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A flow-type apparatus was constructed to measure isothermal vapor-liquid equilibria. The reliability of
this experimental method was confirmed by comparing the data obtained with literature values. Isothermal
vapor-liquid equilibria for the five monocarboxylic acid + monocarboxylic acid binary systems (formic
acid + acetic acid, formic acid + propionic acid, acetic acid + propionic acid, acetic acid + butyric acid,
and propionic acid + butyric acid) were measured. The experimental data obtained in this work were
correlated by applying the NRTL model to liquid-phase activity coefficients and by assuming vapor-
phase association between monocarboxylic acids.

Introduction
Vapor-phase association affects physical properties of

mixtures containing carboxylic acids. For example, vapor-
liquid equilibria are significantly affected. In the compila-
tion of Gmehling and Onken,1 only two sets of vapor-liquid
equilibria data for monocarboxylic acid + monocarboxylic
acid binary systems are thermodynamically consistent.
Further, it is shown that there are few data sets for
isothermal vapor-liquid equilibria of systems containing
a monocarboxylic acid which are useful for a consideration
of the association effect. Therefore, we have investigated
the effect of association on isothermal vapor-liquid equi-
libria. In a previous work,2 vapor-liquid equilibrium data
for hydrocarbon + monocarboxylic acid binary systems
were measured with a flow apparatus. In this work, the
vapor-liquid equilibrium data for monocarboxylic acid +
monocarboxylic acid binary systems were measured. The
previous apparatus was improved by changing the method
for sampling the vapor phase to determine the vapor-phase
composition more precisely. The new apparatus was tested
with measurement of vapor-liquid equilibria for the etha-
nol + toluene binary system at 323.2 K. Then, isothermal
vapor-liquid equilibria for five monocarboxylic acid +
monocarboxylic acid binary systems were measured. Mix-
tures of formic acid + acetic acid, formic acid + propionic
acid, and acetic acid + propionic acid were measured at
343.2 K and mixtures of acetic acid + butyric acid and
propionic acid + butyric acid binary systems at 358.2 K.
Further, they were correlated by applying the NRTL model
to liquid-phase activity coefficients and by assuming vapor-
phase association between monocarboxylic acids.

Experimental Section
Materials. All chemicals used in this study were guar-

anteed reagent grade. The purities of chemicals were

reported by the supplier, Kishida Chemical Co., as fol-
lows: higher than 98.0% for formic acid; 99.7% for acetic
acid; 99.5% for propionic acid, ethanol, and toluene; and,
99.0% for butyric acid. Formic acid was purified by
fractional freezing; its final purity was more than 99.7%
as determined by gas chromatography with a thermal
conductivity detector. Other chemicals were used with-
out further purification. The parameters of the Antoine
equation3,4 for the chemicals used are presented in Table
1. The purity of helium used as a carrier gas was reported
by the supplier, Nippon Sanso Co., to be higher than
99.995%.

Apparatus. A flow-type apparatus was previously con-
structed2 to measure the isothermal vapor-liquid equilib-
ria. The apparatus was improved in this work by changing
the sampling method to determine vapor-phase composi-
tions more precisely. The schematic diagram of the ap-
paratus is shown in Figure 1. The apparatus consisted of
a carrier gas cylinder, a mass flow controller, an equilib-
rium glass cell (about 30 mL), a water bath (controlled
within (0.05 K), a thermometer (with an uncertainty of
(0.05 K), a condensation glass cell, and a dry ice-2-
propanol bath. Helium gas was used as a carrier gas be-
cause it is inert and has a high thermal conductivity. A
connecting line from the equilibrium cell to the condensa-
tion cell was heated and maintained at 50 K higher than
the temperature of the water bath (323.2, 343.2, and
358.2 K) to avoid any condensation. The temperature of
the condensation cell was maintained between 200 and
230 K.

Procedures. A binary liquid mixture (about 20 g) of
known composition was charged into the equilibrium cell.
The cell was weighed by an electronic balance (uncertainty
(0.0002 g). The equilibrium cell and the preheating line
were immersed in the water bath, and the condensation
cell was placed in the dry ice-2-propanol bath. After the
temperature of the sample reached that of the water bath,
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helium gas was flowed into the cell. Helium gas was slowly
passed (about 30 mL‚min-1) through the liquid mixture to
establish equilibrium. Helium gas containing the vapor-
phase components passed through the condensation cell
and discharged into the atmosphere. When the vapor phase
in the equilibrium cell was carried into the condensation
cell, the vapor components except helium were nearly
completely trapped in the condensation cell. The pressure
drop from the equilibrium cell to the atmosphere was so
small that the pressures in the equilibrium cell and the
condensation cell were considered to be of ambient pres-
sure. When the amount of vapor-phase sample condensed
reached 1-2 g, the carrier gas flow was stopped. The
decrease of the feed sample was determined by weighing
the equilibrium cell, and the total amount of helium gas
supplied was recorded. The compositions of the liquid
mixture trapped in the condensation cell were determined
by gas chromatography.

The total pressures and vapor-liquid equilibrium com-
positions for monocarboxylic acid + monocarboxylic acid
binary systems were determined as follows. The following
assumptions are valid because the total pressure in this
experiment is atmospheric pressure:

(a) The solubility of helium in this liquid mixture is
negligible.

(b) The monomer and dimer of carboxylic acid,
cross(hetero)-dimer, and helium exist in the vapor phase,
and they compose an ideal gaseous mixture.

(c) Association constants of carboxylic acids are not
affected by the presence of helium.

Because helium gas can be treated as inert, this experi-
ment is similar to a simple distillation. Therefore, the
following Rayleigh’s equation can be adopted:

where L is the amount of the sample in the equilibrium
cell and x1 and y1 are the compositions of component 1 in
the liquid and vapor phases, respectively. Superscripts s

and f denote the start and final states of the experiment,
respectively. Liquid-phase composition x1, vapor-phase
composition y1, and the total pressure p change continu-
ously during an experiment. To apply eq 1 to the present
experiment, an average vapor-phase composition y1

av was
first determined. Then, the average liquid-phase composi-
tion x1

av and the average total pressure pav, which give the
vapor-liquid equilibrium relation, were determined.

The vapor carried with the helium gas from the equi-
librium cell was almost all trapped in the condensation cell
because the temperature in the condensation cell is low
enough. The average vapor-phase composition y1

av was
approximated by the composition of the liquid mixture in
the condensation cell. The composition was determined by
the peak areas and the relative sensitivity (factor) of the
gas chromatograph. The factors were determined by using
standard solutions with known compositions.

Next, the average liquid-phase composition x1
av was

determined as follows. The relative volatility â12 is defined
by the following equation:

Assuming that the relative volatility â12 is constant as the
average value â12

av in a short range of the composition
between x1

s and x1
f (usually ∆x1 was within 0.05 near x1

s )
0.5, for example), the following equations can be derived
from eqs 1 and 2:

Further, Lf and x1
f were obtained from the material bal-

ance of the liquid mixture in the equilibrium cell by using
the equations

where ni is the amount of component i carried away from
the equilibrium cell, which can be determined from the
decrease of the amount in the equilibrium cell. It can be
obtained by solving the following simultaneous equations:

where W is the weight of the liquid mixture in the
equilibrium cell, M is the molar mass, and subscripts 1 and
2 indicate components 1 and 2, respectively. Based on Ws,
W f, x1

s, and y1
av measured, the relative volatility â12

av can be
calculated with eq 3. Therefore, the average liquid-phase
composition x1

av corresponding to y1
av was determined with

eq 4.
Then, the average total pressure pav was determined as

follows. On the basis of the pVT relation of an ideal gaseous
mixture for the monomer and dimer of carboxylic acids and
helium in the equilibrium cell, the partial pressures were
calculated as follows:

Table 1. Antoine Constantsa for Saturated Vapor
Pressures

A B C

ethanolb 16.896 59 3803.986 41.670
tolueneb 13.998 42 3096.516 53.668
formic acidc 15.405 60 3894.764 13.000
acetic acidc 15.192 34 3654.622 45.392
propionic acidc 15.296 86 3670.949 70.545
butyric acidc 15.096 74 3599.963 93.307

a ln(psat/kPa) ) A - B/[(T/K) - C]. b Yaws.3 c Ambrose and
Ghiassee.4

Figure 1. Schematic diagram of flow-type apparatus: (1) carrier
gas cylinder; (2) mass flow controller; (3) flowmeter; (4) water bath;
(5) heat exchanger; (6) equilibrium cell; (7) thermometer; (8) ribbon
heater; (9) condensation cell; (10) dry ice-2-propanol bath.
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where

and

where pi
av is the partial pressure of each component i and

V is the volume which all components occupy at temper-
ature T and atmospheric pressure π. Subscripts m and d
indicate the monomer and the dimer of carboxylic acids,
respectively. Subscript He denotes helium.

The partial pressures of the monomer and the dimer of
carboxylic acids are related by an association constant. In
general, the association constant of each dimer is given as
a function of the temperature5 by

where f ° ) 101.3kPa and ∆Si and ∆Hi are the entropy and
enthalpy for association, respectively. We used -149.0
J‚mol-1‚K-1 for ∆Si and -58.5 kJ‚mol-1 for ∆Hi for formic
acid and -136.0 J‚mol-1‚K-1 for ∆Si and -58.5 kJ‚mol-1

for ∆Hi for other acids.6 The association constant for a
cross(hetero)-dimer7 is

On the basis of eqs 9-19, the average partial pressure pi
av

can be obtained and the average total pressure pav can be
calculated with

The present experimental procedure can be applied to
obtain the vapor-phase and liquid-phase compositions (x1

av

and y1
av) of any other systems containing nonassociating

components. The average total pressure of such systems
can also be determined by neglecting the unnecessary
dimer terms in eqs 9-20.

Results and Discussion

Experimental Data. The experimental results of x1
av,

y1
av, and pav are presented as x1, y1, and p in Tables 2 and

3. To confirm the reliability of this experiment, the results
for ethanol + toluene obtained at 323.2 K were compared
with the literature values. The p-x-y relation is shown
in Figure 2 together with that reported by Zharov et al.8
and by Miyamoto et al.2 Both data in the literature were

evaluated and found to be thermodynamically consistent.1,2

Good agreement between the present data and the litera-
ture values is shown, which confirms the reliability of the
apparatus and procedure.

Among the vapor-liquid equilibria for monocarboxylic
acid binary systems listed in Table 3, a typical illustration
is shown in Figure 3 for formic acid + acetic acid. It is
estimated that the uncertainties of this experiment are
(0.1 K for temperature, (0.5 kPa for pressure, and (0.003
mole fraction for composition. The thermodynamic consis-
tency tests1 (area test and point test) were performed and
shown in Table 4 for the present binary systems as well
as the monocarboxylic acid binary systems reported in the
literature.1 As shown in Table 4, the area test for the
present systems seems to be better than that for the
literature values. However, the area test is slightly greater
than the consistency level because the homologous mono-
carboxylic acid binary systems are close to an ideal solution.
On the other hand, all of the present systems are eligible
for the point test, though some of the literature values are
inconsistent. Judging from this consideration, the present
data are believed to be reliable.

p1m
av V ) n1mRT (9)

p1d
avV ) n1dRT (10)

p2m
av V ) n2mRT (11)

p2d
avV ) n2dRT (12)

p12d
av V ) n12dRT (13)

pHe
av V ) nHeRT (14)

n1 ) n1m + 2n1d + n12d (15)

n2 ) n2m + 2n2d + n12d (16)

π ) p1m
av + p1d

av + p2m
av + p2d

av + p12d
av + pHe

av (17)

Ki )
pid

pim
2
f ° ) exp(∆Si

R
-

∆Hi

RT ) (18)

Kij )
pijd

pimpjm
f ° ) 2xKiKj (19)

pav ) p1m
av + p1d

av + p2m
av + p2d

av + p12d
av (20)

Table 2. Vapor-Liquid Equilibria for the Ethanol (1) +
Toluene (2) System at 323.2 K

x1 y1 p/kPa

0.009 0.171 14.14
0.444 0.672 31.72
0.485 0.680 31.66
0.981 0.961 29.96

Table 3. Vapor-Liquid Equilibria for Carboxylic Acid +
Carboxylic Acid Systems

formic acid (1) +
acetic acid (2) at 343.2 K

acetic acid (1) +
butyric acid (2) at 358.2 K

x1 y1 p/kPa x1 y1 p/kPa

0.020 0.034 19.6 0.018 0.072 5.0
0.048 0.078 20.2 0.044 0.164 5.5
0.098 0.152 21.4 0.090 0.291 6.6
0.294 0.393 25.6 0.281 0.606 11.2
0.494 0.588 29.0 0.484 0.776 17.0
0.696 0.762 32.8 0.690 0.884 23.3
0.899 0.921 36.1 0.897 0.963 30.4
0.949 0.960 36.8 0.948 0.982 33.2
0.980 0.984 37.2 0.980 0.993 34.1

formic acid (1) +
propionic acid (2) at 343.2 K

propionic acid (1) +
butyric acid (2) at 358.2 K

x1 y1 p/kPa x1 y1 p/kPa

0.017 0.081 7.2 0.019 0.039 4.8
0.040 0.164 8.2 0.048 0.093 5.0
0.088 0.292 10.1 0.095 0.176 5.3
0.275 0.572 16.7 0.296 0.458 6.6
0.485 0.733 23.6 0.494 0.661 8.2
0.691 0.840 29.8 0.691 0.817 9.8
0.898 0.940 35.2 0.896 0.944 11.8
0.949 0.968 36.5 0.948 0.973 12.2
0.980 0.988 37.3 0.980 0.990 12.6

acetic acid (1) +
propionic acid (2) at 343.2 K

x1 y1 p/kPa

0.019 0.039 6.7
0.048 0.093 7.1
0.096 0.179 7.6
0.289 0.447 9.9
0.486 0.647 12.0
0.692 0.807 14.6
0.897 0.940 17.4
0.948 0.970 18.0
0.980 0.988 18.4
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Correlation. The fugacities of each component in the
vapor phase and the liquid phase are equal under vapor-
liquid equilibrium conditions. According to the theory of
associated solutions, the fugacity of the monomer is equal
to that of the component.9 Therefore, vapor-liquid equi-
librium for an associating component binary system is
expressed by the equations.10

With the mole fractions denoted by η, the fugacities of each

component in the vapor and liquid phases are given as

If we can assume that the monomer and dimer of
carboxylic acid exist in the vapor phase and they are an
ideal gaseous mixture, the fugacity coefficients can be
obtained by the following equation because the total
pressure is sufficiently low.

The relationships among the mole fraction η, the associa-
tion constant K, and the mole fraction of acid y are given
by

The liquid-phase fugacity for a pure component can be
obtained by the following equations by adopting the mole
fraction of the monomer ηim

0 in the saturated vapor phase
at the same temperature of the binary system (æim

0 ) 1).

The saturated vapor pressures can be calculated with the
Antoine equation with parameters in Table 1. Finally, the
fundamental equation of vapor-liquid equilibria (eq 21)

Figure 2. Vapor-liquid equilibria for the ethanol (1) + toluene
(2) system at 323.2 K: (0, 9) Zharov et al.;8 (4, 2) Miyamoto et
al.;2 (O, b) present work; (s) correlation with the NRTL model.

Figure 3. Vapor-liquid equilibria for the formic acid (1) + acetic
acid (2) system at 343.2 K: (O) present work; (s) correlation with
the NRTL + vapor-phase association model.

Table 4. Thermodynamic Consistencya

component 1 component 2 area test point test γ condition lit.

formic acid acetic acid 38 0.003 1.01 < γ < 1.18 343.2 K this work
formic acid propionic acid 13 0.004 1.01 < γ < 1.74 343.2 K this work
acetic acid propionic acid 52 0.001 1.01 < γ < 1.15 343.2 K this work
acetic acid butyric acid 29 0.002 1.00 < γ < 1.23 358.2 K this work
propionic acid butyric acid +b 0.001 0.99 < γ < 1.06 358.2 K this work
formic acid acetic acid 93 0.010 0.78 < γ < 1.43 101.3 kPa 1
formic acid acetic acid +b 0.008 1.01 < γ < 1.10 101.3 kPa 1
formic acid acetic acid 48 0.008 0.99 < γ < 1.11 101.3 kPa 1
formic acid acetic acid 107 0.016 1.00 < γ < 1.16 26.7 kPa 1
acetic acid propionic acid 27 0.018 0.79 < γ < 1.09 101.3 kPa 1
acetic acid propionic acid 9.2 0.022 0.77 < γ < 1.08 101.3 kPa 1
thermodynamic consistencya e10 e0.01

a Gmehling and Onken.1 b Consistency for neary ideal systems with 0.95 < γ < 1.10.1

Table 5. Parameters for the NRTL Model and Average Deviations

component 1 component 2 [(g12 - g22)/R]/K [(g21 - g11)/R]/K R12 ∆y ∆p/kPa

formic acid acetic acid 61.543 -5.182 0.707 0.004 0.46
formic acid propionic acid 170.727 22.738 0.642 0.004 0.36
acetic acid propionic acid 161.157 -83.963 0.716 0.001 0.21
acetic acid butyric acid 186.488 -69.408 0.623 0.002 0.54
propionic acid butyric acid 177.501 -120.635 0.614 0.002 0.10

fi
L ) fi

V ) fim
V (21)

fim
V ) pηimæim (22)

fi
L ) γixifi

0L (23)

æim ) 1 (24)

η1m + η1d + η2m + η2d + η12d ) 1 (25)

Ki )
pid

pim
2
f ° )

ηid

pηim
2
f ° (26)

Kij )
pijd

pimpjm
f ° )

ηijd

pηimηjm
f ° (27)

y1 )
η1m + 2η1d + η12d

η1m + 2η1d + η2m + 2η2d + 2η12d
(28)

fi
0L ) fim

0V ) pi
satηim

0 æim
0 ) pi

sat ηim
0 (29)

ηim
0 + ηid

0 ) 1 (30)

Ki )
pid

pim
2
f ° )

ηid
0

pi
sat(ηim

0 )2
f ° (31)
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can be rewritten as

Activity coefficients γ1 and γ2 were evaluated by eqs 25-
28 and 30-32 with the present experimental data. The
ranges of activity coefficients are presented in Table 4.
Activity coefficients obtained were correlated by the NRTL
model.11 Parameters for the NRTL model were optimized
by the objective function

The optimized parameters are listed in Table 5. The
vapor-phase compositions and the total pressures calcu-
lated by the NRTL model at given liquid-phase composi-
tions were compared with the experimental data. The
correlation performance ∆y and ∆p for all binary systems
are listed in Table 5, and a typical illustration for formic
acid + acetic acid is shown in Figure 3 with good agree-
ment.

Nomenclature

f ) fugacity (kPa)
g ) NRTL parameter (J‚mol-1)
∆H ) enthalpy change (J‚mol-1)
K ) association constant
L ) amount of liquid in the equilibrium cell (mol)
M ) molar mass (g‚mol-1)
N ) number of data points
n ) amount of substance (mol)
OF ) objective function
p ) pressure (kPa)
R ) gas constant (J‚mol-1‚K-1)
∆S ) entropy change (J‚mol-1‚K-1)
T ) temperature (K)
V ) volume (mL)
W ) weight of liquid in the equilibrium cell (g)
x ) mole fraction of component in the liquid phase
y ) mole fraction of component in the vapor phase

Greek Letters

R ) NRTL parameter
â ) relative volatility
γ ) activity coefficient
η ) mole fraction
π ) atmospheric pressure (kPa)
æ ) fugacity coefficient

Subscripts

1, 2 ) components 1 and 2
calcd ) calculated value
d ) dimer
exptl ) experimental value
He ) helium
i, j ) components i and j
k ) data point
m ) monomer
Superscripts

av ) average value
f ) final state
L ) liquid phase
s ) starting state
sat ) saturated state
V ) vapor phase
0 ) pure substance
° ) standard state
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