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We newly developed an apparatus for the solideliquid equilibrium measurements to examine the phase
equilibria of carboxylic acid mixtures. The equilibrium freezing temperatures obtained from the cooling
curve of the liquid state to solid were measured for the stearic acid þ benzoic acid, adipic acid þ benzoic
acid, and p-toluic acid þ benzoic acid systems. The experimental results were correlated successfully by
Wilson, NRTL, and UNIQUAC models Moreover thermodynamic approach of Slaughter and Doherty was
applied to represent the solideliquid equilibria of peritectic and eutectic compound exists in the solid
phase due to the reaction of complex formation. Good agreement between the experimental and
calculated values for the binary carboxylic acid mixtures was obtained.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Pharmaceutical, cosmetic, and food industries make good use of
fatty acids and their mixture as addition ingredients to the prod-
ucts. The fatty acid mixtures act as a surface and viscosity modifier
and stabilizer additive by adjusting fusion characteristics in accor-
dance with the melting temperature of fatty acids. The phase
behavior and transition phenomena of fatty acid mixtures have
been examined intensively by differential scanning calorimetry
(DSC) and complemented by different types of X-ray, NMR, and IR
and FT-Raman spectroscopy analyses [1,2]. It was revealed that the
phase diagram for the fatty acid mixtures is quite complicated and
exhibits eutectic and peritectic points, where a new solid com-
pound forms in solid phase due to the difference in the molecular
interactions between like and unlike molecules. Besides fatty acid
and their methyl ester as major components in biodiesel fuel made
from natural vegetable oils attracts a current interest in renewable
energy sources as energy alternatives of fossil fuel. In the upstream
and downstream processing, it is important to understand the
phase behavior of mixtures containing fatty acids. So the precise
and reliable phase equilibrium data are necessary for a proper
design of the refinery process as well as for a further development
of thermodynamic predictive models. Solideliquid equilibrium
amura).
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measurements have been carried out using several different kinds
of techniques [3e8]; analytical, synthetic, and visual methods,
dynamic determination of melting and cooling curves, and pour/
cloud test.

In the present work we newly made an apparatus for solid-
eliquid equilibriummeasurements to examine the phase equilibria
of carboxylic acid mixtures. The apparatus consists of heating and
cooling systems for the measurements of equilibrium temperature
and light scattering intensity measurement system that can detect
a change from liquid mixture to solid-state formation. The light
scattering intensity measurement was secondarily performed to
observe the solid formation. We aim to study the phase and sol-
ideliquid equilibria for aliphatic and aromatic carboxylic acid
mixtures. The equilibrium freezing temperatures and eutectic and
peritectic points for stearic acid þ benzoic acid, adipic
acidþ benzoic acid, and p-toluic acidþ benzoic acid mixtures were
measured from the cooling temperature profiles of the liquid state
to solid. The experimental results of the binary mixtures were
correlated by the Wilson [9], NRTL [10], and UNIQUAC [11] models.
Moreover the experimental data were examined by comparing
with those calculated from the thermodynamic approach [12e14]
for a peritectic and eutectic compound exists in the solid phase
due to the reaction of complex formation.

2. Experimental

Adipic acid, and benzoic acid, and naphthalene were purchased
deliquid equilibria of aliphatic and aromatic carboxylic acidmixtures,
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from Wako Chemicals, stearic acid and p-toluic acid were from
Tokyo Chemical Industry, and phenanthrene from SigmaeAldrich
Co. The purity and melting point of the chemicals were given in
Table 1. The melting temperatures of the materials were in good
agreement with literature [1,15e18] and they were used without
further purification.

A schematic diagram of the calorimeter is illustrated in Fig. 1 (a).
The apparatus was designed for the determination of equilibrium
freezing and eutectic points from the cooling temperature curve.
Additionally the measuring system equipped a laser light source
with a light detector to observe the solid-state formation from the
change of light scattering intensity, as shown in Fig. 1 (b). The
apparatus consists of an equilibrium cell with the capacity about
8 cm3. Solidus binary sample prepared gravimetrically at a specified
composition was loaded in the cell and heated to melt above a
higher melting temperature of every pure component. The resul-
tant liquid sample mixture was homogenized by stirring with a
magnetic stirrer vigorously. Then the melting mixture was cooled
to 303.15 K at a cooling rate of 1.0 K/min. The rate of temperature
change in the vicinity of the phase transition was controlled within
0.1 K/min by data acquisition and control system (Keyence, KV-300,
KVTP40). The temperature in the cell was measured every second
by a platinum temperature-sensing probe within ± 0.01 K. The
equilibrium temperature was obtained from the cooling curve of
the liquid state to solid as well as the derivative of the temperature
with respect to time. Fig. 2 depicts practical exemplification in
determination of the freezing temperature from the cooling tem-
perature profiles of pure component and binary mixtures. The
measurements were triplicated to ensure reproducibility in the
determination of equilibrium liquid temperature. The experimental
uncertainties in the temperature were estimated as not larger than
0.5 K.

The experimental setup was validated by comparing the
freezing temperaturemeasured for naphthalene and phenanthrene
mixture with the literature [19]. Table 2 lists the experimental data
for the naphthalene and phenanthrene system measured in this
work. Fig. 3 shows the freezing temperature of naphthalene and
phenanthrene mixture was in good agreement with the literature
values within average temperature deviation of 1.5 K Table 3
summarized the experimental freezing temperatures (TL) and
eutectic temperatures (TE) in the solideliquid equilibria for the
carboxylic acid mixtures. As shown in Fig. 4, it was found that the
stearic acid þ benzoic acid, adipic acid þ benzoic acid, and p-toluic
acid þ benzoic acid systems exhibited the eutectic and peritectic
points in phase behavior. Besides the freezing temperatures of the
adipic acid þ benzoic acid mixture at the mole fraction range of
adipic acid up to 0.2 was lower than those of Wang et al. [16] ob-
tained from the differential scanning calorimetry (DSC) and a per-
itectic point of the stearic acid þ benzoic acid system appears
Table 1
Purity of chemicals used and melting temperatures.

Compound Purity, mass fraction Tm/K

This work Literature

Adipic acid >0.995 426.35 425.65a, 426.31b, 426.35c

Benzoic acid >0.995 395.50 395.50a, 396.08b

Naphthalene >0.98 353.41 352.41a, 353.4d

Phenanthrene >0.98 372.39 372.39a, 372.4d

Stearic acid >0.98 342.95 342.45a, 342.95e

p-toluic acid >0.98 452.75 452.75a,c

a [15].
b [16].
c [17].
d [18].
e [1].
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around the adipic acid mole fraction of 0.2 was observed in this
work.
3. Calculated results

The experimental results were analyzed by thermodynamic
framework of solideliquid equilibria [20]. The thermodynamic
criteria of solideliquid equilibria is described by
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where zi and xi are the mole fraction of component i in solid and
liquid phases, gSi and gLi the activity coefficients in solid and liquid
phases, DfusHi the enthalpy of fusion, Tm;i the melting temperature.
For the system with the pure immiscible solids exist in the solid
phase, as known eutectic solid mixture, the term zigSi in Eq. (1)
equals to unity. The equilibrium liquidus temperature of the
mixture can be expressed by
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The experimental results measured in the present work were
correlated using the Wilson model [9], NRTL model (aij ¼ 0.3) [10],
and UNIQUAC model [11]. Table 4 lists the physical properties of
carboxylic acids and the UNIQUAC volume and surface parameters
estimated by the group contribution method of Fredenslund et al.
[21]. The binary interaction parameters in the activity coefficient
models were obtained fitting the model to the experimental data
by minimizing the objective function:

F ¼
XN
i¼1

 
Texp;i � Tcalc;i

Texp;i

!2

(3)

The absolute arithmetic mean deviation AAD was defined by

AAD ¼ 100
XN
i¼1

��Texp;i � Tcalc;i
��

Texp;i

,
N (4)

where N is the number of experimental data. The binary energy
parameters (lji � lii), (gji � gii), (uji � uii) in the Wilson model, NRTL
model (aij ¼ 0.3), and UNIQUAC model were determined as fitting
parameters by a numerical iterative procedure available from
Refs. [10,20]. Table 5 presents the binary parameters along with the
absolute arithmetic mean deviation AAD between the experimental
and calculated values. Compared with the UNIQUAC model, the
Wilson and NRTL models exhibited the higher AAD of 1% in
reproducing the freezing temperatures for the stearic
acid þ benzoic acid system. As can be seen in Fig. 5, a peritectic
point of the stearic acid þ benzoic acid system appears around the
mole fraction of stearic acid, 0.6 and an inflection on the freezing
temperature curvewere observed. As the same reported previously
for fatty acid mixtures in the solid phase [1,2], this phase behavior
could be related to the formation of peritectic compound and phase
transition. The peritectic solid mixture is the system that perfectly
miscible solids exist in the solid phase to form a new solid com-
pound due to themolecular interactions between unlikemolecules.

In the representation for the peritectic system, Slauter and
Doherty [12] suggested the chemical reaction between pure solid
components A and B in the solid phase. The equilibrium constant K
was defined by the activity of chemical species as
deliquid equilibria of aliphatic and aromatic carboxylic acidmixtures,



Fig. 1. (a) Experimental setup (b) Light scattering intensity measurement.

Fig. 2. Typical temperature profiles at cooling condition and determination of freezing and eutectic points from the cooling curve.
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where DG0
R(¼ DH0

R�TDS0R) is the standard Gibbs energy change of
reaction, DH0

R and DS0R the enthalpy and entropy change of reaction
and ni the stoichiometric coefficient of component i in the reaction:
jn1jAþ jn2jB ¼ n3C. Based on the thermodynamic modeling scheme
of Slauter and Doherty [12], Rocha and Guirardello [14] proposed a
new approach to determine the freezing temperature of solid-
eliquid equilibria by using the minimization of the Gibbs energy of
Fig. 3. Comparison of experimental solideliquid equilibria for
naphthalene þ phenanthrene system with literature and calculated values. (C, B),
Experimental; ( , ), Sharma et al. (2003). ( ), calculated by Wilson model with
binary parameters given in Table 5.

Table 2
Experimental SLE data for naphthalene (1) þ phenanthrene (2) system.

x1 TL/K TE/K x1 TL/K TE/K

0.0000 370.32 0.6000 324.18 322.62
0.1000 362.58 318.55 0.7000 332.48 323.12
0.2000 355.22 320.75 0.8000 339.22 323.02
0.3000 346.25 321.35 0.9000 346.42 322.75
0.4000 336.35 322.25 1.0000 351.98
0.5000 326.02 322.55
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Table 3
Experimental SLE data for binary systems.

x1 p-toluic acid (1) þ
benzoic acid (2)

Adipic acid (1) þ
benzoic acid (2)

Stearic acid (1) þ
benzoic acid (2)

TL/K TE/K TL/K TE/K TL/K TE/K

0.0000 396.28 396.28 396.28
0.0500 387.88 375.25
0.1000 383.25 364.45 384.12 376.08 384.35 333.90
0.1500 377.98 375.48
0.2000 371.55 364.20 378.08 375.15 371.48 333.88
0.2250 369.65 364.35
0.2500 369.85 365.05 378.08 377.82
0.2800 368.85 368.85
0.3000 370.20 369.75 381.62 377.95 360.25 333.75
0.3500 381.75 370.55
0.4000 389.90 369.35 392.95 377.15 346.40 334.25
0.5000 403.10 369.15 399.98 377.48 343.35 334.08
0.6000 416.25 368.05 406.05 377.52 333.88 333.12
0.7000 426.40 365.00 410.82 376.85 335.78 331.15
0.8000 436.30 361.50 415.68 376.58 338.18 329.65
0.9000 443.95 361.10 420.75 374.65 340.12 327.85
1.0000 451.60 425.58 341.78

K. Tamura et al. / Fluid Phase Equilibria xxx (2015) 1e64
the mixture. The total Gibbs energy of the mixtures G can be given
by the sum of the Gibbs energy in solid and liquid phases and of
reaction as follows:

G ¼ RT
�
zA ln zAg

S
A þ zB ln zBg

S
B

�
þ RT

�
xA ln gLAxA þ xB ln gLBxB

�
þ xA

�
moLA � moSA

�
þ xB

�
moLB � moSB

�
þ DG0

R

(6)

where ðmoLi � moSi Þ is the difference of pure component chemical
potential in liquid and solid phases, which can be determined from
Eq. (1). Consider the complex formation occurs only in solid phase,
zAgS

A ¼ zBgS
B ¼ 1 for the miscible solid phase. Following the
Fig. 4. Solideliquid equilibria for three systems of binary acid mixtures. ( ), calculated b
one-suffix Margules equation with DH0

R and DS0R as adjustable parameters, and ( ), two-s
work, (:, ▵), Wang et al. (2010).
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calculation procedure [14] to minimize the Gibbs energy of the
mixture given by Eq. (6), the equilibrium freezing temperature of
the mixture can be expressed analytically in following three
regions;

Region (1),
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�
DfusH1

RTm;1

�
Tm;1

T
� 1
�
þ ln

�
xAg

L
A

�	
� DG0

R
jn1jRT

(8)

Region (2),

T ¼ DfusH1

��
DfusH1

Tm;1
� R ln

�
xAg

L
A

�	
(9)

with the restriction from the intersection of equilibrium curves of
Eqs. (9) and (11),

�
DfusH2

RTm;2

�
Tm;2

T
� 1
�
þ ln

�
xBg

L
B

�	
� DG0

R
jn2jRT

(10)

Region (3),

T ¼
h
jn1jDfusH1 þ jn2jDfusH2 � DG0

R

i��jn1jDfusH1

Tm;1
þ jn2jDfusH2

Tm;2

� jn1jR ln
�
xAg

L
A

�
� jn2jR ln

�
xBg

L
B

�	
(11)

with the restriction obtained from Eqs. (8) and (10),
y one-suffix Margules equation with DG0
R as adjustable parameter, ( ), calculated by

uffix Margules equation with DG0
R as adjustable parameter. Experimental (C, B), this
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Table 4
Melting temperature, enthalpy of fusion, and UNIQUAC volume and surface struc-
tural parameters.

Compound Tm,i/K DfusHi/kJ mol�1 ri qi

Adipic acida 426.35 34.85 5.3002 4.608
Benzoic acidb 395.50 18.02 4.3230 3.344
Naphthalenec 353.41 18.70 4.9808 3.440
Phenanthrenec 372.39 16.46 6.7738 4.480
Stearic acidd 342.95 59.50 12.9928 10.712
p-toluic acidb 452.75 22.70 5.0580 3.912

a [17].
b [15].
c [18].
d [1].
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Table 5
Correlated results for binary systems by Wilson, NRTL, and UNIQUAC models.

System (1 + 2) Wilson

(l12�l11)/R/K
(l21�l22)/R/K

AAD/%

Naphthalene + phenanthrene �145.60 0.07
195.22

Adipic acid + benzoic acid �222.46 0.52
317.98

Stearic acid + benzoic acid �676.24 1.22
503.02

p-toluic acid + benzoic acid 247.00 0.62
�243.92

a Nonrandomness factor, aij, in NRTL model was set to 0.3.

Fig. 5. Solideliquid equilibria for three systems of binary acid mixtures. ( ), calculated
UNIQUAC model alone. Experimental (C, B), this work, (:, ▵), Wang et al. (2010).
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The two-suffix Margules equation for liquid phase activity co-
efficient was firstly applied to calculate the solideliquid equilibria.

RT ln gLA ¼ ½A12 þ 2ðA21 � A12ÞxA�x2B;
RT ln gLB ¼ ½A21 þ 2ðA12 � A21ÞxB�x2A

(13)

We assumed the AB complex formation (jn1j ¼ jn2j ¼ 1) between
pure acids A and B in the solid phase in accordance with the
chemical reaction Aþ B¼ AB at the first. The binary parameters A21
and A12 in Eq. (13) and standard Gibbs energy of reaction DG0

R in
Eqs. (8), (10) and (12) were determined byminimizing the objective
function of Eq. (3). Table 6 summarizes the AAD obtained in fitting
the model to the experimental results measured in the present
work, where DG0

R, DH
0
R and DS0R as adjustable parameters as well as

binary parameters A12 and A21 in the Margules equation were
regressed in three parts; (a) Margules one-suffix with constant
DG0

R, (b) Margules two-suffix with constant DG0
R, and (c) Margules

one-suffix with constant DH0
R and DS0R (so that DG0

R varies with
temperature). Increasing the number of fitting parameters in the
regression decreased the AAD for three binary mixtures, but
NRTLa UNIQUAC

(g12�g22)/R/K
(g21�g11)/R/K

AAD/% (u12�u22)/R/K
(u21�u11)/R/K

AAD/%

�349.80 0.10 �132.90 0.08
431.40 150.64
418.93 0.52 270.15 0.53

�280.46 �200.58
�490.88 1.18 644.82 0.84
502.58 �297.98
785.85 0.70 354.07 0.68

�530.78 �256.35

by UNIQUAC model with DG0
R as adjustable parameter, and (————), calculated by

deliquid equilibria of aliphatic and aromatic carboxylic acidmixtures,



Table 6
Correlated results for binary systems by Margules equation with DG0

R , DH
0
R , and DS0R .

System (A + B) A12

/J mol�1
A21

/J mol�1
DGR0
/J mol�1

DHR0
/J mol�1

DSR0
/J mol�1 K�1

AAD/%

Adipic acid + benzoic acid �526.70 �453.21 0.47
�1899.83 955.14 �1073.14 0.44
�501.60 2062.48 6.14707 0.47

Stearic acid + benzoic acid 3303.72 �1184.53 0.86
�2846.08 1411.32 �528.53 0.81
3500.00 4914.20 23.0963 0.83

p-toluic acid + benzoic acid 787.46 �891.04 0.88
1997.50 �202.76 �228.06 0.54
771.81 1264.10 3.6959 0.69

Table 7
Correlated results for binary systems by UNIQUAC model with DG0

R .

System (A + B) (u12�u22)/R /K
(u21�u11)/R /K

DGR0/J mol�1 AAD/%

Adipic acid + benzoic acid 316.49 �313.45 0.56
�224.20
311.08a �992.1a 0.52a

�222.79a

Stearic acid + benzoic acid 667.57 �1398.23 0.56
�314.23

p-toluic acid + benzoic acid 244.15 �1461.87 0.63
�194.30

a AB2 complex formation between adipic acid and benzoic acid was assumed
additionally.
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worked negatively in the representation of the eutectic and peri-
tectic points as shown in Fig. 4. Secondly we applied the UNIQUAC
model for liquid phase activity coefficient to calculate the solid-
eliquid equilibria with the AB complex formation (jn1j ¼ jn2j ¼ 1)
between pure acids A and B in the solid phase. Table 7 summarizes
the AAD and the binary parameter in the UNIQUAC model and
standard Gibbs energy of reaction obtained in fitting the model to
the experimental results measured in the present work. The
correlated results for the stearic acid þ benzoic system were
improved significantly in comparison with those obtained by the
Wilson and NRTL models alone with the parameters given in
Table 5. Fig. 5 shows the calculated results for the binary carboxylic
acid mixtures taking into account chemical equilibria in the solid
phase agreed well with the experimental ones in comparison with
those calculated by the UNIQUAC model alone. Additionally we
assumed AB2 complex formation (jn1j ¼1, jn2j ¼ 2) in addition to AB
complex for the adipic acid þ benzoic acid system due to the fact
that adipic acid includes two COOH groups in a molecule capable of
forming the complex of AB and AB2. Setting the same value of DG0

R
for the AB and AB2 complex formation made a slight improvement
in the representation of the eutectic and peritectic system for the
adipic acid þ benzoic acid system as shown in Table 7.

4. Conclusion

We newly developed an apparatus for the solideliquid equi-
librium measurements to investigate the phase equilibria of car-
boxylic acid mixtures. The freezing and eutectic temperatures were
Please cite this article in press as: K. Tamura, et al., Phase behavior and soli
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determined from the cooling curves. The solideliquid equilibrium
data for binary mixtures of adipic acid þ benzoic acid, stearic
acid þ benzoic acid, and p-toluic acid þ benzoic acid systems were
presented and shows the eutectic and peritectic points. The
experimental results were able to correlate by the Wilson, NRTL,
and UNIQUAC models. Moreover the solideliquid equilibria for the
peritectic systems were represented successfully by the thermo-
dynamic model with complex formation between unlike molecules
in the solid phase. For the adipic acid þ benzoic acid mixture, AB2
complex formation between adipic acid and benzoic acid made a
slight improvement in the representation of the eutectic and per-
itectic system. It was found that the thermodynamic representation
considering chemical equilibria in the solid phase can give accuracy
improvement to the solideliquid equilibria and eutectic and peri-
tectic points for binary acid mixtures studied in the present work.
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