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AbstractThe paper reports the solid-liquid phase equilibria (SLE), excess molar volume (VE), and molar refraction
deviation (R) for binary systems of ethanoic acid with the C3 to C5 carboxylic acids, propanoic, butanoic, and penta-
noic acid, which are the main constituents of bio-butanol fermentation broth. The SLE was determined via a synthetic
method using a custom-built glass tube at atmospheric pressure, whereas the thermodynamic mixture properties, VE

and R were obtained from directly measured density and refractive index using a precision densitometer and refrac-
tometer, respectively. All of the SLE that were determined for binary mixtures of ethanoic acid+C3-C5 carboxylic acids
showed a single eutectic point and regressed well with the NRTL activity model within 0.6 K of RMSD. The VE values
for the same binaries were positive for the entire composition ranges of all the systems, whereas the R values were
negative for all the systems. The VE and R were well regressed by polynomial equations, namely Redlich-Kister within
0.006 cm3·mol1 of the standard deviation for VE and 0.02 cm3·mol1 for R.
Keywords: SLE, VE,  R, Carboxylic Acid, Bio-butanol

INTRODUCTION

Even though bioethanol and biodiesel were considered as trans-
portation fuels for early heat engines of vehicles, they were largely
forgotten once fossil fuels were introduced as cheap, reliable and
convenient transportation fuels. However, biofuels have been regain-
ing their popularity owing to the need for renewable resources and
the high cost of petroleum feedstock together with a growing con-
cern about global warming and the need for energy independence
[1]. In fact, these preferences are not surprising because fossil fuels
are essentially biofuels formed because of the subterraneous de-
composition of plants. Many countries around the world are using
biofuels, mainly bioethanol and biodiesel. A relatively new biofuel
with four carbon atoms, bio-butanol, has shown promise because
of its advantages compared to bioethanol: a favorable higher energy
density (29.2×106 kJ·m3), compatibility with gasoline, lower cor-
rosiveness, and less emissivity of the hydrocarbon carbon monox-
ide and NOx, etc. [2].

Commercial problems associated with the bio-butanol fermen-
tation process are mainly the high feedstock cost, very low buta-
nol yield caused by severe product inhibition during bioprocessing
and increased separation cost, etc. [3]. Many attempts to enhance
the fermentation yields by modification of the microorganism and
the use of alternative more affordable forms of renewable biomass,
such as agricultural waste and wood chips [4], have been reported,
even though it should be a long-term project. The other topic is the
development of economical separation technology for the fermen-

tation product. Extensive reviews of technologies for the separation
process of conventional ABE (acetone-butanol-ethanol) fermenta-
tion products have been conducted. Among them, a process con-
sisting of liquid extraction, membrane pervaporation, adsorption,
gas stripping, vacuum distillation, and membrane extraction was
largely considered. In industry, equilibrium-staged separation tech-
nologies are still popular, and it can therefore be concluded that
solvent extraction, adsorption, and membrane pervaporation, are
the most efficient processes from an energy perspective [5]. How-
ever, the related process design data were still not optimal, even
though they are indispensable for developing such an equilibrium-
staged separation process.

We studied in this work the related phase equilibrium and ther-
modynamic properties for the development of the separation pro-
cess. Extensive phase equilibrium data for acetone, butanol, and
ethanol, the main fermentation products of the ABE process, are
available [6-12]. However, there is still a lack of data, in particular,
some of the side products such as C2-C4 carboxylic acids and some
of the alcohols that complicate the separation process. The usual
ABE fermentation process first produces butanoic, propanoic, and
ethanoic acids by C. acetobutylicum. Therefore, we studied system-
atically the related phase equilibrium and mixture property data for
the systems containing C2-C4 carboxylic acid and those of the C5

acid and other byproduct components.
More specifically, we determined the solid-liquid phase equilib-

ria (SLE) data for binary systems, ethanoic acid with propanoic,
butanoic, and pentanoic acid, respectively. These data are import-
ant mainly for crystallization process design, the solvent selection
of reaction mixtures, and safety assessment. In addition, the excess
molar volume and molar refraction deviation for the same binary
mixtures at 298.15 K were determined from measured thermody-
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namic mixture densities () and refractive indices (nD). The SLE
data were then regressed with two common activity coefficient mod-
els: NRTL [13] and UNIQUAC [14], whereas the excess molar vol-
ume and molar refraction deviation were regressed with the Redlich-
Kister model [15].

EXPERIMENT

1. Materials
The substances used in our experiments were ethanoic acid (Sam-

chun Pure Chemical Co., Korea). Propanoic (K and P are a capital)
acid (Sigma-Aldrich, USA), butanoic acid (Junsei Chemical Co.,
Japan), and pentanoic acid (Alfa Aesar, USA). The mass fraction of
each substance was more than 0.999 by gas chromatographic anal-
ysis. All the used chemicals were dried with 3 Å pellet type molec-
ular sieves. The water content of the chemicals was analyzed less
than 5×105 g·g1 by Metrohm 684 KF-Coulometer. The deter-
mined density and refractive index of used substances are pro-
vided in Table 1 along with the literature reported values [11,12].
2. Experimental Apparatus and Procedure

SLE determination involved using a cryostat and custom-built
triple-glass jacketed still, in which the melting or freezing process
of a solid sample can be visually observed. The outermost exterior
glass column of the glass jacket was maintained under vacuum to
prevent moisture from freezing on the surface. The cooling/heat-
ing media were circulated through the center jacket of the glass
still. The innermost equilibrium cell was not only heated or cooled
but also insulated from the environment via the circulated cool-
ing/heating media. The equilibrium cell was purged with nitrogen
gas for dehumidification [16,17]. The equilibrium point between
the solid and liquid for the given composition was visually checked
when the last crystal of the sample mixture disappeared. The SLE
temperature was determined with a precision temperature mea-
suring system (ASL F250, UK). The standard uncertainty due to
the repeatability of the SLE temperature determination was esti-
mated to be less than ±0.05 K. The mole fraction of each of the
binary samples was calculated gravimetrically using a microbal-
ance (A&D, Japan). The standard uncertainty due to the repeatabil-
ity of the determined mole fraction was estimated to be less than
±2×104.

The  of the pure and mixture components under atmospheric
pressure was determined directly using a oscillating U-tube den-
simeter (Anton Paar model DMA 5000) and VE was calculated

from the measured . The U-tube densimeter was calibrated using
standard bi-distilled water and dried air before every measure-
ment. According to the manufacturer’s specification, the accuracy
of measured density is better than 5×106 g cm3 in the ranges of
0 and 3 g cm3 and the temperature is ±0.01 K. The samples were
prepared gravimetrically in a stoppered glass vials using a micro-
balance. The high-boiling-point component was first added to the
vial to minimize evaporation losses. The estimated systematic un-
certainty in the mass and density measurements was less than 2×
104 in the mole fraction and 5×105 g cm3 for the density, respec-
tively.

The refractive index (nD) was determined with a digital preci-
sion refractometer (KEM, model RA-520N, Kyoto, Japan). The
stated accuracy by manufacturer is to be ±5×105 and ±1×104 in
the refractive indices of 1.32-1.40 and 1.40-1.58, respectively. The
temperature accuracy is ±5×102 K. The systematic uncertainty in
the nD determination was estimated to be less than 2×104. The
values of R were obtained from the measured nD data. The repro-
ducibility of the measurement was checked with bi-distilled water.
The detailed experimental procedure of  and nD has been described
elsewhere [18,19].

RESULTS AND DISCUSSION

The simplified SLE equation without considering of solid-solid
phase transition is as follows: [20]

(1)

where xi, i is the liquid phase mole fraction and the activity coeffi-
cient of component i, respectively. Tmi is the absolute melting tem-
perature and Hfus(Tmi) is the molar enthalpy of fusion at the tem-
perature of Tmi. R is the universal gas constant. The experimen-
tally measured SLE data for the binary systems consisting of etha-
noic acid with propanoic, butanoic, and pentanoic acid are presented
in Table 2 and illustrated in Figs. 1 to 3, respectively. As shown, all
the determined systems in this work show a single eutectic point.
The experimental SLE data were optimized with a common activ-
ity coefficient model: NRTL and UNIQUAC model equation. The
solid lines represent the recalculated data from the optimized model
parameters. The NRTL model gives slightly better optimization
results than the UNIQUAC model for all the determined systems.
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Table 1. Gas-chromatographic analysis and properties of the chemicals

Substance Purity
(wt%)

M.W.
(g/mol)

Melting point (K) /g cm3 at 298.15 Ka nD at 298.15 Kb

Exp. Ref. Exp. Ref. Exp. Ref.
Ethanoic acid >99.9 060.05 289.31 289.84c 1.04774 1.04395e 1.3729 1.36969e

Propanoic acid >99.9 074.08 252.34 252.3d 0.98945 0.98833e 1.3846 1.38484e

Butanoic acid >99.9 088.11 268.01 267.9d 0.95349 0.95317e 1.3967 1.39599e

Pentanoic acid >99.9 102.13 240.69 238.7d 0.93549 0.93485f 1.4065 1.40641f

aStandard uncertainties u()=5×105 g·cm3, u(T)=0.01 K
bStandard uncertainties u(nD)=2×104, u(T)=0.05 K
cRef. [9]. dRef. [10]. eRef. [11]. fRef. [12]
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The optimized NRTL, UNIQUAC model parameters and the root-
mean-square deviation (RMSD) from Eq. (2) are listed in Table 3.
The RMSD was less than 0.6 K for all of determined systems.

(2)

The exact eutectic points were estimated with the NRTL equa-
tion, and on the basis of the NRTL parameters, they are x1=0.3305/
T=234.94 K, x1=0.4026/T=246.26 K and x1=0.2400/T=234.33 K
for the binary systems of ethanoic acid with propanoic acid, buta-
noic acid, and pentanoic acid, respectively. The standard uncer-
tainty due to repeatability of the SLE temperature determination
was estimated to be less than ±0.05 K.

The determined VE and R for the same binary mixtures are
listed in Table 4 with the measured  and nD for pure component
and mixtures at 298.15 K.

(3)

where i, m and Mi are the densities of the pure and mixture com-
ponents, and the molar mass, respectively. The experimental VE

RMSD  
ik xik

 exp 
  xik

 cal  
6N

-----------------------------------------------------
1/2

VE/cm3 mol1  
ixiMi

m
---------------  i

xiMi

i
----------

Table 2. The experimental SLE data for the ethanoic acid+propanoic,
butanoic and pentanoic acid systems

Systems x1 T/K x1 T/K

{Ethanoic acid (1)
+propanoic acid (2)}

0.0000
0.0500
0.1001
0.2002
0.2801
0.2999
0.3199
0.3447
0.3634

252.34
248.87
246.83
241.82
238.36
236.85
236.04
235.88
238.15

0.4000
0.5000
0.6000
0.7000
0.8001
0.8987
0.9500
1.0000

-

241.84
251.45
260.85
268.82
276.47
283.05
286.21
289.31

-

{Ethanoic acid (1)
+butanoic acid (2)}

0.0000
0.0499
0.1002
0.2004
0.3001
0.3705
0.3899
0.4050
0.4101

268.01
265.40
262.95
257.79
252.65
248.18
246.85
245.65
246.53

0.4401
0.5002
0.5999
0.7012
0.7990
0.9019
0.9500
1.0000

-

250.02
254.86
262.65
269.95
276.47
282.96
285.89
289.31

-

{Ethanoic acid (1)
+pentanoic acid (2)}

0.0000
0.0505
0.1000
0.1557
0.2006
0.2199
0.2400
0.2701
0.3016

240.69
239.54
237.73
236.22
234.34
233.95
234.79
237.27
239.94

0.3999
0.5000
0.6000
0.7008
0.8000
0.9001
0.9500
1.0000

-

246.53
254.35
261.92
270.28
277.36
283.12
286.10
289.31

-
Standard uncertainties u(x)=0.0002, u(T)=0.05 K

Fig. 1. The experimental SLE diagram for the system {ethanoic acid
(1)+propanoic acid (2)} (●).

Fig. 3. The experimental SLE diagram for the system {ethanoic acid
(1)+pentanoic acid (2)} (●).

Fig. 2. The experimental SLE diagram for the system {ethanoic acid
(1)+butanoic acid (2)} (●).
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values show positive deviation from ideality as illustrated in Fig. 4.
Actually, the smaller carboxylic acids (carbon number of 1-5) are
polar and participate in hydrogen bonding, since they are both
hydrogen bond acceptors and donors at the same time. However,
their mixtures show a positive deviation of VE values, possibly caused
by the relatively low dielectric constant of these carboxylic acids.
The dielectric constants of the small carboxylic acids are relatively
low: ethanoic acid, 6.20; propanoic acid, 3.10; butanoic acid, 2.80;
pentanoic acid, 2.60. These low dielectric constants suggest that
the influence of the non-polar alkyl group dominates the influ-
ence of the carboxyl group in carboxylic acid. Therefore, the posi-
tive deviation increased by increasing the carbon atom number of
the second component of carboxylic acid. Furthermore, the R of
all the systems was negative, and the negativity increases as the dif-
ference in molecular weight in the binary mixtures increases as
shown in Fig. 5. Namely, the negativity of deviation increases in
the order of ethanoic acid+propanoic<ethanoic acid+butanoic acid<
ethanoic acid+pentanoic acid.

The values of R were obtained from Eq. (4) using Rm, Ri, and
i [21]:

(4)R/cm3 mol1 Rm  iiRi

Table 3. The adjustable model parameters and the RMSD for each binary system
Models Systems Aij/cal·mol1 Aji/cal·mol1  RMSD

NRTL
{Ethanoic acid (1)+propanoic acid (2)}
{Ethanoic acid (1)+butanoic acid (2)}
{Ethanoic acid (1)+pentanoic acid (2)}

1504.92
292.433
448.973

2550.79
576.268
1203.37

0.10
0.34
0.29

0.27
0.28
0.59

UNIQUAC
{Ethanoic acid (1)+propanoic acid (2)}
{Ethanoic acid (1)+butanoic acid (2)}
{Ethanoic acid (1)+pentanoic acid (2)}

399.095
253.267
340.810

896.458
452.951
827.698

-
-
-

0.40
0.28
0.62

Table 4. The experimental densities, excess molar volumes, refrac-
tive indices, and molar refraction deviation for the carbox-
ylic acid systems at 298.15 K

x1 /g cm3 VE/cm3 mol1 nD R/cm3 mol1

Ethanoic acid (1)+propanoic acid (2)
0.0738
0.0996
0.1994
0.2997
0.4101
0.5002
0.6003
0.7002
0.8002
0.8991
0.9505

0.99262
0.99372
0.99816
1.00289
1.00847
1.01339
1.01927
1.02561
1.03249
1.03975
1.04375

0.0133
0.0207
0.0443
0.0656
0.0823
0.0877
0.0853
0.0743
0.0535
0.0311
0.0152

1.3839
1.3836
1.3823
1.3809
1.3794
1.3783
1.3768
1.3754
1.3741
1.3724
1.3718

0.0886
0.1178
0.2282
0.3103
0.3685
0.3863
0.3817
0.3410
0.2589
0.1541
0.0711

Ethanoic acid (1)+butanoic acid (2)
0.0505
0.1003
0.1996
0.3006
0.4006
0.5030
0.6052
0.7001
0.7998
0.9001
0.9499

0.95608
0.95877
0.96450
0.97103
0.97822
0.98655
0.99593
1.00588
1.01779
1.03156
1.03928

0.0401
0.0755
0.1429
0.1938
0.2316
0.2491
0.2494
0.2264
0.1802
0.1108
0.0607

1.3958
1.3948
1.3928
1.3907
1.3885
1.3861
1.3836
1.3813
1.3786
1.3757
1.3744

0.1320
0.3388
0.7039
0.9960
1.2086
1.3275
1.3297
1.2138
0.9517
0.5176
0.2237

Ethanoic acid (1)+pentanoic acid (2)
0.0486
0.0999
0.1998
0.3000
0.3997
0.5000
0.6075
0.7001
0.8002
0.9002
0.9502

0.93789
0.94061
0.94638
0.95306
0.96078
0.96973
0.98107
0.99245
1.00727
1.02524
1.03613

0.0610
0.1171
0.2215
0.2993
0.3482
0.3775
0.3755
0.3557
0.2883
0.1784
0.0825

1.4057
1.4044
1.4018
1.3987
1.3962
1.3932
1.3892
1.3865
1.3815
1.3769
1.3746

0.3784
0.7888
1.4939
2.1039
2.5198
2.7780
2.8581
2.6334
2.1817
1.3094
0.6958

Standard uncertainties u(x)=0.0002, u()=5×105 g·cm3, u(nD)=
2×104

Fig. 4. VE (cm3·mol1) for the binary systems at 298.15 K; ●, {etha-
noic acid (1)+propanoic acid (2)}; ▲, {ethanoic acid (1)+
butanoic acid (2)}; ▼, {ethanoic acid (1)+pentanoic acid
(2)}; solid curves were calculated data from the Redlich-Kis-
ter parameters.
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(5)

(6)

(7)

where Rm and Ri are the molar refractivity of the mixture compo-
nents and pure component i, respectively. i is the volume fraction
of the pure component i in the mixture. nD, nD, i are the refractive
index for the mixture and the pure component i, respectively. Vi is
the molar volume of the pure component i.

The determined VE and R values were regressed with the fol-
lowing Redlich-Kister equation.

(8)

where x, Ai, and n is the mole fraction, fitted Redlich-Kister param-
eter, and the number of fitted parameters, respectively.

The Akaike Information Criteria (AIC) [22], Eq. (9) was used
to optimize the number of Redlich-Kister parameters

AIC=nD lnSSR+2nP (9)

where nD, SSR, and nP means the number of data points, the sum
of squares of the residuals and the number of parameters, respec-
tively. For convenient application, we only considered at most
seven Redlich-Kister parameters for AIC evaluation.

The fitted parameters and their corresponding standard devia-
tions, st, are tabularized in Table 5. The st is defined as:

(10)

where Ei
cal is the recalculated values with fitted parameters and Ei

exp

is experimental values of component i. N and n are the experimental
data points and the number of Redlich-Kister model parameters,
respectively.

The mean deviations of the VE values were 0.0008, 0.0015, and
0.0056 cm3·mol1 for the {ethanoic acid+propanoic acid}, {ethanoic
acid+butanoic acid} and {ethanoic acid+pentanoic acid} mixtures,
respectively. On the other hand, R is 0.0037, 0.0144, and 0.0191
cm3·mol1 for the {ethanoic acid+propanoic acid}, {ethanoic acid+
butanoic acid} and {ethanoic acid+pentanoic acid} mixtures, respec-
tively.

CONCLUSIONS

The SLE determined for the mixtures {ethanoic acid+C3-C5

monocarboxylic acid} exhibit a single eutectic point. The eutectic
points estimated by the NRTL activity coefficient model are x1=0
0.3305/T=234.94K, x1=0.4026/T=246.26K and x1=0.2400/T=234.33
K for the systems ethanoic acid+propanoic acid, ethanoic acid+
butanoic acid, and ethanoic acid+pentanoic acid, respectively.
They regressed well with the NRTL model within 0.6 K of RMSD.
The densities, refractive indices, and excess and deviation proper-
ties of the C2-C5 monocarboxylic acid mixtures were determined
at 298.15 K. The values of VE were positive for the entire composi-
tion ranges of all the determined carboxylic acid mixture systems,
whereas the values of R were entirely negative for the same sys-
tems. The positivity of the VE values increased in a regular way as
the carbon number in the monocarboxylic acids increased. Simi-
larly, the negativity of R also increased as the carbon number in
the constituent carboxylic acid increased. These results could be
explained with aspect of the intermolecular interaction and molec-
ular size and structure. The low dielectric constant of the C2-C5

monocarboxylic acid caused the VE values to be positive, i.e., the
non-polarity of the alkyl group dominates the low polarity of the
carboxyl group in carboxylic acid. Moreover, apart from the inter-
action among constituent molecules, the difference in molecular

Rm  
nD

2
 1

nD
2

 1
------------- ixiMi

m
---------------

Ri  
nD, i

2
 1

nD, i
2

 1
---------------- Mi

i
------

i  
xiVi

jxjVj
--------------

VE, R  x1x2i1
n Ai x1 x2 i1

st  
i

n Ei
calc

  Ei
exp 

2

N  n 
-----------------------------------

Fig. 5.R (cm3·mol1) for the binary systems at 298.15 K; ●, {eth-
anoic acid (1)+propanoic acid (2)}; ▲, {ethanoic acid (1)+
butanoic acid (2)}; ▼, {ethanoic acid (1)+pentanoic acid
(2)}; solid curves were calculated data from the Redlich-Kis-
ter parameters.

Table 5. Adjustable parameters of Redlich-Kister (Ai) and standard deviations of VE and R at 298.15 K
Systems A1 A2 A3 A4 A5 st/cm3 mol1

VE
Ethanoic acid (1)+propanoic acid (2)
Ethanoic acid (1)+butanoic acid (2)
Ethanoic acid (1)+pentanoic acid (2)

0.3512
0.9963
1.5140

0.0388
0.1761
0.3475

0.1151
0.0511
0.1883

0.0460
0.0885

-

-
-
-

0.0008
0.0015
0.0056

R
Ethanoic acid (1)+propanoic acid (2)
Ethanoic acid (1)+butanoic acid (2)
Ethanoic acid (1)+pentanoic acid (2)

1.5585
5.2685
11.1654

0.1828
1.3384
3.4743

0.1027
0.6380
0.7620

-
0.1894

-

-
2.6231

-

0.0037
0.0144
0.0191
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size and structure also results in negative R values. The Redlich-
Kister model regressed very well the experimental data within stan-
dard deviation of 0.006 cm3·mol1 for VE and 0.02 cm3·mol1 for
R, respectively.
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