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Abstract

The purpose of this work was to develop a method for predicting temperature/pressure dependent density of
biodiesel based on fatty acid ester composition. The PC-SAFT equation of state combined with a modified group
contribution method was used to calculate density of mixtures of fatty acid esters. Prediction errors at atmospheric

pressurewere less than 0.5% for 10 multi-component mixtures of fatty acid ethyl esters. Compared with experimentally
measured density at 0.1 - 45MPa, the predicted densities of soybean, rapeseed, palm, mixture of soybean and
rapeseed, mixture of palm and rapeseed, mixture of soybean and palm, mixture of soybean and rapeseed and palm,

sunflower biodiesel were all within 1%.

Introduction

Biodiesel is a promising alternative energy resource
for diesel fuel. Typically, biofuel consists of alkyl
monoesters of fatty acids, obtained from vegetable oils
or animal fats combined with a short-chain alcohol [1,
2]. Those esters have properties similar to ordinary diesel
fuel made from crude oil and can be used in conventional
diesel engines without any motorization transformation.
Of the various alternate fuels under consideration, at
this moment, biodiesel is the most promising alternative
fuel to conventional diesel fuel (derived from fossil fuels;
hereafter just “diesel”) due to the following reasons [3, 41:

-Biodiesel can be used in existing engines up to certain
percentages (normally 20%) without any modification.

- Biodiesel is made entirely from vegetable sources.
Therefore, biodiesel does not contain any sulfur, aromatic
hydrocarbons, metals or crude oil residues.

- Biodiesel is an oxygenated fuel; emissions of carbon
monoxide and soot tend to be reduced compared to
conventional diesel fuel.

- Unlike fossil fuels, the use of biodiesel does not
contribute to global warming as CO, emitted is once again
absorbed by the plants grown for vegetable oil/biodiesel
production. Thus CO, balance is maintained;
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- The Occupational Safety and Health Administration
classifies biodiesel as a non-flammable liquid (flash point
of 160°C).

- The use of biodiesel can extend the life of diesel
engines because it is more lubricating than petroleum
diesel fuel.

- Biodiesel is produced from renewable vegetable oils/
animal fats and hence improves fuel or energy security
and economic independence.

To optimize biodiesel manufacturing, many reported
studies have built simulation models to quantify the
relationship between operating conditions and process
performance. For mass and energy balance simulations, it
is essential to know the four fundamental thermophysical
properties of the feed oil: liquid density (o*), vapor pressure
(Pver), liquid heat capacity (C*), and heat of vaporization
(AHY®) [5 - 8].

Biodiesel fuel has to fulfil a number of quality
standards. In Europe, the biodiesel fuel standards are
compiled in the Norm CEN EN 14214 [9], in USA, in the
ASTM D6751 [10] and in Vietnam in the TCVN 7717-07
[11]. Norms specify minimum requirements and test
methods for biodiesel fuel to be used in diesel engines
and for heating purposes, to increase the biodiesel fuel
quality and its acceptance among consumers. Density is
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an important fuel property because injection systems,
pumps, and injectors must deliver an amount of fuel
precisely adjusted to provide proper combustion [12]. As
Tziourtzioumis and Stamatelos [13], Boudy and Seers [14]
explained, from the evaluation of the effect of different
fuel properties on the injection process of common rail
direct-injection systems, density is the main property
controlling the pressure wave in common rail systems
and, subsequently, the total mass injected. Density data
are required to be known to properly design reactors,
distillation units and separation process, storage tanks,
and process piping [15]. Knowledge and description
of biodiesel densities as a function of the pressure and
temperature are therefore required for a correct biodiesel
formulation and a proper design and optimization of
common rail engine injection systems for a precisely
adjusted amount of fuel to be delivered to provide a
proper combustion while minimizing NO_emissions
[16]. Knowledge of the density at varied temperature
and pressure conditions is necessary in calculations of
design equipment and to simulate the physico-chemical
processes (they are involved in the equations of heat,
mass, and momentum transfer). The density of liquids can
be determined experimentally, but may be correlated and
estimated by different analytical relations. These analytical
expressions and models are usually based on adjustable
parameters for each fluid and on the group contribution
methods [17].

Rapeseed, soybean, and palm oils are the most
commonly used oils to produce biodiesel although
non-edible oils, such as Jatropha, are becoming more
important [15]. The capacity to correctly predict biodiesel
densities is of major relevance for a correct formulation of
an adequate blend of raw materials aiming at producing
biodiesel according to the required quality standards
with the lowest production costs. Three main types of
methods exist for estimating liquid densities of pure
compounds. The first types are the methods based on the
corresponding states theory, such as the Rackett equation
and the Spencer and Danner method [15, 18 - 20]. These
methods have, however, some disadvantages, such as
the requirement of critical properties, and because they
often use experimental-data-adjusted parameters, they
have a limited predictive ability. The second type of
method is based on mixing rules, such as Kay's [21] that
allow for the estimation of a mixture density provided
that the composition of the fuel and the densities of the
pure compounds are known. They are only applicable to

simple mixtures with a near ideal behavior. Finally, group
contribution models are another approach that only
requires the chemical structure of the desired molecule
to be known to estimate the thermophysical properties,
such as liquid densities. The group contribution method
GCVOL [22] is a predictive model that was able to provide
pure fatty acid methyl ester (FAME) density descriptions
within 1% deviation [23].

This article presents the results from a comprehensive
evaluation of the methods for predicting liquid density
of various biodiesel in function of temperature and/or
pressure. The predictive capability of the modified GC-PC-
SAFT model was tested against experimental data from
278-363Kand 0.1 - 45MPa for 10 biodiesels.

PC-SAFT Equation of state (PC-SAFT EoS)

The PC-SAFT EoS has a clear physical molecular model,
which assumes that the molecule is composed of chains of
freely jointed spherical segments. Several intermolecular
forces are considered. They are divided into different
contributions, correspondingly [24]. For non-associating
compounds, it consists of an ideal gas contribution, a
hard-chain contribution, and a perturbation contribution
which accounts for the attractive interactions. The residual
Helmholtz free energy is given in terms of a perturbation
expansion:

a= aid + ahc + adisp+ adipole (‘I)

More details of PC-SAFT EoS are described clearly in
the original literature [24]. PC-SAFT is applied to mixtures
using the van der Waals one-fluid model [24, 25] and
modified Lorentz-Berthelot mixing rules that relate the
potential parameters g and o, for cross-interactions i-j to
those of self-interactions i-i and j-j:

g, =(—k;) e, &, 2)

o, =(1-1, )[G;G”J 3)

In many cases, pure prediction may be obtained by
setting k; = |, = 0 [26 -28]. In this study, we will therefore
retain this hypothesis here as well.

The dipole term

The adroe term refers to any contributions of the
relevant contributions developed to account for polar
interactions. Dipole-dipole is the most prominent
electrostatic force in oxygenated compounds, such as
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alkyl-esters. We consider only the dipole-dipole expressions from Gross and
Vrabec (GV) [29] and from Jog and Chapman (JC) [30].

Jog and Chapman [30] developed a dipolar contribution by visualizing
non-spherical polar molecules as hard-sphere chains containing both polar
and non-polar segments. In this approach, the reference fluid is an equimolar
mixture of non-polar and polar hard spheres, where the latter possesses a
dipole vector at the center of the sphere. The thermodynamic properties of
the polar hard spheres were calculated using the u-expansion [31]. Jog and
Chapman showed, using computer simulation, that g* can be approximated
by the hard-sphere rdf, g, up to a moderate dipole strength provided that
the segment dipole vector is aligned perpendicularly to the line joining the
center of the dipole segment to that of the adjacent segment. The dipolar
term was presented as a perturbation expansion in Padé approximant (JC
approach) [32]:

a=a,+ta, 4
a,
27 Np Mol
dipole __ al” B y(6)
ay” ——gﬁZﬁxapr§aX5ﬁmamﬁ PE Jop )
o off
12 ) 2,,2,,2
i = 55 G S K xtmamgm, K, (02233) (6)
135\ 5 ) (kT 5 (dpdyds,)

Where m stands for chain parameter; p is the number density of
molecules; kis the Boltzmann constant; Tis the temperature;d  is the average
diameter of segment ccand B, u,, are the dipole moment of component o. x

po.
refer to the fraction of polar segment in o chain of component o, whereas
X, is the mole fraction of component . J and K are the angular pair and
triplet correlation.These integrals are a function of reduced density and
temperature and have the empirical form as described in [33].

»
*ian®

Fig.1. Orientation of the dipole moment within a chain molecule, following the JC (left)
orthe GV (right) approach. In the JC approach, the dipole vectors, shown as white arrows,
are placed on specific segments within a chain, perpendicular to the vector connecting
the centers of adjacent segments. In the GV approach, the dipole moment is stretched
across a maximum of two segments, and placed along the central axis. Its position, with
respect to the other non-polar segments, is irrelevant
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The notion of x, as an adjustable
parameter is, however, not entirely
correct. Various authors[34, 35] chose
to correlate X, by assigning a constant
value to the product mx, for a particular
homologous group. To determine this
constant, the smallest member of the
series is fitted to vapour pressure and
liquid density data, with no constraints
on x_. The product m.xp stemming from
the final set of parameters is then held
constant for the rest of the homologous
group.Differentauthors[32,36]observed
the problem of multiple solutions when
fitting a set of €/k, 6, m parameters, and
suggested the incorporation of a single
set of binary data in the regression. Any
mixture with a second component free
of functionality (e.g. n-alkanes) could
be used.

Such segment approach of the
JC term differs from that of the GV
term in that the dipolar moment is
not placed along the molecular axis
of the molecule. In the GV approach,
the location of the stretchable dipole
in the chain is not considered. This
is depicted graphically in Fig. 1. The
dipole segments exist site-like in a
JC chain; thus the distance of closest
approach of the dipole is represented.
Furthermore, the segment approach
also accounts for multiple dipolar
functional groups. Al-Saifi et al. [37]
compared the Helmholtz free energy
contribution to the reduced chemical
potential from the two dipolar terms,
and found the JC approach to have a
higher contribution among the two.

Modeling esters using a modified
group contribution method

Such a thermodynamic treatment
of esters requires first a definition of
the chemical groups found in an ester
molecule. Let us recall that the general
chemical formulas of esters RCOOR’
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whereRandR’arehydrocarbon chains.Inthiswork, we have
considered only the case when R and R’ were linear alkyl
chains.This means that Rand R'may be explicitly written as
CH,-(CH,)n and CH,~(CH,)n" with n, n" > 0. Therefore, three
different chemical groups are used in this work: CH,, CH,,
and COO.

In the spirit of the GC method mentioned above, the
EoS parameters of a given ester RCOOR’ are computed by
the following relations [38]:

—_n icH cH icoo (7)
&= n\/(ECHZ ) ’ '(ECH3 ) ’ -(gcoo)
o = e Men, FOcu; New; +GcooMcoo (8)
T
n
Where n.,,, n., and n_,, are respectively the numbers

of groups CH,, CH,, and COO in the ester molecule and

n" = ng, + Ny, + Ny, is the total number of groups in
the molecule. The chain parameter m may be correlated
through a simple linear correlation to the different group
numbers, involving a chain contribution parameter

denoted R for each group i.
m= SCHZRCHZ Aepy S Reyy Moy + ScooReoo Meoo (9)

Sen. Scn, Scoo are “shape factor” which corresponds to
the prozporicion of the spherical united-atom group that
contributes to the properties of the molecule, in this work,
Sen. Scoo are unity and S, were reused from a previous
paf)er [39]. 2

As suggested by a similar approach [40] proposed to
model and to make a distinction between two oxygenated
isomers using the chain lengths m of the two molecules,
R.oo 1s regarded as a function of the COO group position
p in the ester chain, defined by p = min(n_, n_) + 1 [40].
The dipole moment was supposed to follow an empirical
linear relation with n_ - n_ that is written for RCOOR' as:

Where y, 4, and p, are adjustable parameters [40].

(= =10 -, 1= (10)

ng np
Parameterization of the PC-SAFT

Depending on the form of the PC-SAFT employed,
different numbers of pure component parameters must
be determined for the model. To reflect real substance
behaviour, the parameters are regressed to experimental
data of thermodynamic properties. For non-associating
substances, the chain segment m; the segment diameter
o; and the depth of energy well e/k are always included

in the regression. The parameters m and G are geometric
parameters and reflect the packing extent of the molecule.
Data on liquid density (pY) supply information on the
magnitude of these two parameters. €/k is an attractive
energetic parameter that holds molecules together. Its
magnitude affects the molecules’ tendency to disperse
and form a vapour phase. Values of the vapour pressure
(Ps2) are required to tune the parameter.

As with multi-parameter EoS, the parameterization
of PC-SAFT is subjected to the modeler’s preferences. The
central theme of this work is the application of PC-SAFT to
the calculation of thermodynamic properties. Therefore
we devise herein a systematic procedure for tuning the
model for phase equilibria purposes. The procedure
outlined below can be easily modified to yield different
sets of parameters adapted for alternative purposes:

- Visualize the compound. This helps identify
whether the compound is associating/non-associating,
polar/non-polar, and define chemical group structure;

- Compile data. As explained, experimental data on
liquid densities and vapour pressures are essential, and as
many data as possible should be collected from the triple
point to the critical point. This ensures the parameters
are applicable for the entire range of vapour-liquid
coexistence.

- Eliminate unwanted data. It is useful to obtain
empirical correlations for the liquid volumes and vapour
pressures. A plot of the collected data and an empirical
correlation on the same axes may reveal significant
outliers that would otherwise mislead the regression if
retained. These outliers should be removed.

- Parameter regression. Using logical initial guesses
to regress the relevant parameters so as to minimize the
objective function F:

9%
exp,Tp i Ip.i

NIp Nexp.Tp( @S _ Budv 2
F=100) ! Il I (1)
w N,

Where Tp is the thermodynamic property to be
fitted; NTp is the total number of different types of
thermodynamic properties to be considered in the
overall regression; Nexp, Tp is the total number of
experimental datapoints considered for thermodynamic
property Tp; and 6%'<!__is the i'" experimental/calculated
value of thethermodynamic property Tp. Only discrete
experimental data are used in the regression.
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- Evaluate the results. The absolute average devia-
tion, AAD (in % unit), is calculated as following:

Nexp,Tp eexp. _ecal.
AADT,, _ 100 Z ( Tp.i Tp,l} (12)

N o,

exp,Tp i Tp.i

PC-SAFT is not suffciently high for such purpose,
and over-expansion of objective function only serves
to complicate the optimization routine. However, the
predictions of the heat capacity (Cp) and the speed of
sound (w) for some non-associating and associating
compounds, whose parameters were regressed to liquid
densities and vapour pressures. Even though Cp and w
were not included in the regression of pure-component
parameters, qualitative agreements with experimental
data could still be achieved. This emphasizes the
appropriateness of the choice of p‘and Pt as target
properties, as well as the physical basis of the model.

Parameters for Fatty acid methyl esters

Fatty acid methyl esters (FAME) of high molecular
weights are the main products of the transesterification of
triglycerides to form biodiesel components [41]. Accurate
determination of thermodynamic properties such as
vapourpressure (normal boiling point), density, viscosity
and latent heat of vaporization are important to ensure

good fuel quality control. Nguyen Thi et al. [42] used a
group-contribution SAFT (GC-SAFT) approach to model
heavy esters from methyl propanoate to eicosanoate
using three different versions of SAFT and the Kraska
and Gubbins dipolar term. Nguyen Huynh et al. [40] later
extended this work to mixtures of heavy esters, using the
Jog and Chapman dipolar term. Tihic et al. [43] applied
the group-contribution simplified PC-SAFT (sGCPC-SAFT)
to the prediction of vapour pressures of heavy esters, and
presented calculations on phase equilibria and infinite
dilution activity coeffcients. Pratas et al. [44] used CPA EoS
to predict the high-pressure density data of pure FAMEs
and biodiesels. As far as the Perturbed-Chain form of the
SAFT EoS is concerned, thevarious sources proceeded
to present similar errors in predicting vapour pressures,
ranging from 1% to as high as 40% deviations. While
the different approaches adopted by the above sources
make them not strictly comparable, most highlighted
the importance of experimental data to improve the
predictability of their models.

The objective in this work is to present parameters
(predict) for FAME from methyl caprate (C. H O)) to

1M 2272

methyllignocerate (C,_H_O.), which could be used with the

25" 50 "2

PC-SAFT EoS.There is a striking lack of thermodynamic data

Table 1. Relative deviations on vapor pressures and saturated liquid volumes of the regression database compounds (accepted data in DIPPR[50])

Compounds Formular Npt. Trang (K) AAD P (%) Npt. Trang (K) AAD p' (%)
Alkyl acetate (CCOOR')
Ethyl acetate CCO0C, 16 233-522 2.79 13 273 -503 5.89
Propyl acetate CCO0Gs 14 273 -543 3.38 14 273-533 2.91
Butyl acetate CCO0C, 8 326-410 2.96 12 273 -393 0.25
Pentyl acetate CCOO0CGCs 12 281-599 4.40 12 273-417 0.71
Hexyl acetate CCOO0Cs 7 304 - 441 233 10 273 -363 1.01
Heptyl acetate CCO0C, 10 349-462 3.41 5 273 -303 1.06
Octyl acetate CCOO0Cs 8 334-484 6.39 7 293 - 368 1.22
Nonyl acetate CCOO0GC 11 293 -661 16.95 2 288 - 298 1.02
Decyl acetate CCOO0Cio 9 348-518 11.18 6 293 - 368 1.04
Methyl ester (RCOOC)
Methyl propanoate C2CO0C 29 253-530 1.13
Methyl butanoate C3CO0C 10 293-313 2.72 -
Methyl pentanoate C4CO0C 7 293-328 3.17 -
Methyl hexanoate CsCOO0C 8 297-333 5.05 -
Methyl heptanoate CsCOOC 8 310- 340 1.29 -
Methyl octanoate C,CO0C 7 312-348 5.85 -
Methyl nonanoate CsCOO0C 10 308 -353 3.45 -
Methyl decanoate CoCOOC 11 310- 351 4.89 -
Methyl Undecanoate C10CO0C 7 331-351 1.13 -
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Fig. 2. Vapor pressure of the FAME ester. The symbols represent the
experimental data [50], while the continuous curves correspond to
the mGC-PC-SAFT description with the parameters estimated in this
work
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Fig. 3. Saturated liquid densities of the FAME esters. The symbols
represent the experimental data [50], while the continuous curves
correspond to the mGC-PC-SAFT description with the parameters
estimated in this work

for FAME (an overview can be found at http://www.ddbst.
com/files/ddbsp/DDBSP-Biodiesel-2006.pdf) and most
of the better quality data on FAME vapour pressures are
believed to be from Scott et al. [45], Rose and Supina [46],
and van Genderen et al. [47]. The number of data points
decrease with the increasing number of carbon atoms, due
to difficulties in precise measurements of increasingly low
pressures (e.g. the vapour pressure of methyl stearate at
316K is 9.96mPa [47]). Liquid density data can be found in
the work of Pratas et al. [23, 48, 49].
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Fig. 4. Prediction of liquid density of alkyl esters series. The sym-
bols represent the experimental data [23, 50], while the continuous
curves correspond to the mGC-PC-SAFT prediction
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Table 2. Prediction results of liquid density of some heavy esters. Experimental data are taken from [23, 50]

Compounds Trang (K) Pmin (Mol/cm3) | pmax (Mol/cm3) AAD (%) Npt
Methyl-caprylate (CoH1502) 283-353 1.79E-04 1.92E-04 2.20 15
Ethyl-caprylate (CioH2002) 278-363 1.96E-04 2.14E-04 0.58 18
Methyl-caprate (Ci1H2205) 278 - 363 2.11E-04 2.29E-04 1.93 18
Ethyl-caprate (Ci2H240>) 283-353 2.30E-04 2.46E-04 0.42 15
Methyl-laurate (Ci13H260x) 283-353 2.44E-04 2.61E-04 1.59 15
Methyl-myristate (CisHz00x) 298 - 353 2.81E-04 2.95E-04 1.17 12
Methyl-palmitoleate (Ci7H3202) 278 -363 3.05E-04 3.29E-04 0.67 18
Methyl-palmitate (Ci7H340z) 308 - 363 3.17E-04 3.32E-04 0.71 12
Ethyl-palmitate (CisH3s02) 303-363 3.34E-04 3.52E-04 0.51 13
Methyl-linolenate (CisH340>) 278 - 363 3.20E-04 3.44E-04 0.12 18
Methyl-linoleate (CioH3405) 283-313 3.31E-04 3.38E-04 0.37 13
Methyl-oleate (CisH360z) 283-353 3.36E-04 3.57E-04 0.10 15
Methyl stearate (C19Hz3505) 313-513 3.51E-04 4.25E-04 0.24 10
Ethyl-linolenate (C20H340x) 278 -373 3.39E-04 3.67E-04 3.50 20
Ethyl-linoleate (C0H3602) 278 - 363 3.45E-04 3.71E-04 0.91 18
Ethyl-stearate (C20H4002) 313-363 3.70E-04 3.86E-04 0.90 11
Methyl-arachidate (C21H4202) 323-373 3.88E-04 4.05E-04 0.18 11
Ethyl-arachidate (C22H1402) 318-373 4.05E-04 4.24E-04 1.26 12
Methyl-erucate (C23Ha402) 278 - 363 4.00E-04 4.29E-04 0.85 18
Methyl-behenate (C23Ha602) 333-373 4.25E-04 4.39E-04 0.68 9
Methyl-lignocerate (C2sHs002) 338-373 4.61E-04 4.74E-04 1.20 8
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0O 303.15K ¢ 313.15K

830 X 323.15K O 333.15K
——mGC-PC-SAFT = ==-CPAE0S

820 + : : . :
0 10 30 40
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Fig. 5. Density isotherms for methyl laurate.Comparison between
two models, (—) predicted by mGC-PC-SAFT (this work); (- - -)
computed with CPA EoS[44]. Data taken from ref [44]

The relative deviations obtained on the vapor
pressures and saturated liquid phase volumes for pure
FAME are presented in Table 1. The T-P and T-p diagrams
are givenin Fig. 2. From this table, it appears that the mGC-
PC-SAFT provide generally reasonable and comparable
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correlations of pure esters VLE. The agreement between
experimental and calculated vapor pressure is generally
lower than 5% i.e. slightly better than the one obtained in
previous work [40, 42].

PpT predictions results for pure heavy esters

PpT calculations of heavier compounds using the
modified group contribution PC-SAFT without adjustment
on experimental data is a pertinent test of the predictive
character of the approach. The results obtained on several
representative compounds are displayed in Figs. 4 - 5 and
Table 2 along with those obtained by other methods for
comparison.

For the prediction, very good agreements can be seen
between the model and the experimental data for esters
up to ethyl-arachidate (< 2%). The predictions are poorer
for Ethyl-linolenate (C, H,,0,) (3.5%), but in fact they are
quite reasonable if compared to those given by other

predictive methods [40].

The comparison with other methods is not very
easy since the different authors use different strategies
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Table 3. Compositions of the Biodiesels Studied, in mass percentage. (S: soybean biodiesel, R: rapeseed biodiesel, P: palm biodiesel,
SR: soybean + rapeseed biodiesel, PR: palm + rapeseed biodiesel, SP: soybean + palm biodiesel, SRP: soybean + rapeseed + palm biodiesel,
Sf: sunflower biodiesel, GP and SoyA: soybean + rapeseed biodiesel)

wtes fomaar S R P
Cio C11H2202 0.01 0.03
Ciz Ci3H2602 0.04 0.24
Cia Ci5H3002 0.07 0.07 0.57
Cis Ci7H3402 10.76 522 42.45
Ciail Ci7H3202 0.07 0.2 0.13
Cis CioH3502 3.94 1.62 4.02
Cig:l Ci9H3602 22.96 62.11 41.92
Cis2 Ci9H3402 53.53 21.07 9.8
Cis3 CisH3202 7.02 6.95 0.09
Cao C21H£02 0.38 0.6 0.36
Cao:1 C21H1002 0.23 1.35 0.15
C2 C22H440> 0.8 0.35 0.09
G2l C22H4202 0.24 0.19 0
Caa C24H40> 0.22 0.15

Total 100 100 100

Table 4. Absolute Average Deviation between the measured density of biodiesel mixtures over the
Temperature Range (278.15 to 363.15) K and those estimated by GCVOL Extension to High
Pressures Models and comparing with the predicted results obtained by mGC-PC-SAFT.
Experimental data are taken from ref. [49, 52 - 54]

SR PR SP SRP Sf GP SoyA
0.02 0.01 0.01
0.03 0.2 0.18 0.14 0.02 0.02
0.09 0.54 0.01 0.38 0.07 0.13
8.9 23.09 25.56 18.97 6.4 10.57 17.04
0.15 0.17 0.11 0.14 0.09 0.13
2.76 3.02 4.04 3.28 4.22 2.66 3.73
41.82 52.92 33.13 42.51 23.9 41.05 28.63
37.51 15.47 31.72 27.93 64.16 36.67 50.45
7.02 3.08 3.58 4.66 0.12 7.1
0.46 0.49 0.39 0.45 0.03 0.44
0.68 0.67 0.2 0.52 0.15 0.67
0.46 0.24 0.32 0.33 0.76 0.45
0.12 0.09 0.12 0.14 0.08 0.12
0.63 0.53
100 100 100 100 100 100 100
that in some cases, group

contribution may give better
liquid volume results than the
direct fit of data [38]. But if one

Biodiesel mixture T(K) p (kg/ m?) GCVOL mGC-PC-SAFT isreminded that both pressures
S 278-363 832-894 0.52 0.23 and volumes are used for the fit,
R 278-363 831-893 0.74 0.43 there is no contradiction, since
P 278-363 823-893 0.47 0.53 the GC pressure deviations are
SR 278-363 831-890 0.40 0.23 greater and so are the overall
RP 278 - 363 827-890 0.30 0.50 deviations.
SP 278 -363 827 - 895 0.29 0.30 At least in the case of the
SRP 278 -363 828 -892 0.32 0.32 work of Pratas et al. [44] was
Sf 283-363 832-888 0.23 0.20 possible to give deviations
GP 283-363 830-888 . oM for the liquid density on
S0yA 283-353 837-885 } 0.20 the same temperature and

for group parameters regression on more or less wide
compounds databases with or without mixtures and
for different target systems, or apply their methods
to compounds other than those investigated here, or
give average deviations for data sets and data ranges
different from those used in this study, or do not always
give details on the database so true prediction cannot be
distinguished from correlation.

As a matter of fact, the mGC-PC-SAFT deviations
increase slightly with chain length but so do the
deviations of the usual method which represent the best
fit to the data with the given equation. It may be amazing

pressure ranges as a basis
for comparison on methyl-laurate, methyl-oleate and
methyl-myristate (Fig. 5) and Table 5, mGC-PC-SAFT gives
slightly better prediction than CPA EoS. The deviations
may however appear slightly larger in the low pressure
region, but in fact they are quite reasonable (maximum
relative derivation is 1.94%) if compared to those given by
other predictive methods [23, 51].

Biodiesel fuels PpT Prediction results and discussion

Here, pure predictions of liquid density of biodiesel
(multi-component mixture) were made, which means
that no binary interaction parameters were used
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Table 5. Absolute Average Deviation for Biodiesel and Methyl Ester Densities atHigh Pressures Calcu-
lated with the CPA EoS andpredicted with m GC-PC-SAFT. Experimental data are taken from ref. [44]

c AAD %
Biot;)i:;::mmei::tlxre CPA EoS
p(0.1 - 45 MPa)* p(0.1 - 45 MPa)**
methyl-laurate 4.47 0.59
methyl-myristate 5.86 0.99
methyl-oleate 3.24 0.84
biodiesel S - 0.79
biodiesel R - 2.51
biodiesel P - 1.13
biodiesel RP - 1.07
biodiesel SR - 0.82
biodiesel SP - 1.25
biodiesel SRP - 0.89
1.0
0.8
K T
S 04- ,m:#‘!_.-»aggog
:0.2— x*=',.»‘83§§;§9 ¢
3 ., 5 B
é% 00 b4 ¢ %
:'L 021 <Bio-Diesel S EBio-Diesel R
o 04 2 ABio-DieselP  XBio-Diesel SR
06 - X XBio-Diesel PR  ®Bio-Diesel SP
08 - Bio-Diesel SRP  =Bio-Diesel SF
40 . I?io-DieseI G.P * Bio-IIDieseI SoyA
270 290 310 1 (k) 330 350 370

Fig.7. Absolute average deviation between experimental and pre-
dicted densities as a function of the temperature using mGC-PC-SAFT

940 - 940 -
920 920 -
900 900 -
T 880 T 880
E) < >
X 860 1 = 860 4
a Q.
840 © 283.15K A 293.15K 840 | © 283.15K A 293.15K
X 303.15K X 313.15K X 303.15K X 313.15K
820 - 323.15K 0 333.15K 820 - 323.15K 0 333.15K
—mGC-PC-SAFT —mGC-PC-SAFT
800 ; : . . 800 ; : ; .
0 10 20 30 40 50 0 10 20 30 40 50
P (Mpa) P (Mpa)

(k,-,: /ij: 0).Various classes of
biodiesel were investigated
to test the validity of mGC-PC-

mGC-PC-SAFT SAFT applied to esters mixtures.
p(0.1-45MPa)*** Table3reports methylester
0.68 compositions for the biodiesels
0.32 selected for this work. This
1.25 information is of major
043 importance because the fatty
0.78 acid ester profiles of biodiesels
0.50 determine their chemical and
0.43 physical properties, such as
0.42 densities[49].
0.43
044 To study the predictive

ability of the mGC-PC-SAFT,
the AAD for the predicted densities for each biodiesel
were estimated according to equation 12. The AAD for
each biodiesel studied are reported in Table 4 and 5, while
the AAD of the individual data points for the 10 biodiesel
samples are shown in Fig.7.

Detailed prediction results of 10 bio-diesel mixtures
at atmospheric pressure are reported in Table 4 and
prediction results of liquid density for 3 pure heavy
methyl-esters and 7 bio-diesel mixtures at 0.1 - 45MPa are
grouped in Table 5. Very good predictions were obtained
with mGC-PC-SAFT, with an AAD of about 0.50%, except
in the case of methyl-oleate, unsaturated alkyl-ester. No
significant differences between the results obtained with
the GCVOL and mGC-PC-SAFT are observed (Table 4),

Fig.8. Density isotherms for rapeseed biodiesel (left) and palm biodiesel (right). The symbols represent the experimental data, while the
continuous curves correspond to the mGC-PC-SAFT prediction

(*) with FAME CPA pure compound parameters from correlations; (**) with FAME CPA pure compound parameters correlated from pure com-

ponent data. (***) pure prediction results.
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which may come as a surprise but can easily be justified by
the similarity of the compounds in nature and size present
in the biodiesels, resulting in similar concentration values
regardless of the units adopted, resulting in a marginal

930
920
910
900
T 890
>
£ 880
Q.
870 ¢
860 283.15K A 293.15K
O 303.15K & 313.15K
850 X 323.15K O 333.15K
——mMGC-PC-SAFT = = =CPAE0S
840 4 ; : . .
0 10 20, wpay 2 40

Fig.9. Density isotherms for soybean biodiesel. Comparison be-
tween two models, (—) predicted by mGC-PC-SAFT; (- --) computed
with CPA EoS [44]. Data taken from ref. [44]

impact on the prediction (Fig.7).

The AAD for each biodiesel studied are reported in
Table 4, while the relative deviation of the individual data
points for the 10 biodiesel samples are shown on Fig.7.

Results from Pratas et al. [44] used CPA EoS to compute
liquid density of biodiesel at high pressure showed in
Fig.9 indicate that CPA EoS has a poorer performance
for heavy ester and biodiesels at high pressure and high
temperature, such as soybean biodiesel (Fig.9).

In most cases (Figs.8 - 11), mGC-PC-SAFT tends to
over-predict mixture’s density values at higher pressures
(approach to the critical zone) and under-predict at low
pressure region, this was the conclusion in very recent
work by Burgess et al. [55] for PC-SAFT equation of state.
Moreover, the pure-component mGC-PC-SAFT parameters
of heavy compounds are predicted using the equations
7 - 10, belong to their chemical structure, that might effect
the model’s accuracy (the derivations are however smaller
than 1%, Fig. 7). Although a correction term can be applied

to the e/k parameter

to make high pressure
high temperature
(HTHP) PC-SAFT pure-
component density

Fig.10. Density isotherms for soybean + rapeseed biodiesel (left) and rapeseed + palm biodiesel (right). The
symbols represent the experimental data, while the continuous curves correspond to the mGC-PC-SAFT

prediction. Data taken from ref. [44]

T T predictions, only slightly
2 g inferior to predictions

a a . ..
840 | o 28345K A 20345K 840 | © 283.15K A 293.45K with the original PC-

% 303.15K X 313.15K X 303.15K X 313.15K

820 323.15K O 333.15K 820 1 323.15K o 333.15K SAFT  parameters, = but
—— mGC-PC-SAFT o0 —mGC-PC-SAFT vapor-liquid equilibrium

800 r " . . T T T T Lo i
0 10 20 30 40 50 0 10 20 30 40 50 predictions with the

P (Mpa) i

P (Mpa) original PC-SAFT

parameters are clearly
superior to predictions
made with the HTHP

parameters [55].

It was shown
that representation of
mixtures PTxyand pPTcan

be improved if the binary

interaction  parameters
840 < 283.15K A 293.15K 840 < 283.15K A 293.15K .
X 303.15K X 313.15K % 303.15K % 31315K are taken into account
820 A 323.15K 0 333.15K 820 323.15K 0 333.15K [35 56] for the Sake of
—mGC-PC-SAFT —mGC-PC-SAFT Y .
800 - - " " 800 y y y y simplicity, all zero binary
0 10 20 30 40 50 0 10 20 30 40 50 ; )
P (Mpa) P (Mpa) interaction  parameters
Fig.11. Density isotherms for soybean + palm biodiesel (left) and soybean + rapeseed + palm biodiesel ~ Were — assumed  here,
(right). The symbols represent the experimental data, while the continuous curves correspond to the mGC- but remain acceptable
PC-SAFT prediction.Data taken from ref. [44] results.
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Conclusions

PpT at atmospheric pressure and very high pressure
of 10 biodiesel mixtures were predicted with mGC-
PC-SAFT. Along with chemical group parameters
determined from the PVT data of 10 first components of
the alkyl-esters series, PpT densities were used to predict
biodiesel densities based on information of their FAME
compositions. It was shown that mGC-PC-SAFT is able to
predict the liquid density of both pure heavy alkyl-esters
and biodiesel with less than 2% deviation in general.
In particular, mGC-PC-SAFT provides an uncertainty
that is close to the experimental uncertainties of the
experimental data and can thus be an interesting tool
for the design of biofuels.

Two different modeling approaches were used to
compare the prediction performance: the CPA EoS and
mMGC-PC-SAFT developed in this work. The first method
presented an AAD slightly more important than that
obtained with mGC-PC-SAFT, the modified GC combined
with the PC-SAFT EoS was shown to predict biodiesel
temperature and pressure dependent density with an
OAAD of 1% while also providing information concerning
the phase equilibria of the biodiesel systems. These
results clearly showed that, provided that the biodiesel
FAME composition is known, the predictive methods
investigated here can be used to predict liquid density
of biodiesel fuels in a wide range of temperatures and
pressures.
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