analysis of the MD NVT tension data using Eq. (5), respectively. Critical densities,
ρ†

c , are also obtained from the analysis of the MD NVT coexistence densities using Eq. (4). Critical pressures, P†
c , are obtained using Eq. (6) evaluating

the temperature T †
c as obtained from Eq. (3). Normal boiling temperatures are obtained using Eq. (6) evaluating the pressure at P = 101325Pa.

Substance T exp
c (K) T †

c (K) T §
c (K) ρ

exp
c (kg/m3) ρ†

c (kg/m3) Pexp
c (MPa) P†

c (MPa) Pexp
b (MPa) Pb(MPa)

Methyl acetate 510.0 523.9 525.14 324.0 321.0 4.692 6.127 322.63 330.09
Methyl propionate 531.5 543.1 550.38 310.0 310.0 3.986 4.302 340.10 352.44
Methyl butyrate 554.5 558.8 571.65 304.0 300.0 3.464 3.538 359.35 373.60
Methyl valerate 566.9 558.0 589.80 272.0 288.0 3.090 3.564 388.09 400.65

Methyl hexanoate 602.6 618.4 597.46 283.0 288.0 2.797 3.487 407.72 427.81
Methyl heptanoate 628.0 644.1 635.28 278.0 278.0 2.543 3.630 435.71 446.15
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