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Data for the mutual solubilities of fatty acid þ water mixtures are scarce and so
measurements for seven fatty acid (C5-C10, C12) þ water systems were carried out.
This new experimental data was successfully modelled with the cubic plus association
EoS. Using data from C6 to C10 and the Elliot’s cross-associating combining rule a
correlation for the kij binary interaction parameter, as a function of the acid chain
length, is proposed. The mutual solubilities of water and fatty acids can be adequately
described with average deviations inferior to 6% for the water rich phase and
30% for the acid rich phase. Furthermore, satisfactory predictions of solid-liquid
equilibria of seven fatty acids (C12-C18) þ water systems were achieved based only
on the kij correlation obtained from liquid–liquid equilibria data. VVC 2009 American

Institute of Chemical Engineers AIChE J, 55: 1604–1613, 2009
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Introduction

Fatty acids are important commodities with an increasing
wide range of industrial applications.1 Widespread use can
be found in different products, such as: household and indus-
trial cleaners, coatings and adhesives, paints, personal care

products, pharmaceuticals, cosmetics, industrial lubricants,

corrosion inhibitors, polymers, textiles, foods, paper, cray-

ons, candles, and waxes. Particular applications of some spe-

cific fatty acids can be found elsewhere.1 Fatty acids can

also be used as raw materials for fatty alcohols and biodiesel

production.1,2

Although the chain length limits used to define fatty acids
are not strict, these are typically higher chain length aliphatic
carboxylic acids with 6–24 carbon atoms. According to
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literature, the worldwide production capacity for fatty acids
in 2001 was around 4 � 106 metric tons.1

Although shorter chain length carboxylic acids are usu-
ally produced synthetically, most of the fatty acids are
obtained from natural oils and fats by hydrolysis (chemical
or enzymatic). Hydrolysis converts the oil or fat (a triglyc-
eride) into three fatty acid molecules and glycerol, usually
at high temperature and high pressure conditions, using
about 30–60% water in a fatty acid weight basis. In some
cases, acid washing is performed before the hydrolysis
reaction to remove impurities. After hydrolysis, different
purification processes can be employed, among them crys-
tallization (typically with methanol or acetone), solvent
extraction (either liquid–liquid or supercritical fluid extrac-
tion) distillation and adsorption. Distillation removes col-
our and odour bodies,3 low boiling unsaponifiable materi-
als, polymerized materials, triglycerides and heavy decom-
position products. Other separation processes include
hydrophilization, panning and pressing and formation of
solid urea complexes.1

Although fatty acids may be used for biodiesel production,
transesterification is the most frequently used4 method for
producing biodiesel from vegetable oils, tallow or waste
cooking oils.5 It consists on the reaction of an oil or fat with
an alcohol to form fatty esters with glycerol as a byproduct.
A catalyst is necessary to increase reaction rate and yield
and basic catalysts are preferred due to higher reaction rates
and lower process temperatures.6 Methanol and ethanol can
be used as alcohols in the reaction, but methanol is preferred
due to its low cost and physical and chemical advantages in
the process.4,7

In the biodiesel production process the fatty esters rich
current coming from the reactor is saturated with glycerol,
alcohol, catalyst, and unreacted soaps. This current is
washed in a liquid–liquid extractor in counter current with
acidified water to neutralize the catalyst and to convert soaps
to free fatty acids. The raffinate current is composed of
water saturated biodiesel while the extract is a low pH aque-
ous solution containing the polar compounds.8 The design
and optimization of the purification of biodiesel with water
requires a model that can describe this phase equilibria.

Despite the importance of the phase equilibria of fatty
acid þ water systems, there is a lack of experimental data
for their mutual solubilities. To overcome this limitation,
measurements were carried out for the water solubility in six
fatty acids and the complete phase diagrams were established
for pentanoic, hexanoic and dodecanoic acids.

Several models have been previously applied to systems
containing fatty acids with different degrees of success. Car-
boxylic acids can form dimers in the vapor phase as well as
dimers, trimers or even oligomers in the liquid phase, which
make acid mixtures highly nonideal, requiring a model able
to take into account these interactions, to correctly describe
their phase equilibria.

One of those approaches is the UNIFAC model. Yet,
this model does not perform well when dealing with polar
compounds with association, such as the water þ acid
systems,9–12 because it does not take explicitly into account
the association interactions present in these systems. More-
over it does not take into account the dimerization in the
vapor phase. Improvements with respect to the original UNI-

FAC model were achieved by the addition of an association
term so as to take into account the association effects. The
A-UNIFAC model was satisfactorily applied to predict
vapor-liquid and liquid–liquid equilibria and to compute infi-
nite dilution activity coefficients for mixtures containing
alcohols, carboxylic acids, water, esters, aromatic hydrocar-
bons, and alkanes.13 Applying the A-UNIFAC model to
associating systems is quite demanding since it is necessary
to analyze every UNIFAC functional group to recognize the
presence of associating sites.

Another thermodynamic model proposed for acid systems
is the group contribution equation of state, GC-EoS devel-
oped by Skjold-Jørgensen14 that was extended by Gros
et al.15 to mixtures of fatty oils and their derivatives (fatty
acids, fatty acid esters, mono- and di-glycerides) with super-
critical solvents like carbon dioxide or propane. The associa-
tion model proposed by Gros et al. provided results in better
agreement with the experimental data than the GC-EoS.

The coupling of a cubic equation of state (SRK) with a
model that expresses the dimerization of the acid molecules
was also used to correlate experimental VLE for gases in
acetic acid.16,17

The statistical associating fluid theory (SAFT) model was
used to compute phase equilibria of formic, acetic and pro-
panoic acid binary systems with aromatic hydrocarbons.18

The same approach was followed by Fu and Sandler19 and
their results compared to those of the simplified SAFT EoS.
These two models were also used, in the same work, to cor-
relate cross-associating systems containing acids, alcohols
and water. The original SAFT model performed better than
the simplified one, but none of them was able to produce a
good description of aqueous systems.

The cubic plus association (CPA) EoS was used to corre-
late VLE and liquid–liquid equilibria (LLE) for short chain
acids þ aliphatic hydrocarbons, in agreement with the exper-
imental data.20 The extension of the application of this
model to binary aqueous mixtures was only made up to ace-
tic acid systems, with satisfactory results.21

As a result of our ongoing effort to develop an equation
of state model for the description of the phase equilibria, rel-
evant for the biodiesel production, in a previous work, the
CPA EoS was shown to be an accurate model to describe
the water solubility in fatty acid esters and commercial
biodiesels.22

In this subsequent study, whose scope is also of interest
for the biodiesel industry, the CPA EoS is applied for the
first time to carboxylic acids heavier than propanoic acid (up
to C20 for pure component properties and up to C18 for mix-
tures), and to the description of LLE and SLE of their binary
mixtures with water.

In the mentioned preceding article, the CPA EoS was
applied to mixtures of fatty acid esters (nonself-associating
compounds) and water, while in this article mixtures of acids
(self-associating compounds) and water are studied. Systems
with carboxylic acids are usually strongly nonideal and con-
siderably more difficult to model than ester mixtures.

Two different associating combining rules are here eval-
uated on the basis of their ability to correlate these water þ
fatty acid systems.

It will be shown that short chain and long chain carbox-
ylic acids have different behavior requiring different cross-
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associating combining rules and that the dissociation of the
acids smaller than pentanoic acid will have a major impact
on their mutual solubilities with water. To correlate the mu-
tual solubilities of water and carboxylic acids studied in this
work, only binary interaction parameters (kij) in the physical
part of CPA were used, and these were found to be linearly
dependent on the acid chain length.

Using this dependency for the interaction parameters, SLE
predictions for seven fatty acids in water will also be pre-
sented in this work.

Experimental Section

Water solubility measurements were carried in: pentanoic
acid (SIGMA, �99%), hexanoic acid (SIGMA, �99.5%), hep-
tanoic acid (FLUKA, �99%), octanoic acid (SIGMA, �99%),
nonanoic acid (SIGMA, �99.5%) and decanoic acid (SIGMA,
�98%), at temperatures from 288.15 to 323.15 K and at
atmospheric pressure. The methodology used in this work, has
previously been successfully used for other organic compounds
at our laboratory.22–25 The acid and the water phases were ini-
tially agitated vigorously and allowed to reach equilibrium by
separation of both phases in 20 mL glass vials for at least
48 h. This period proved to be the time required to guarantee
a complete separation of the two phases and that no further
variations in mole fraction solubilities occurred.

The temperature was maintained by keeping the glass
vials containing the phases in equilibrium inside an alumin-
ium block specially designed for this purpose, which is
placed in an isolated air bath capable of maintaining the
temperature within (�0.01 K).

The temperature control was achieved with a PID temper-
ature controller driven by a calibrated Pt100 (class 1/10)
temperature sensor inserted in the aluminium block. To
reach temperatures below room temperature, a Julabo circu-
lator, model F25-HD, was coupled to the overall oven sys-
tem allowing the passage of a thermostatized fluid flux
around the aluminium block. The solubility of water in the
acid rich phase was determined using a Metrohm 831 Karl
Fischer (KF) coulometer.

The acid rich phase was sampled at each temperature from
the equilibrium vials using glass syringes kept dry and at
the same temperature of the measurements. Samples of 0.1 to
0.2 g were injected directly into the KF coulometric titrator.

For pentanoic, hexanoic, and dodecanoic (SIGMA, �99%)
acids, measurements of the phase envelope for the two phase
region were made by turbidimetry. Several samples covering
the entire concentration range were prepared. The mixture was
heated inside a closed glass tube in a thermostatic bath up to
the one phase region. On slowly cooling, the phase separation
temperature was registered. The temperature assigned to the
phase envelope is an average of five measurements.

For heavier acids, melting temperatures are significantly
higher, what therefore prevents the measurements of solubil-
ities in a temperature range adequate to the experimental
techniques used in this work.

Model

The CPA equation of state can be described as the sum of
two contributions: one accounting for physical interactions,

that in the current work is taken as the SRK EoS, and
another accounting for association, the Wertheim association
term.26,27

Z ¼ Zphys: þ Zassoc: ¼ 1

1� bq
� aq
RTð1þ bqÞ

� 1

2
1þ q

@lng

@q

� �X
i

xi
X
Ai

ð1� XAi
Þ ð1Þ

where a is the energy parameter, b the covolume parameter, q
is the density, g a simplified hard-sphere radial distribution
function, XAi

the mole fraction of pure component i not bonded
at site A and xi is the mole fraction of component i.

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

aðTÞ ¼ a0 1þ c1 1� ffiffiffiffiffi
Tr

p� �� �2
(2)

where a0 and c1 are regressed from pure component vapor
pressure and liquid density data.

XAi
is related to the association strength DAiBj between sites

belonging to two different molecules and is calculated by
solving the following set of equations:

XAi
¼ 1

1þ q
P
j

xj
P
Bj

XBj
DAiBj

(3)

where

DAiBj ¼ gðqÞ exp
eAiBj

RT

� �
� 1

� 	
bijb

AiBj (4)

where eAiBj and bAiBj are the association energy and the
association volume, respectively.

The simplified radial distribution function, g(q) is given
by:

gðqÞ ¼ 1

1� 1:9g
where g ¼ 1

4
bq (5)

For nonassociating components, such as n-alkanes, CPA
has three pure component parameters (a0, c1, and b) while
for associating components like organic acids it has five (a0,
c1, b, e, b). In both cases, these parameters are regressed
simultaneously from pure component experimental data. The
objective function used is:

OF ¼
XNP
i

Pexp:
i � Pcalc:

i

Pexp:
i

� �2

þ
XNP
i

qexp:i � qcalc:i

qexp:i

� �2

(6)

When CPA is extended to mixtures, the energy and covolume
parameters of the physical term are calculated by employing
the conventional van der Waals one-fluid mixing rules:

a ¼
X
i

X
j

xixjaij aij ¼ ffiffiffiffiffiffiffiffi
aiaj

p
1� kij
� �

(7)

and

b ¼
X
i

xibi (8)

For a binary mixture composed by a self-associating and a
nonassociating compound, as for example water þ n-alkane
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systems, the binary interaction parameter kij is the only ad-
justable parameter.

For cross-associating systems, combining rules for the
cross-association energy, eij, and cross-association volume,
bij (or the cross-association strength, DAiBj) are required. Dif-
ferent sets of combining rules have been proposed by several
authors19,28–30:

(i)

eAiBj ¼ eAi þ eBj

2
; bAiBj ¼ bAi þ bBj

2
; (9)

which is referred as the CR-1 set30

(ii)

eAiBj ¼ eAi þ eBj

2
; bAiBj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bAi þ bBj

q
; (10)

which is referred as the CR-2 set30

(iii)

eAiBj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eAi þ eBj

p
; bAiBj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bAi þ bBj

q
; (11)

which is referred as the CR-3 set30

(iv)

DAiBj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DAiBiDAjBj

p
; (12)

which is referred as the CR-4 set (or Elliot rule)30

CR-2 and CR-4 are the most commonly used. Only these
combining rules have been found to be successful in previ-
ous applications.27,31 CR-2 provided very good results in the
modelling of the VLE of glycol þ water systems,31 the LLE
and VLE of water þ heavy alcohol systems30 and the LLE
of the water þ amine systems32; on the other hand, the CR-
4 approach performed better in predicting the VLE and SLE
of water þ small alcohols systems,30 the VLE of small acids
þ water or small acids þ alcohol systems,20 the VLE of
amine þ alcohol32 systems and the SLE of the MEG þ
water systems.33 In this work, the CR-2 and the CR-4 were
evaluated on the basis of their ability to describe LLE and
SLE of water and fatty acids binary mixtures.

For the estimation of the kij parameter the objective func-
tion employed was:

OF ¼
XNP
i

xcalc:i � xexp:i

xexp:i

� �2

(13)

where single phase or both phase data can be selected for the
parameter optimization.

The association term depends on the number and type of
association sites. For water a four-site (4C) association
scheme was adopted,34 and for acids the carboxylic group is
treated as a single association site (1A).

Carboxylic acids can form dimers in the vapor phase as
well as dimers, trimers or even oligomers in the liquid
phase. Several previous works with the CPA EoS or with
some variants of the SAFT EoS had already discussed the
best association scheme for organic acids.16–20 Several asso-
ciation schemes were evaluated for both the gas and liquid
phases (1A, 2B, and 4C). It was showed that when using the
CPA EoS, the 1A scheme performs globally better than the
two-site (2B) model (VLE, LLE, second virial coefficients
and equilibrium constants20). Huang and Radosz using
SAFT18 also used the one site model for carboxylic acids
such as formic, acetic, and n-propanoic. The same associat-
ing scheme for carboxylic acids (1A) can also be found in
the article of Fu and Sandler.19 Therefore this association
scheme was adopted in this work.

Results and Discussion

Experimental results

The data for the water solubility in six fatty acids, in the
temperature range 288.15–323.15 K, are listed in Table 1 as
well as their respective standard deviations. Results are pre-
sented at temperatures above the melting point of each com-
pound. The water solubility results at each individual tempera-
ture are an average of at least five independent measurements.

The experimental liquid–liquid phase envelopes for penta-
noic, hexanoic and dodecanoic acids, obtained by turbidime-
try, are presented in Table 2.

The results show that the water solubilities increase with
temperature and decrease with chain length. The differences
in water solubility between consecutive chain length acids
also tend to become smaller as the chain length increases.

Data concerning the water solubility in fatty acids are
scarce but can still be found for the smaller pentanoic and
hexanoic acids in the temperature range 293.15–343.15 K.35

The data measured in this work are in good agreement with
the few and old available literature data, as seen in Figure 1,
showing the ability of the experimental methodology used
for measuring the water solubility in heavier acids.

The two experimental techniques used in this work pro-
vided very similar results for the water solubility.

Table 1. Water Solubility in Fatty Acids by Karl Fisher Coulometry

Pentanoic Acid Hexanoic Acid Heptanoic Acid Octanoic Acid Nonanoic Acid Decanoic Acid

T/K (xH2O
� r*) (xH2O

� r*) (xH2O
� r*) (xH2O

� r*) (xH2O
� r*) (xH2O

� r*)

288.15 0.4566 � 0.0006 0.252 � 0.001 0.171 � 0.001 0.1008 � 0.0004
293.15 0.4791 � 0.0008 0.268 � 0.003 0.1863 � 0.0003 0.136 � 0.002 0.1111 � 0.0004
298.15 0.4995 � 0.0006 0.284 � 0.002 0.196 � 0.001 0.151 � 0.001 0.1205 � 0.0005
303.15 0.508 � 0.004 0.307 � 0.003 0.2132 � 0.0007 0.167 � 0.004 0.133 � 0.002
308.15 0.536 � 0.003 0.338 � 0.003 0.2470 � 0.0003 0.1852 � 0.0006 0.1502 � 0.0003 0.123 � 0.002
313.15 0.547� 0.006 0.342 � 0.006 0.240 � 0.002 0.199 � 0.004 0.1546 � 0.0007 0.138 � 0.005
318.15 0.562 � 0.002 0.364 � 0.003 0.265 � 0.005 0.210 � 0.004 0.171 � 0.006 0.154 � 0.007
323.15 0.588 � 0.005 0.389 � 0.003 0.229 � 0.017 0.1686 � 0.004

*Standard deviation
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Correlation of the CPA pure compound parameters

The organic acids studied in this work are all self-associ-
ating and so the five CPA parameters must be estimated for
each compound. This was done by a simultaneous regression
of vapor pressure and saturated liquid density data, collected
from the DIPPR database,36 covering the range of reduced
temperatures from 0.45 to 0.85, for linear saturated carbox-
ylic acids from 1 up to 20 carbons atoms and the unsaturated
oleic acid, an important natural product with 18 carbon
atoms and a double bound at carbon 9, usually referred as
18:1. The reasonability of the application of DIPPR correla-
tions in a broad temperature range is questionable when
actual experimental data is missing, and extrapolation was
required in some cases, as can be seen in Table 3, where the
reduced temperature ranges for which experimental data for
vapor pressures and liquid densities are available from
DIPPR are presented for the organic acids studied. The
results reported in Table 4, show that it is possible with
CPA to achieve an excellent description of the experimental
(correlated) vapor pressure and liquid densities for all the
studied acids, with global average deviations of about 2%
for both properties.

Once again, as was observed previously for several fami-
lies of other compounds (n-alkanes, n-alcohols, n-FCs and
esters),22,38 the CPA pure component parameters for the acid
series also seem to follow a smooth trend with the carbon
number.

Having estimated the pure component parameters it was
possible to model binary mixtures of water with several
acids (pentanoic acid, hexanoic acid, heptanoic acid, octa-
noic acid, nonanoic acid, and decanoic acid). Although the
solubility of these acids in water was available in the litera-
ture39 between 298.15 and 373.15 K, little information was
found for the water solubility on the acids35 prompting the
measurement of these data in this work.

Correlation of the mutual solubilities

To obtain a good description of the mutual solubilities of
water and fatty acids the fitting of the binary interaction pa-
rameter kij of Eq. 7 is required. Data from both the organic

Table 3. Temperature Limits for the Experimental Data
Available in DIPPR

36
for Vapor Pressures and Liquid

Densities for the Organic Acids Studied

Pr q

No. of Carbons Tr min Tr max Tr min Tr max

1 0.45 0.75 0.47 0.96
2 0.46 1.00 0.46 1.00
3 0.46 0.99 0.38 1.01
4 0.47 1.00 0.44 1.01
5 0.46 0.89 0.36 0.83
6 0.43 0.81 0.41 0.84
7 0.44 0.77 0.40 0.52
8 0.52 0.78 0.42 0.83
9 0.42 0.79 0.41 0.50

10 0.55 0.79 0.42 0.77
11 0.42 0.80 0.40 0.48
12 0.51 0.81 0.39 0.63
13 0.54 0.81 0.39 0.56
14 0.43 0.84 0.38 0.75
15 0.42 0.83 0.38 0.55
16 0.43 0.84 0.37 0.73
17 0.42 0.84 0.37 0.52
18 0.43 0.99 0.36 0.71
18:01 0.37 1.00 0.37 0.58
19 0.63 0.86 0.36 0.42
20 0.44 0.86 0.35 0.45

Table 2. LLE Data for Pentanoic Acid 1 Water, Hexanoic Acid 1 Water and Dodecanoic Acid 1 Water Determined by
Turbidimetry

xpentanoic acid (T � r*)/K xhexanoic acid (T � r*)/K xdodecanoic acid (T � r*)/K

0.3025 352.13 � 0.43 0.0091 425.04 � 0.57 0.1613 336.93 � 0.91
0.4019 323.33 � 0.17 0.0190 439.31 � 0.30 0.1770 344.64 � 0.01
0.4756 304.44 � 0.04 0.0415 440.12 � 0.22 0.1848 349.09 � 0.06
0.0452 385.49 � 0.03 0.0724 439.70 � 0.21 0.2960 380.46 � 0.14
0.0693 385.62 � 0.03 0.1059 438.77 � 0.122 0.3960 409.24 � 0.08
0.1426 382.87 � 0.16 0.1498 435.96 � 0.14 0.5717 434.55 � 0.62
0.2787 358.22 � 0.08 0.2143 426.94 � 0.23 0.5141 444.85 � 0.08
0.0202 380.27 � 0.03 0.2965 410.61 � 0.37
0.0306 384.38 � 0.08 0.4346 376.35 � 0.65
0.2113 372.91 � 0.13 0.4952 357.49 � 0.07

0.6108 327.15 � 0.34

*Standard deviation.

Figure 1. Experimental water solubility from this work
(full symbols) and reported in the literature
(empty symbols), in pentanoic acid (circles),
and in hexanoic acid (triangles).
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and aqueous phases were used for the binary interaction pa-
rameter optimization. Values for the binary interaction pa-
rameters obtained using both combining rules under study
are presented at Table 5.

To improve the predictive character of the CPA EoS, lin-
ear correlations for the kij values with the carbon number
were previously proposed for alkanes þ water37 and ester þ
water22 mixtures. For the heavier acids the trends of the kij
values with the carbon number are also close to a linear
tendency, as seen in Figure 2. The kij values for the smaller
acids are somewhat off the linear tendency, particularly for
pentanoic acid. Nevertheless, to increase the predictive char-
acter of the model, linear correlations of the kij with the
chain length of the acid, Cn, for the two combining rules
evaluated, were proposed, and described by Eqs. 14 and 15

for CR-2 and CR-4, respectively, to allow the applicability
of the model for heavier acids when equilibria data are not
available. The extrapolation of the linear correlation will fur-
ther be shown to be successful for the description of fatty
acids þ water systems from C12 to C18.

kij ¼ �0:0140� Cn þ 0:0070 (14)

kij ¼ �0:0142� Cn þ 0:0020 (15)

Results on the water rich phase are more dependent on the
binary interaction parameter than the acid rich phase. Small
variations in the kij’s values result in significant deviations in
the description of the water rich phase with almost no

Table 4. Critical Temperatures for Acids, CPA Pure Compounds Parameters and Average Absolute Deviations of Vapor
Pressure and Liquid Densities from the CPA EoS. The ‘‘4C’’ Association Scheme is Considered for

Water and for Acids the ‘‘1A’’ Scheme

AAD%

No. of Carbons Tc (K)
36 a0 (J m

3 mol�2) c1 b � 105 (m3 mol�1) e (J mol�1) b Pr q

1 605.9 0.6749 0.5466 3.24 20724.7 3.06E-01 0.47 0.97
2 594 0.8312 0.7101 4.69 33709.5 3.96E-02 2.06 1.17
3 606.9 1.4631 0.7913 6.33 30121.7 6.38E-03 0.76 0.47
4 625 2.3128 0.8554 8.50 31665.2 6.44E-04 1.05 1.6
5 645.8 2.8564 0.917 9.77 30738.5 5.58E-04 2.77 4.66
6 660.4 3.41 1.0001 11.50 37909 1.31E-04 2.56 3.02
7 677.9 4.0657 1.0333 13.40 39224.5 1.21E-04 3.52 3.00
8 693.5 4.8206 1.0883 15.30 41221.2 4.23E-05 1.42 1.68
9 708.6 5.55 1.1414 17.30 38553.3 7.71E-05 1.51 2.47
10 721.7 5.9482 1.1927 18.80 40685.3 1.34E-04 1.06 1.38
11 734.9 6.8717 1.2423 20.70 39467.1 6.97E-05 2.3 2.85
12 746 7.4908 1.2904 22.40 44385.4 3.77E-05 2.75 1.87
13 761 8.1444 1.3447 24.10 44431 3.77E-05 3.77 2.22
14 763.7 9.097 1.3822 26.00 43772.2 3.14E-05 2.57 1.95
15 778.3 9.8006 1.4419 27.80 45888.3 1.54E-05 3.78 2.29
16 788.3 10.9279 1.4689 30.70 44729.7 2.54E-05 1.98 2.04
17 801.5 11.4163 1.5105 31.50 44943.9 1.60E-05 1.30 2.70
18 808.3 12.336 1.5597 33.70 44506.6 1.99E-05 2.88 2.16
18:01 781 11.7378 1.2303 32.90 55646.4 4.71E-05 1.84 3.05
19 817.7 13.2612 1.5921 35.90 43926.7 2.54E-05 3.81 2.83
20 830 14.1516 1.6348 38.20 41738.4 4.51E-05 3.54 2.93
Water37 647.29 0.1228 0.6736 1.45 16655 6.92E-02 1.72 0.82
Global AAD % 2.27 2.25

%AAD ¼ 1

NP

XNP
i¼1

ABS
expi �calci

expi

� 	
� 100

 !

Table 5. CPA Modelling Results for the Mutual Solubilities and Binary Interaction Parameters

CR-2 CR-4

AAD% AAD%

No. of Carbons kij Acid Rich Phase Water Rich Phase kij Acid Rich Phase Water Rich Phase

5 �0.0903 39.01 10.4 �0.0951 56.17 9.19
6 �0.0833 11.87 4.24 �0.0894 42.40 4.67
7 �0.0918 21.14 2.70 �0.0987 29.51 2.08
8 �0.0967 40.49 2.38 �0.1033 24.78 2.63
9 �0.1151 84.39 6.93 �0.1217 11.14 8.11

10 �0.1333 78.5 8.83 �0.1430 9.05 3.88
AAD global % 45.90 5.92 28.84 5.09
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impact in the acid rich phase. In fact, and for both associa-
tion combining rules, the values for the kij’s optimized using
both phases follow the same dependency as the kij’s eval-
uated solely from the water rich phase. The results obtained
indicate that it is possible to predict the behavior of the acid
rich phase from the binary interaction parameters optimized
using only data from the water rich phase.

The estimated kij’s are small, indicating that the CPA EoS
is able to take adequately into account the cross-association
interactions that occur in water þ fatty acid systems, with
any of the combining rules studied.

As shown in Figure 2, for the pentanoic acid þ water sys-
tem, the kij value was considerably off the linear tendency
observed for the other compounds, indicating that different
interactions may be present on this system. This deviation of
the pentanoic acid system from the behavior of the other acid
systems may be due to a higher degree of dissociation of the
pentanoic acid in water, that the CPA EoS does not take into
account. This may also be related to the unexpected behavior
of butanoic acid. From the analysis of the mutual solubilities of
the higher acids, the phase envelopes of pentanoic and hexa-
noic acids, and the CPA predictions using the kij correlations, it
would be expected that butanoic acid would only be partially
miscible with water at room temperature. Yet, full miscibility
of butanoic acid and water is observed under these conditions.
The enhanced solubility of the lower acids in water results
from new favourable interactions between the two compounds,
not fully represented by the approached used in this work.

Evaluation of the combining rule

The two combining rules studied produce very different
descriptions of the acid rich phase but have no impact on
the water rich phase, showing very similar global average
deviations.

As shown in Table 5 the CR-2 combining rule produces
better results for smaller acids up to C7. An increase in global
average deviations with the chain length of the acid is
observed for the heavier compounds of the homologous series.

The opposite behavior was observed for the CR-4 rule, pro-
ducing very good results for the heavier acids. The CR-4 com-
bining rule performs globally better than the CR-2 with the
advantage of increasing the calculation speed. With this com-
bining rule, the water solubility in acids is described with a
global average deviation below 30%. The acid solubility in
water is estimated with a global average deviation below 6%,
as reported in Table 5. Phase equilibria results for water þ
fatty acid systems are depicted in Figures 3 and 4.

The results clearly indicate that the CPA-EoS provides a
good description of the phase equilibria for water-fatty acid

Figure 3. LLE for three water 1 acid systems: experi-
mental values for pentanoic acid (*, tur-
bidimetry; �, Karl Fisher; l, literature data),
for hexanoic acid (h, turbidimetry; H, Karl
Fisher; n, literature data), for dodecanoic
acid (^, turbidimetry; ^, literature data), and
for oleic acid (~, literature data), and CPA
results (—, CR-2; . . ., CR-4).

Figure 4. Mutual solubilities for two water 1 acid sys-
tems: experimental results for water 1 deca-
noic acid (~, aqueous phase; ~, acid phase),
and for water 1 decanoic acid (l, aqueous
phase; *, acid phase) and CPA results using
two different combining rules (—, CR-2; . . .,
CR-4).

Figure 2. kij trend with the acid carbon number (^,
CR-2; n, CR-4) and linear correlations (—,
CR-2; . . ., CR-4).
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binary systems. The proposed model and the linear correla-
tion for the binary interaction parameters can be used as a
predictive tool to the description of systems of interest in
industrial processes were organic and aqueous phases are
present. For instance, for the oleic acid þ water system, for
which LLE data at higher temperatures and pressures were
available in the literature.40 The CR-4 combining rule and
the kij predicted through the linear correlation were used. As
seen in Figure 3 very good results were obtained for the
water solubility with a global average deviation inferior to
6%. The same prediction was made for the dodecanoic acid
þ water system with global average deviations inferior to
22% for the water solubility.

Prediction of the solubility of solid fatty acids in water

Saturated fatty acids above decanoic acid are solid at
room temperature and their solubilities in water are solid-liq-
uid equilibria.

The CPA EoS has been previously applied to the descrip-
tion of the SLE of alcohol–alkanes, glycol–water, and alco-
hol–water26 mixtures, but never to the SLE of fatty acids
and water systems. The purpose here is to investigate the
predictive performance of the CPA EoS with the interaction

parameter correlations obtained from LLE data and for each
combining rule selected.

Equations to describe the SLE for binary systems are well
established in the literature.41

Considering the formation of a pure solid phase and
neglecting the effect of pressure, the solubility of a solute s
can be calculated from the following generalized expression
that relates the reference state fugacities:

ln
f liqs ðT;PÞ
f sols ðT;PÞ ¼

DfusHs

R

1

T
� 1

Tm;s

� �
� DCp

R

Tm
T

� ln
Tm
T

� �
� 1

� 	
(16)

where DfusH is the enthalpy of fusion, T is the absolute
temperature, Tm is the melting temperature, DCp is the
difference of the liquid and solid molar heat capacities and
R the gas constant.

The heat capacity contribution can be neglected with
respect to the enthalpic term, as already observed for fatty
acid systems in the work from Costa et al42 where the high
pressure solid-liquid equilibria of fatty acids was studied.
Complete immiscibility in the solid phase and absence of a
solid-complex phase were also assumed.

The following expression for the solubility is considered,

xs ¼ uL0
s

uL
s

exp �DfusHs

R

1

T
� 1

Tm;s

� �� 	
(17)

where u is the fugacity coefficient and subscript 0 refer to pure
component.

Few experimental SLE data are available in the literature
and only for 7 fatty acids (from C12 to C18).

38,40

The values for the thermophysical properties needed to
perform SLE calculations, melting temperature (Tm) and heat
of fusion (DfusH), found in literature for the pure compounds
(from C12 to C18)

36 are presented at Table 6.
These properties increase with the organic acid carbon

number and a parity effect can be observed due to differen-
ces in the molecular packing of these compounds in the solid
state.

The CR-2 combining rule performed better than CR-4
with global average deviations of 51% and 63%, respec-
tively, as seen in Table 6 and Figure 5.

Part of these deviations may be attributed to the low accu-
racy of the experimental data available. However, very satis-
factory SLE predictions were achieved with the proposed
model and using a single interaction parameter correlated
from LLE data.

Conclusions

Water solubilities in six fatty acids and LLE phase enve-
lopes for three fatty acid þ water systems were determined,
using respectively Karl-Fisher coulometry and turbidimetry.
The measured data are in good agreement with previously
available measurements.

The CPA EoS was here extended to long chain carboxylic
acids and their binary aqueous mixtures. Two different com-
bining rules were tested.

A single, small, temperature independent and chain length
dependent binary interaction parameter was enough to

Table 6. Values of Tm and DfusH and CPA SLE
Modelling Results

No. of Carbons DfusH (J mol�1) Tm (K)

AAD%

CR-2 CR-4

12 36650 317.15 33.00 45.44
13 33729 314.65 28.51 47.81
14 45100 327.15 54.12 66.73
15 41520 325.68 30.05 48.62
16 54894 335.73 90.97 93.50
17 51342 334.25 55.13 66.53
18 61209 343.15 64.03 73.97

AAD global % 50.83 63.23

Figure 5. SLE prediction for three water 1 acid sys-
tems: experimental values for dodecanoic
acid (l), for tetradecanoic acid (n) and for
octadecanoic acid (~), and CPA results (—,
CR-2; . . ., CR-4).
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describe the mutual solubilities. A correlation for the binary
interaction parameters was proposed.

For small acids, from C5 to C7, the CR-2 combining rule
produced somewhat better results for the mutual solubilities,
while the Elliot combining rule (CR-4) performed better for
the heavier fatty acids up to C10. Using the CPA EoS and
the CR-4 combining rule, global average deviations lower
than 30% were obtained for the water solubility and than 6%
for the acid solubility.

The kij correlation was successfully extrapolated to model
the LLE of the oleic acid þ water and dodecanoic acid þ
water systems and to predict the SLE of binary aqueous
mixtures with fatty acids from C12 to C18, supporting the use
of a linear correlation with the acid carbon number for the
binary interaction parameters.

The good results obtained for the different types of equili-
bria of water þ fatty acid mixtures and for the mutual solu-
bilities of water þ ester binary systems encourage the appli-
cation of the CPA EoS for the design of extraction units for
fatty acid and biodiesel production.
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Notation

a ¼ energy parameter in the physical term
a0,c1 ¼ parameters for calculating a

Ai ¼ site A in molecule i
b ¼ covolume

Cp ¼ heat capacity
g ¼ simplified hard-sphere radial distribution function
H ¼ enthalpy
kij ¼ binary interaction parameter
P ¼ vapor pressure
R ¼ gas constant
s ¼ solubility
T ¼ temperature
x ¼ mole fraction

XAi ¼ fraction of molecule i not bonded at site A
Z ¼ compressibility factor

AAD ¼ average absolute deviation
CPA ¼ cubic-plus-association
CR ¼ combining rule
EoS ¼ equation of state
LLE ¼ liquid–liquid equilibria
VLE ¼ vapor-liquid equilibria
SLE ¼ solid-liquid equilibria

SAFT ¼ statistical associating fluid theory
SRK ¼ Soave-Redlich-Kwong

Greek letters

b ¼ association volume
e ¼ association energy
g ¼ reduced fluid density
q ¼ mole density
D ¼ association strength
D ¼ variation
r ¼ vapor
c ¼ activity coefficient
u ¼ fugacity coefficient

Subscripts

c ¼ critical
fus ¼ fusion
i,j ¼ pure component indexes
liq. ¼ liquid
m ¼ melting
r ¼ reduced

Superscripts

assoc. ¼ association
phys. ¼ physical
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