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ABSTRACT: Surface tension is one of the key properties that directly affects fuel atomization. A large value of this property makes
the formation of small droplets difficult, hampering the correct fuel atomization on the engine combustion chamber. Despite its
importance, there are very few data on the surface tension of biodiesels or fatty acid esters from which biodiesels are composed and
even less are available on its temperature dependence. To overcome this limitation, this work reports experimental surface tensions
for 10 biodiesel fuels in a wide temperature range and evaluates the ability of two models to predict these data: the parachor-based
MacLeod�Sugden equation and the density gradient theory based on the cubic-plus-association equation of state (CPA EoS). It is
shown that both models provide an acceptable description of the experimental surface tension of the biodiesel fuels studied, with an
overall average relative deviation (OARD) of 7.7% for theMacLeod�Sugden equation using the Allen’s parachors and 1.3%with the
Knotts’ parachors, while the CPA EoS combined with the gradient theory presents an OARD of 9.7%. The surface entropy and
enthalpy derived from the measured surface tensions are also reported, and their values indicate the importance of the surface
ordering in biodiesel fuels. Given the scarcity of data on surface tensions, these models prove to be useful for predicting surface
tensions and their temperature dependence for biodiesel fuels.

1. INTRODUCTION

In what concerns energy and fuel policies, governments and
international organizations have focused on the importance of
biodiesel fuels. The idea is that these fuels may allow for countries
to take advantage of their proven benefits for energy sustain-
ability and environmental protection. With their use, mankind
can be able to reduce its dependency upon fossil fuels, which are
already in decline and have a huge negative impact on the
environment because of the emission of aggressive greenhouse
gases during combustion.1 Neat biodiesel (B100) can reduce
carbon dioxide emissions (CO2) by more than 75% over
petroleum diesel, while a B20 reduces CO2 by 15%.2,3 Only
NOx emissions increase about 10�15% in comparison to that of
petrodiesel, because biodiesel contains 10�11% oxygen.4�6

Biodiesel, a mixture of fatty acid monoalkyl esters, is obtained
by transesterification of vegetable oils, animal fats, or used frying
oils, with short-chain alcohols, such as methanol or ethanol, in
the presence of a catalyst.7�9 As a fuel, it offersmore benefits than
damages in comparison to petroleum-based fuels, because it is
economically competitive (domestically produced), environ-
mentally friendly (biodegradable, renewable, and producing less
harmful emissions),2,10�18 and mixable with petrodiesel at any
proportion to be used in diesel engines with almost no
modification.9,17,19�21

To enhance biodiesel quality, however, its physical properties
require severe control to be consistent with the requirements
established by the quality standards ASTM D675122 in the
United States and EN 1421423 in Europe.

Because biodiesel properties strongly depend upon the
fatty acid profiles of the feedstocks, they can be tuned using
raw materials containing components that will provide more
favorable properties to biodiesels. For that purpose, an
accurate knowledge of the most important biodiesel and fatty
acid ester properties must be acquired. In previous works, we
have been addressing some of these properties for several
biodiesels and their pure components, such as density,24�26

viscosity,27�29 speed of sound,30 water content,31 and low-tempera-
ture behavior.32�35

In this work, surface tensions are addressed. This property
has a major impact on fuel atomization, i.e., the first stage of
combustion.9 A correct atomization allows for proper mixing
and complete combustion in an injection engine, reducing
emissions and increasing the engine efficiency.36 Higher
surface tensions make the drop formation difficult, leading
to an inefficient fuel atomization.36 Furthermore, just like
most biodiesel properties, surface tension increases with long
fatty acid hydrocarbon chains and a level of unsaturated bonds;37

i.e., more unsaturated biodiesel fuels will present a higher surface
tension. Thus, being able to predict this physical property for
biodiesels for which composition on fatty acid esters is known
makes it possible to optimize biodiesel production and blending
processes, with the final aim of improving the fuel performance in
the engine, particularly during atomization.
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There is, however, a lack of information concerning surface
tensions of biodiesels or fatty acid esters from which biodiesels
are composed, and when available, the data are limited to a single
temperature.37,38 To overcome that lack of data, this work
provides experimental surface tension data for 10 different
biodiesel fuels. The experimental data were acquired at
temperatures from 303.15 to 353.15 K. The data were used
to test two surface tension predictive models: the parachor-
based MacLeod�Sugden equation and the density gradient
theory based on the cubic-plus-association equation of state
(CPA EoS).

2. EXPERIMENTAL SECTION

With the exception of two biodiesel fuels, soybean (Soy A) and
soybean + rapeseed (GP), that were obtained from Portuguese biodiesel
producers (Prio and Galp, respectively), the other eight biodiesel fuels
studied here were synthesized at our laboratory, as described in a
previous work,24 by the transesterification reaction of the following
vegetable oils with methanol: soybean (Soy B), rapeseed (R), and palm
(P) and their respective binary and ternary mixtures: soybean + rapeseed
(SR), rapeseed + palm (RP), soybean + palm (SP), and soybean +
rapeseed + palm (SRP), and sunflower (Sf). Their compositions are
reported in Table 1.24

The measurement of the surface tension of the biodiesel samples
was carried out using a Nima dynamic surface tensiometer,
model DST9005, previously used for studies of hydrocarbon mix-
tures39�41 and ionic liquids.42�44 This is a sophisticated computer-
controlled instrument that measures and records the forces that
biodiesel exerts to withstand the external force provoked by the
immersion of the Pt/Ir Du No€uy ring in the liquid. A Haake F6 bath
circulator, equipped with a Pt100 probe, was connected to the
tensiometer to guarantee that measurements occurred within an
uncertainty of (0.01 K. The ring was always cleaned before each
measurement in a butane flame. The measurement was carried from
303.15 to 353.15 K for all biodiesel fuels. For each sample, at least
five sets of three immersion/detachment cycles were measured,
providing a minimum of at least 15 surface tension values, allowing
for the determination of an average surface tension value for each
temperature. To correct the meniscus formed by the No€uy ring, the
liquid densities of the biodiesels reported in a previous work24 were
introduced before measuring the surface tension.

3. PREDICTION OF BIODIESEL SURFACE TENSIONS

The surface tensions of the biodiesel fuels studied here were
predicted using two different predictive approaches: the para-
chor-based MacLeod�Sugden equation with the parachors
proposed by Allen et al.38 and Knotts et al.45 and the density
gradient theory based on the CPA EoS.46�48

The first model requires prior knowledge of densities and
molar masses of biodiesel fuels according to eq 1

γ ¼ PchF
Mw

� �4

ð1Þ

where γ is the surface tension in N m�1, F is the density in
g cm�3, Pch is the parachor in ((mN m�1)1/4)/cm3 mol�1, and
Mw is the molar mass in g mol�1. The densities of the biodiesel
fuels were already reported in a previous work.24 The parachors
for the biodiesels were calculated from the parachors of pure fatty
acid methyl esters (FAMEs) presented in Table 1 using the
mixing rules of eq 2

PchBDF ¼ ∑
i
ðxiPchiÞ ð2Þ

where PchBDF is the parachor of the biodiesel and xi and Pchi are
the molar fraction and the parachor of pure FAMEs, respectively.
A similar mixing rule was also used to estimate the molar mass of
biodiesel fuels.

The gradient theory is based on the phase equilibria of the fluid
phases separated by an interface.49,50

γ ¼
Z nliq

nvap

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2cΔΩðnÞ∑

i
∑
j
cij
∂ni
∂nN

∂nj
∂nN

s
dnN ð3Þ

ΔΩðnÞ ¼ f0ðnÞ � ∑
i
niμi þ p ð4Þ

where p is the equilibrium pressure, γ is the surface tension, f0(n)
is the Helmholtz energy density of the homogeneous fluid, μi
values are the pure-component chemical potentials, nliq and nvap

are the liquid and vapor phase molar densities, respectively, and c
is the so-called influence parameter.

Table 1. Compositions of the Biodiesels Studied, in Mass Percentage and Parachors of Pure FAMEs

FAMEs Allen’s parachors38 Knotts’ parachors45 Soy B R P SR RP SP SRP Sf GP Soy A

C10 489 495 0.01 0.03 0.02 0.01 0.01

C12 567 574 0.04 0.24 0.03 0.20 0.18 0.14 0.02 0.02

C14 645 657 0.07 0.07 0.57 0.09 0.54 0.01 0.38 0.07 0.13

C16 723 737 10.76 5.22 42.45 8.90 23.09 25.56 19.07 6.40 10.57 16.18

C16:1 712 726 0.07 0.20 0.13 0.15 0.17 0.11 0.14 0.09 0.13

C18 801 817 3.94 1.62 4.02 2.76 3.02 4.04 3.30 4.22 2.66 3.82

C18:1 879 806 22.96 62.11 41.92 41.82 52.92 33.13 42.74 23.90 41.05 28.80

C18:2 779 795 53.53 21.07 9.80 37.51 15.47 31.72 28.08 64.16 36.67 50.46

C18:3 768 782 7.02 6.95 0.09 7.02 3.08 3.58 4.68 0.12 7.10

C20 879 897 0.38 0.60 0.36 0.46 0.49 0.39 0.46 0.03 0.44

C20:1 868 886 0.23 1.35 0.15 0.68 0.67 0.20 0.53 0.15 0.67

C22 957 978 0.80 0.35 0.09 0.46 0.24 0.32 0.33 0.76 0.45

C22:1 946 967 0.24 0.19 0.00 0.12 0.09 0.12 0.15 0.08 0.12

C24 1035 1058 0.22 0.15 0.63
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The theoretical definition of the pure-component influence
parameter, c, can hardly be implemented, as an alternative, after
the vapor�liquid equilibrium is determined. This parameter is
frequently correlated from surface tension data.

c ¼ 1
2

γexpZ nliq

nvap

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f0ðnÞ � nμ þ p

q
dn

2
66664

3
77775
2

ð5Þ

To use the gradient theory, it is necessary to determine the
equilibrium densities of the coexisting phases, the chemical
potentials, and the Helmholtz energy using an adequate model.
For these purposes, the CPA EoS will be used in this work.

The CPA EoS was chosen because it presents several advan-
tages over conventional cubic equations and other association
models. The CPA EoS allows for an accurate description of
saturated liquid densities without any need for a volume correc-
tion, in contrast to what succeeds with traditional cubic EoS, and
is also mathematically simpler than other association EoSs, such
as the statistical associating fluid theory (SAFT). Considering
biodiesel-industry-related systems, of interest for this work, it was
previously shown that the CPA EoS is the most adequate model
to describe the phase equilibria of different systems appearing
during the biodiesel production, purification, and use, which are
characterized by containing polar compounds with strong asso-
ciative interactions, taking into account its accuracy, range of
applicability, simplicity, and predictive character.31,46,51�54

In the current work, the CPA EoS model combines a cubic
contribution from the Soave�Redlich�Kwong (SRK) EoS with
an association contribution, originally proposed by Wertheim.55�57

Using a generalized cubic term (for the SRK approach with δ1
and δ2 equal to 0), the cubic and association contributions to the
Helmholtz energy (A) are given by eqs 6 and 758

Acubic ¼ an
bðδ2 � δ1Þ ln

1 þ bFδ1
1 þ bFδ2

� �
� nRT lnð1� bFÞ

ð6Þ

Aassoc ¼ RT∑
i
ni∑

Ai

lnðXAiÞ � XAi

2
þ 1

2

� �
ð7Þ

where i is a component index, b is the co-volume parameter, a is
the energy parameter, F is the molar density, ni is the number of
moles of molecules of component i, n is the total number of
moles, and XAi is the mole fraction of component i not bonded at
site A.

The pure-component energy parameter of CPA has a Soave-
type reduced temperature dependency.

aðTÞ ¼ a0½1 þ c1ð1�
ffiffiffiffiffi
Tr

p Þ�2 ð8Þ
Esters are non-self-associating compounds, and therefore, there
are only three pure compound parameters, the parameters of the
physical part (a0, c1, and b), to be regressed simultaneously from
vapor pressure and liquid density data. The CPA pure compound
parameters for several ester families were already estimated in
previous works.25,31

4. RESULTS AND DISCUSSION

The experimental surface tensions for the 10 biodiesel fuels
studied here and the corresponding standard deviations are
reported in Table 2. As expected, this property decreases with
an increasing temperature and generally also with the level of
unsaturation of the FAMEs constituting the biodiesel; i.e., at the
same temperature, the rapeseed and sunflower biodiesel fuels
present higher surface tensions and the soy-type biodiesel fuel
presents lower surface tension.

Given the scarcity of surface tension data for biodiesel fuels, it
was only possible to compare the surface tension data for the
soybean and palm biodiesel fuels to those measured by Allen
et al.38 at 313.15 K. It is shown that our data are ca. 6% higher
than Allen’s data for this temperature. Although the comparison
of only one point is not very conclusive, this error is acceptable
given the differences in composition between the biodiesel fuels.

The predictive ability of the studied models was evaluated by
calculating the relative deviations (RDs) between predicted and
experimental surface tension data according to eq 9.

RD ð%Þ ¼ γcalci � γexpi
γexpi

� 100 ð9Þ

Afterward, the overall average relative deviation (OARD) was
calculated through eq 9, where Ns is the number of systems
studied and the average relative deviation (ARD) is the summa-
tion of the modulus of RD over Np experimental data points.

OARD ð%Þ ¼
∑
n
ARD

Ns
ð10Þ

Using the parachors suggested by Allen et al.,38 the predictions of
surface tensions by the MacLeod�Sugden equation overesti-
mate the experimental data within a 10% deviation (OARD of
7.7%), as shown in Figures 1 and 2. This approach provides
better predictions of surface tension when the parachors sug-
gested by Knotts et al.45 are used, as seen in Figures 3 and 4. An
OARD of 1.3% is obtained with this model that is not much

Table 2. Experimental Surface Tensions for Biodiesel Fuels, in mN m�1

T (K) Soy B σa R σ P σ SR σ RP σ SP σ SRP σ Sf σ GP σ Soy A σ

303.15 31.71 0.23 32.18 0.08 31.89 0.03 31.64 0.06 31.27 0.04 31.53 0.01 31.57 0.01 30.89 0.55

313.15 30.56 0.05 31.17 0.45 30.55 0.00 30.52 0.03 30.74 0.03 30.47 0.03 30.49 0.03 31.15 0.09 30.55 0.23 29.74 0.38

323.15 29.45 0.21 30.14 0.01 29.86 0.01 29.46 0.01 29.70 0.01 29.70 0.02 29.40 0.08 29.39 0.16 29.54 0.27 28.66 0.06

333.15 28.16 0.04 28.60 0.04 28.62 0.03 27.90 0.22 28.50 0.00 28.76 0.06 28.56 0.05 28.29 0.02 28.50 0.22 27.98 0.05

343.15 27.40 0.02 27.39 0.29 27.84 0.01 27.14 0.76 27.71 0.39 27.68 0.03 27.29 0.01 27.47 0.17 27.59 0.09 26.97 0.13

353.15 26.68 0.03 26.62 0.07 26.22 0.20 26.89 0.04 26.68 0.04 26.07 0.02 26.04 0.19 26.57 0.02 25.97 0.10
a σ = standard deviation.
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higher than the experimental uncertainty of the data. A very good
description of the temperature dependency of the experimental
data is achieved using this approach, because the RDs obtained
for the two versions of this model, shown in Figures 2 and 4, are
almost temperature-independent. The ARDs for the 10 biodie-
sels studied are presented in Table 3. The reported results show
the good predictive capacity of parachors through the Ma-
cLeod�Sugden equation to compute surface tensions of
biodiesel fuels, in particular, when the Knotts et al.45 para-
chors are used.

The gradient theory coupled with the CPA EoSwas previously
used for the description of the surface tensions of a series of
esters, with 37 ester compounds evaluated, including formates,
acetates, methyl, ethyl, propyl, butyl, and unsaturated methyl
esters.47 As discussed above, the influence parameter definition is
too complex to be easily implemented, and alternatively, influ-
ence parameters are adjusted from surface tension data and
plotted (far from the critical point) using the energy and co-
volume parameters of the physical part of the CPA EoS (as c/ab2/3)
as a function of (1 � Tr).

50,59,60 It was showed in a previous
work47 that, for esters, the influence parameter dependency with
the temperature is linear up to a Tr of about 0.70, and conse-
quently, a linear approach for the influence parameter tem-
perature dependence was considered, resulting in only two

parameters to be correlated.

c

ab2=3
¼ D þ Eð1� TrÞ2 ð11Þ

Furthermore, when the parameters of the linear equation
were plotted against the acentric factor, it was seen that these
parameters do not vary significantly, and average values were
estimated for D and E, aiming at using this approach in a
predictive way, to estimate surface tensions for biodiesels. For
this work, D � 106 = 0.6177 and E � 106 = �0.4425.47

Using these assumptions, the density gradient theory coupled
with the CPA EoS was used to predict the surface tension data of
the 10 measured biodiesels. The surface tensions are in general
underpredicted and within a 10% deviation from the reported
experimental data, as shown in Figure 5. The RDs are almost
temperature-independent, as reported in Figure 6, showing that
the temperature dependency of the experimental data is correctly
described. The ARDs for the 10 biodiesels studied are presented
in Table 4, and an OARD value of 9.7% was achieved.

These results are remarkable because the modeling of biodie-
sels with the gradient theory is considerably more difficult (and
predictive) than for pure esters, because density profiles have to
be calculated at each discrete point of the dividing interface
limited by the upper and lower phase densities.61 From the
presented results, it is possible to conclude that the coupling of

Figure 1. Linear relationship between predicted surface tensions using
the MacLeod�Sugden equation with the parachors of Allen et al.38 and
experimental surface tensions equation for 10 types of pure
biodiesel fuels.

Figure 2. RDs of the predicted surface tensions obtained with the
MacLeod�Sugden equation using the parachors of Allen et al.38 as a
function of the temperature for 10 biodiesel fuels.

Figure 3. Linear relationship between predicted surface tensions using
theMacLeod�Sugden equation with the parachors of Knotts et al.45 and
experimental surface tensions for 10 types of pure biodiesel fuels.

Figure 4. RDs of the predicted surface tensions obtained with the
MacLeod�Sugden equation using the parachors of Knotts et al.45 as a
function of the temperature for 10 biodiesel fuels.

http://pubs.acs.org/action/showImage?doi=10.1021/ef201217q&iName=master.img-000.jpg&w=209&h=138
http://pubs.acs.org/action/showImage?doi=10.1021/ef201217q&iName=master.img-001.jpg&w=209&h=142
http://pubs.acs.org/action/showImage?doi=10.1021/ef201217q&iName=master.img-002.jpg&w=209&h=145
http://pubs.acs.org/action/showImage?doi=10.1021/ef201217q&iName=master.img-003.jpg&w=209&h=141
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the gradient theory with the CPA EoS provides a more complex
yet appealing approach to predict surface tensions of biodiesels,
allowing for a simultaneous description of the surface tensions
and phase equilibria, using constant parameters for the linear
temperature dependence of the ester influence parameters.
Additionally, it does not require the a priori knowledge of the
liquid-phase densities, as occurs with the parachor models.

The surface thermodynamic properties, namely, surface en-
tropy that corresponds to the slope of the curve of the measured
surface tension data as a function of the temperature and surface
enthalpy, were also determined using eqs 12 and 13.

Sγ ¼ � ∂γ

∂T

� �
ð12Þ

Hγ ¼ γ� T
∂γ

∂T

� �
ð13Þ

In the equation above, Sγ is the surface entropy in J m�2 K�1, γ is

the surface tension in mN m�1, Hγ is the surface enthalpy in J
m�2, and T is the absolute temperature in K.

The values of the two surface properties and the correspond-
ing expanded uncertainty are presented in Table 4, where it is
possible to see that all of the biodiesel fuels present similar
surface enthalpies but their surface entropies are dependent upon
the unsaturation degree of the biodiesel. Moreover, the surface
enthalpy for the biodiesel fuels is temperature-independent
within the temperature range studied.

5. CONCLUSION

Surface tensions of 10 biodiesel fuels were measured at
temperatures from 303.15 to 353.15 K and at atmospheric
pressure.

Two different modeling approaches were used to predict the
experimental data: the MacLeod�Sugden equation with two
different parachor sets and the density gradient theory coupled
with the CPA EoS. The first method presented anOARD of 7.7%
when using the Allen’s parachors and 1.3% with Knotts’ para-
chors, showing that a simple and empirical method based on
parachors can be applied to predict from the composition the
temperature dependence of the biodiesel surface tensions.

Using constant parameters for the linear temperature depen-
dence of the influence parameter for all of the fatty acid esters

Table 3. ARDs for Biodiesels Obtained with the Ma-
cLeod�Sugden EquationUsing Allen’s andKnotts’Parachors
and with the Density Gradient Theory Coupled with the CPA
EoS Model

ARD (%)

biodiesel

fuels

MacLeod�Sugden

equation with Allen’s

parachors

MacLeod�Sugden

equation with

Knotts’parachors

gradient

theory with

CPA EoS

Soy B 7.1 0.67 11

R 8.0 1.1 9.4

P 10 2.7 5.1

SR 6.6 1.3 12

PR 7.6 0.60 7.8

SP 8.9 1.3 8.2

SRP 7.7 0.66 9.6

Sf 7.0 1.5 12

GP 8.2 0.47 10

Soy A 5.8 2.1 12

OARD (%) 7.7 1.3 9.7

Figure 5. Linear relationship between experimental and predicted
surface tensions using the density gradient theory coupled with the
CPA EoS for 10 types of pure biodiesel fuels.

Figure 6. RDs between predicted surface tensions using the density
gradient theory coupled with the CPA EoS and experimental surface
tensions as a function of the temperature for 10 biodiesel fuels.

Table 4. Surface Thermodynamic Functions for the Biodiesel
Fuels Studied

biodiesel Sγ ( Sd
a (�105, J m�2 K�1) Hγ ( Sd (�102, J m�2)

Soy B 10.72( 0.53 6.26( 0.17

R 12.15( 0.57 6.92( 0.18

P 10.21( 0.39 6.27( 0.13

SR 11.09( 0.50 6.52( 0.16

RP 9.69( 0.48 6.10( 0.16

SP 9.22( 0.10 5.93( 0.53

SRP 10.78( 0.30 6.43( 0.10

Sf 12.14( 0.87 6.89( 0.29

GP 9.98( 0.08 6.18( 0.03

Soy A 9.60( 0.30 5.99( 0.10
a Sd = expanded uncertainty with an approximate 95% level of
confidence.

http://pubs.acs.org/action/showImage?doi=10.1021/ef201217q&iName=master.img-004.jpg&w=209&h=142
http://pubs.acs.org/action/showImage?doi=10.1021/ef201217q&iName=master.img-005.jpg&w=209&h=140
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constituting the different biodiesels, the gradient theory in
combination with the CPA EoS was shown to predict biodiesel
surface tensions with an OARD of 9.7%, while also providing
information concerning the phase equilibria of the biodiesel
systems.

These results clearly show that, provided that the biodiesel
FAME composition is known, the predictive methods investi-
gated here can be used to predict surface tensions of biodiesel
fuels in a wide range of temperatures.
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