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To better understand the behavior of pseudo-ternary biodiesel blends, the study of pseudo-binary and ternary
mixtures with biodiesel, diesel fuel and benzene with components perfectly miscible on the whole
composition range was considered to be of interest. The densities of ternary biodiesel+diesel fuel+benzene
mixtures under atmospheric pressure, covering the whole composition range and for temperature ranging
from 293.15 K to 323.15 K were reported. The accuracy of some mixing rules to predict and correlate the
density of ternary biodiesel+diesel fuel+benzene mixture was tested. In order to analyze the blending
process, the ternary excess molar volume, VE

123, was derived from experimental density data of the ternary
mixtures and pure components. Cibulka equation was used to correlate the ternary VE

123 data using the
Redlich–Kister binary parameters.
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The interest regarding biofuels, especially biodiesel, as
a way to reduce environment pollution, significantly
increased in the last years [1- 6].

Binary and ternary blends of biodiesel and diesel fuel
are of interest to support the efforts to diversify the biofuels
types used in transportation. A relatively small number of
works on the properties of ternary blends with biodiesel [7
- 12] were presented in literature.

To better understand the behavior of ternary blends with
biodiesel, the study of pseudo-ternary biodiesel+diesel
fuel+benzene mixture with components perfectly
miscible on the whole composition range was considered
to be of interest. The knowledge of the physico-chemical
properties is essential in the development of a fuel with
properties required by the standards.

 Density is one of the most studied properties of biodiesel
with diesel fuel mixtures [13 -15], because of its impact
on fuel quality. Since density influences the processes
taking place in the internal combustion engine, and also
production, transportation, and distribution processes,
experimental data and correlations for this property,
together with the estimation of derived volumetric
properties will be of interest.

In the present paper we report densities of pseudo-
ternary biodiesel+diesel fuel+benzene mixtures and
corresponding pseudo-binaries mixtures under
atmospheric pressure, covering the whole composition

range and for temperature ranging from 293.15 K to 323.15
K. The aim of this study was to evaluate the accuracy of
some mixing rules to predict and correlate the density of
pseudo-ternary biodiesel+diesel fuel+benzene mixture,
depending on its composition or temperature. Equations
for biodiesel mixtures properties calculation were extended
from binary to ternary mixtures. In order to analyze the
biodiesel+diesel fuel+benzene blending process, the
ternary excess molar volume, VE

123, was derived from
experimental density data of the ternary mixtures and pure
components. Excess molar volumes of the corresponding
binary mixtures were fitted to the Redlich-Kister polynomial
equations. Cibulka equation was used to correlate the
ternary VE

123 data using the Redlich–Kister binary
parameters.

Experimental part
Biodiesel was obtained by transesterification from

rapeseed oil and methanol according to a previously
presented procedure [16]. Diesel fuel was provided from/
by a local fuel supplier and complies with European
standards; benzene of 99.7 % purity was purchased from
Merck. Physicochemical properties of the ternary system
components, biodiesel, diesel fuel and benzene are
presented in table 1, compared to literature data, generally
the agreement being good.

 Table 1
DENSITY (ρ), REFRACTIVE INDEX (nD), MOLAR WEIGHT (M), KYNEMATIC VISCOSITY (ν), AND FLASH POINT VALUES (FP) OF

THE PSEUDO PURE AND PURE COMPONENTS, AND THEIR COMPARISON WITH LITERATURE
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The mean molar weight of biodiesel was determined
based on its fatty acid methyl ester concentration profile
determined by gas chromatography (table 2) (Clarus 500
GC chromatograph equipped with a FID detector and
capillary column SGE BPX70 of high polarity, with
polysiloxane as stationary phase; hydrogen flow rate 20
mL/min). The mean molar weight of diesel fuel was
determined using the cryoscopic method with benzene
as solvent, as presented elsewhere [16]. The refrigeration
of pure benzene and of diesel fuel+benzene blends was
realized on an ice bath. The accuracy of the thermometer
was ±0.3 °C. Three measurements of the melting point of
diesel fuel+benzene solutions were made. The mean
value was taking into account for diesel fuel molar weight
calculation.

Ternar y biodiesel+diesel fuel+benzene and
corresponding binary mixtures were prepared at room
temperature by weighting (OHAUS analytical balance with
a precision of ±0.0001 g). The mixtures were prepared to
cover the entire composition range. All mixtures were
completely miscible. In total 35 samples (32 mixtures)
were used for density measurements of ternary system.
In order to prevent evaporation, the mixtures were prepared
into stoppered bottles.

The experimental measurements of density were
carried out using an Anton Paar SVM 3000 density meter
at 293.15, 298.15, 303.15, 308.15, 313.15 K, 318.15 and
323.15K. This equipment contains an U-shaped vibrating
tube measurement cell to determine the density. It had an
integrated Peltier thermostat, whose accuracy of
temperature is ±0.02°C. The uncertainty for density
measurement is ± 0.0005 g/cm3. Doubled distilled and
degassed water and dry air were used for the calibration
of the density meter. The apparatus was calibrated before
each series of measurements. All measurements were
repeated three times, and the results were averaged.

Several mixing rules to predict and correlate the density
of ternary mixture biodiesel+diesel fuel+benzene,
depending on its composition or temperature were tested.
Equations used to predict the density of binary mixture
with biodiesel were extended for ternary mixtures:

-Kay mixing rule:
(1)

where ρ is the density of the mixture (g/cm3), ρ1, ρ2 and
ρ3 are the densities of components 1, 2 and 3, respectively
(g/cm3), x1, x2 and x3 are the molar fractions of the three
components of the mixture.

-equation for petroleum fractions [27]:

(2)

where M1, M2 and M3 are molar weights (g/mol) of the
three components of the mixture.

-empirical equation used to correlate the density of
binary biodiesel+diesel fuel mixture with temperature:

(3)
where T is temperature (K), a (g/cm3.K) and b (g/cm3) are
adjustable parameters.

The excess molar volumes were obtained from
experimental density data of the mixtures, and of pure
components, using the following equation:

 (4)

where VE is the experimental excess molar volume of the
mixture (cm3/mol), ρ is the density of the ternary mixture,
xi, Mi and ρi are the molar fraction, molar weight and density
of the i  component, n is the number of the components in
the mixture.

Cibulka equation was used to correlate the ternary
excess molar volume, VE

123, using the Redlich-Kister binary
parameters:

(5)

where VE
123 represents the ternary excess molar volume,

VE
bin represents the binary contribution to the excess ternary

molar volume; Bo, B1, and B2 represent adjustable
parameters; the last term of eq.(5) represents the ternary
contribution to the ternary excess molar volume.

The binary contribution to the excess ternary molar
volume, VE

bin, was calculated with the equation [28]:

(6)

where VE
ij(xi,xj) is the value of the excess molar volume of

the corresponding binary mixtures fitted to the Redlich-
Kister polynomial equation, in which the molar fractions
are those of the ternary mixtures. Redlich-Kister
polynomial equation is:

(7)

where Ak denotes adjustable parameters, k is the degree
of polynomial. The set of Ak parameters for each binary
mixture (biodiesel+diesel fuel, biodiesel+benzene, diesel
fuel+benzene) was calculated by fitting the experimental
excess binary molar volumes in eq. (7).

The accuracy of the models used to calculate the density
of the ternary system was evaluated using the average
relative deviation, ARD (%):

                      (8)

where ρexp is the experimental value of the density, ρcal is
the calculated value of the density,  N represents the
number of experimental points.

Standard deviation, SD was used in order to determine
the Redlich-Kister and Cibulka equations parameters:

(9)

where VE
cal and VE

exp represent the calculated and
respectively, the experimental value of the excess molar
volume, m is the number of adjustable parameters of eqs.
(5) and (7), respectively.

Table 2
FATTY ACID METHYL ESTER PROFILE OF BIODIESEL

                           *The first digit indicates the number of carbon atoms in the hydrocarbonated chain of the ester, the second digit indicates the number of double

                          bonds from the hydrocarbonated chain.
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Results and discussions
Experimental results of the density and excess molar

volume VE
12 for the binary systems biodiesel+diesel fuel,

biodiesel+benzene, and diesel fuel+benzene, over the
entire composition range and for temperature ranging from
293.15 K to 323.15 K are presented in figure 1 and 2,
respectively.

As shown in figure 1, a monotonously variation of density
with composition can be observed for the binar y
investigated systems. Density decreases with temperature
increasing. The excess molar volumes corresponding to
pseudo-binary biodiesel+diesel fuel, biodiesel+benzene
and diesel fuel+benzene mixtures are positive over the
whole composition and temperature range (fig. 2). This
would indicate the presence of weak dispersion type
interactions. Positive excess molar volume was reported

in literature for the pseudo-binary system biodiesel
+benzene [29].

Table 3 presents density and excess molar volume VE
123

for the ternary biodiesel+diesel fuel+benzene system. As
an example, the density variation with composition for the
ternary biodiesel+diesel fuel+benzene mixture at 298.15
K is presented in figure 3. As seen in table 3 and figure 3,
the density of the ternary mixture varies monotonously,
without extreme points, as in the case of the corresponding
binary systems, with values in the range limited by the
densities of the pure components. The same behavior was
registered for all investigated temperatures.

a) biodiesel + diesel fuel

c) biodiesel fuel+ benzene

b) biodiesel + benzene

Fig. 1. Density versus composition for biodiesel+diesel fuel (a),
biodiesel+benzene (b), and diesel fuel +benzene (c) binary

systems: T =  293.15 K, ◊;  298.15 K, ♦ ;  303.15 K, o;  313.15 K, • ;
323.15 K, ∆

b) biodiesel + benzene

b) biodiesel + benzene

c) biodiesel fuel+ benzene

Fig. 2. Excess molar volume, VE
12 against composition for pseudo-

binary mixtures biodiesel+diesel fuel (a), biodiesel+benzene (b)
and diesel fuel+benzene (c): T =  293.15 K,◊; 298.15 K, ♦ ; 303.15

K, ο; 313.15 K, • ; 323.15 K, ∆. Solid lines correspond to the fit
using equation (7)
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Figure 4 highlights the influence of temperature on the
density of the ternary mixture. It can be observed that the
density of the pseudo-ternary biodiesel+diesel fuel+
benzene mixtures  decreases with temperature increasing,
as in the case of the corresponding pseudo-binary systems.
The same behavior was registered for the density of
biodiesel+diesel fuel system [13, 15].

The excess molar volume of the pseudo-ternary
biodiesel+diesel fuel+benzene system is positive over the
whole composition and temperature range (table 3). The
values of the excess molar volumes become more positive
as temperature increases.

Density calculation
Eqs. (1) and (2) were tested in order to estimate the

density of ternary system biodiesel+diesel fuel+benzene
at fixed temperatures. The errors in density estimation with
eq.(1) and eq.(2), respectively, are positive, meaning the

Ta
bl

e 
3

EX
PE

RI
M

EN
TA

L 
DE

N
SI

TY
 V

AL
UE

S 
(g

/c
m

3 ) A
N

D 
VE 12

3 (c
m

3 /m
ol

) O
F 

TE
RN

AR
Y 

BI
O

DI
ES

EL
 (1

) +
 D

IE
SE

L 
FU

EL
 (2

) +
 B

EN
ZE

N
E 

(3
) M

IX
TU

RE
S

FO
R 

TE
M

PE
RA

TU
RE

 R
AN

G
IN

G
 F

RO
M

 2
93

.1
5 

K 
TO

 3
23

.1
5 

K

Fig. 3. Density versus composition for biodiesel (1) + diesel fuel
(2) + benzene (3) ternary system at 298.15 K
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estimated density values are slightly greater than the
experimental ones. The accuracy of eq.(2) is better than
that of eq.(1) at all investigated temperatures, the
maximum ARD registered with eq.(1) was 1.2030%, and
with eq.(2) was 0.9857%. Better accuracy of eq.(2) with
respect to eq.(1) results from figure 5 where calculated
versus experimental values of density are represented at
298.15 K. The same behaviour was registered at all
investigated temperatures.

 The ARD corresponding to density calculation at
different temperatures using eq. (3) varied between 0.2104
and 2.0945%, indicating a relatively good accuracy of the
linear relationship between density and temperature for
this ternary system.

Excess molar volume calculation
Excess molar volumes of the ternary system

biodiesel+diesel fuel+benzene were calculated from the
experimental densities of the mixtures, the density and
the molar weight of the components of the system. The
experimental values of the excess molar volume, VE

123 of
the ternary mixture biodiesel+diesel fuel+benzene

Fig. 4. Density vs temperature for biodiesel(1)+diesel
fuel(2)+benzene(3) ternary system at different composition;
!: x1=0.2349, x2=0.0616;!: x1=0.3724, x2=0.1628; • : x1=0.1369,
x2=0.1796;o: x1=0.0900, x2=0.2361;!: x1=0.0444, x2=0.2910; ∆:

x1=0.1152, x2=0.4534;♦ : x1=0.1340, x2=0.6152; ◊: x1=0.0656,
x2=0.6887

Fig. 5. Calculated vs experimental density at 298.15 K for ternary
system biodiesel+diesel fuel+benzene; !eq. (1);  ! eq. (2)

Table 4
VALUES OF CIBULKA (EQ.5) AND REDLICH-

KISTER PARAMETERS (EQ.7) AND
STANDARD DEVIATION, SD (cm3/mol), FOR

VE AT DIFFERENT TEMPERATURES

Fig.6. Excess molar
volume, VE

123 for
pseudo-ternary

mixture
biodiesel+diesel
fuel+benzene at

298.15 K.

calculated with eq. (4) are positive (table 3) over the entire
composition range and at all investigated temperatures,
suggesting no packing effect; they present deviations of
max 2%  from ideal mixture volume. Ternary excess molar
volumes, VE

123, were fitted to Cibulka equation (eq. 5), taking
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into account the binary, and the ternary contribution,
respectively. Values of the adjustable parameters, Ak
calculated by fitting the experimental excess binary molar
volumes VE

ij, in eq.(7), and respectively the adjustable
parameters Bo, B1, B2 calculated by fitting the experimental
excess ternary molar volumes, VE

123, in eq.(5) are reported
in table 4, along with the corresponding standard deviations.
As an example, figure 6 shows a graphical representation
of calculated VE

123 on the whole composition domain at
298.15 K. It can be observed the quite regular shape of the
VE

123 surface.

Conclusions
Experimental results of the density and excess molar

volume for the pseudo-ternary mixture biodiesel+diesel
fuel+benzene and corresponding binary mixtures over the
entire composition range and for temperature ranging from
293.15 K to 323.15 K were reported. The density of the
pseudo-ternary mixture varies monotonously, without
extreme points, as in the case of the corresponding binary
systems, with values in the range limited by the densities
of the pure components. The density of each ternary
biodiesel+diesel fuel+benzene mixture decreases with
temperature increasing. The density of the pseudo-ternary
system can be accurately predicted in the investigated
temperature range (ARD less than 0.9857%) with a mixing
equation, based on the densities and molar weights of
mixture components. The accuracy of Kay mixing rule is
slightly lower (ARD less than 1.2030%). The density can be
accurately calculated (ARD less than 2.09%) at different
temperatures using a linear relationship between density
and temperature for this pseudo-ternary system. The
excess molar volume, VE

123 of the pseudo-ternary system
biodiesel+diesel fuel+benzene is positive over the entire
composition range and at all investigated temperatures
showing deviations of max 2% from ideal mixture volume.
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