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ABSTRACT: The effect of organic salt tetramethylammonium bicarbonate (TMAC) at salt mole fractions from 0 to 0.159 on the
vapor�liquid equilibrium (VLE) of the binary methanol�water system has been experimentally investigated at 101.32 kPa using a
modified Rose equilibrium still. The experimental data were correlated by Ohe's preferential solvation model and the Tan�Wilson
model, and the average deviations of the vapor-phase mole fraction of this salt-containing methanol�water system are 0.011 and
0.017, respectively. The average deviations of temperature are 1.24 K for Tan's model.

’ INTRODUCTION

Tetramethylammonium hydroxide (TMAH) is an organic
base as strong as NaOH or KOH. It is widely used in developing
and washing processes of semiconductor production. Recently,
semiconductors have been integrated more densely, and this
progress requires a higher purity of TMAH. A more purified
TMAH solution was obtained, through electrolysis of the tetra-
methylammonium bicarbonate (TMAC) in an electrolytic cell
with a cation exchange membrane.1 TMAC is an organic salt,
which molecular formula is (CH3)4NHCO3.

In the process of synthesizing TMAC, we need methanol as a
solvent and at the same time methanol as one byproduct of the
synthesis reaction. However, methanol is an impurity to be
removed from TMAH through distillation to produce a pure
salt�water solution. The correct design of distillation columns
requires accurate vapor�liquid equilibrium (VLE) data. A survey
of the literature shows that very few papers on the organic salt
effect in VLE are available. Burns and Furter2 reported the
organic salt of the tetraethylammonium bromide effect on
VLE. Slusher et al.3,4 reported the organic salt effect of tetra-
butylammonium bromide in the system of water + 2-propanol
and the organic salt of tetraalkylammonium bromide in the
system of water + propanol. Lee et al.5 studied the vapor pressure
and vapor�liquid of the organic salt of benzyltributylammonium
chloride in the system of ethanol + water. Kurzin et al.6�9

successfully correlated the VLE data of the organic salt effect in
the solvent mixture system with the electrolyte nonrandom two-
liquid (NRTL) model. The methanol�water system containing
salt has been studied by Natarajan and Srinivasan,10 Kurzin
et al.,11 and Yang and Lee.12 However, there are no studies about
the VLE data of the methanol�water system containing TMAC.
In this paper, we measured the vapor�liquid phase equilibrium
data of the methanol�water containing TMAC system and
correlated the equilibrium data with Ohe's preferential solvation
model13 and the Tan�Wilson model.14

’EXPERIMENTAL SECTION

Materials.Methanol (g 0.999 GC purity, Merck), deionized
water, and TMAC (made in our own laboratory, mass fraction

greater than 0.980; the mass fractions of impurity tetramethy-
lammonium carbonate and water were less 0.005 and 0.015,
respectively) were used. Back titration was used for analysis of
bicarbonate/carbonate salt mixtures.15 The salt was desiccated in
an oven held at 120 �C at least for 24 h.
Apparatus and Procedure.The equilibrium apparatus was a

modified Rose equilibrium still. Mixtures consisting of metha-
nol, water, and TMAC were prepared gravimetrically with an
analytical balance with an accuracy of ( 0.1 mg. After putting
these mixtures in the equilibrium still, each experiment was
kept at the boiling point for 30 min or more to ensure a
stationary state.
Composition Analysis of the Samples.Compositions of the

condensed vapor and salt-free liquid phase (water + methanol)
were analyzed using a BFRL SP-2100A GC with a thermal
conductivity detector. The resulting data were processed using
a N2000 chromatography station. The chromatographic column
(2 m � 3 mm) was packed with Porapak QS (80-100). The
carrier gas was hydrogen, flowing at 40 mL 3min�1, and the
column temperature was 80 �C. The injector and detector
temperatures were (120 and 150) �C, respectively. An injection
volume of 0.4 μL was used. Vapor-phase compositions were
measured by chromatography, and the compositions of the
solvent and salt in the liquid phase were measured by the method
of combining titration and gas chromatographic analyses.16 A
calibration curve was obtained from a set of gravimetrically
prepared standard solutions which was used to calculate the
mole fraction of methanol in the unknown samples; each sample
was analyzed at least thrice to ensure the accuracy, and the
uncertainty of the mole fractions were( 0.001 in the methanol +
water system without salt. However, in the methanol + water +
TMAC ternary system, the liquid composition deviation with the
method of combining titration and gas chromatographic analyses
was below 0.005. The expanded uncertainty of the methanol
mole fractions in the vapor phase was ( 0.01, and that of the
temperatures was ( 0.1 K.
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’RESULTS AND DISCUSSION

Results of Measurements. VLE data for the binary systems
methanol + water, water + TMAC, and methanol + TMAC as
well as the VLE for the water + methanol + TMAC ternary
systemwere measured at 101.32 kPa, and the results are listed in
Tables 1 and 2. In this two tables, x1 represents the methanol
mole fraction, x2 represents the water mole fraction, and x3
represents the salt mole fraction in the liquid phase, respec-
tively; x10 is the mole fraction of methanol, x20 is the mole
fraction of water on a salt-free basis liquid phase, y1 is the mole
fraction of methanol in the vapor phase, andT is the equilibrium
temperature.
VLE results for methanol (1) + water (2) at 101.32 kPa are

shown in Figure 1 and compared with the results reported by
Kato et al.17 and Kurihara et al.18 Good agreement between our
results and the literature can be seen.
Results of Correlation. The first method for the prediction

of salt effects was proposed by Johnson and Furter19 using a
semiempirical equation. It is quite important to explain the
mechanism of this effect and to build a method of correlation
and prediction. The selective effect of salt can influence the
volatilities of the two liquid components, for there is a
difference in the interactions of each liquid component with
salt ions. The salt may increase or decrease the volatility of a
component, namely, the effect of “salting-in” and “salting-
out”.
The Tan�Wilson equation gives considerably fewer solvent�

solute interaction parameters compared with the approach
proposed by other workers based on the consideration of ions
and disassociation molecules of the dissolved solutes. Besides,
Tan's solvent�solute interaction parameters are related to the
boiling points of the individual solvent component containing

the samemolar ratio of solute/total solvent as in the mixture.14,20

Another model called the solvation model had been proposed by
Ohe. This method considered the alteration of vapor-phase
composition is thought to be caused by a formation of solvates
between solvents and salt.13 The more polar component
molecules are usually preferentially attracted by the electro-
static field of the ions; hence, the vapor composition is enriched
by the less polar component. Several correlative and predictive
models based on the local composition or group-contribution
concept have been proposed to calculate the VLE of systems
formed by mixed solvents and electrolytes, such as the electro-
lyte NRTL model proposed by Mock et al.21 and the modified
UNIFAC model by Kikic et al.22 In this paper the experimental
data were correlated by Ohe's solvation model and the Tan�
Wilson model.
Vapor pressures Pi

0 were calculated with the Antoine
equation:

lnðP0i =kPaÞ ¼ A þ B
ðTsi=KÞ þ C

ð1Þ

The water and methanol Antoine constants obtained from
Albert et al.23 and Ambrose et al.24 are summarized in Table 3.
When the vapor phase is assumed to have ideal gas behavior,

the VLE relation is

yiP ¼ P0i γixi ð2Þ
where Pi

0 is the vapor pressure of solvent i at equilibrium
temperature (i = 1, 2), yi is the vapor-phase mole fraction, and
xi is the liquid-phase mole fraction without salt. γi is the activity
coefficient of component i, and P is the total pressure in the
system. For a binary salt-containing system, the salt was con-
sidered one of nonvolatile components, so in the vapor phase
ysolvent = 1 and ysalt = 0.
According to Ohe's solvation model, the vapor pressure of a

solvent at a given temperature is depressed by adding nonvolatile
substances of salt. As the concentration of solvent is decreased by
the number of solvated molecules, the actual solvent composi-
tion participating in the VLE is changed. Assuming that a salt

Table 1. Vapor�Liquid EquilibriumData for Methanol (1) +
Water (2) at 101.32 kPa

no. T/�C x1 y1 no. T/�C x1 y1

1 64.69 1.000 1.000 9 76.97 0.339 0.687

2 65.30 0.969 0.987 10 83.42 0.152 0.526

3 66.14 0.894 0.958 11 87.00 0.104 0.439

4 67.16 0.833 0.936 12 94.70 0.038 0.183

5 68.57 0.732 0.898 13 97.03 0.023 0.113

6 71.43 0.591 0.836 14 98.87 0.005 0.024

7 73.45 0.483 0.776 15 100.00 0.000 0.000

8 75.60 0.392 0.721

Table 2. Bubble-Point Data for Methanol (1) + TMAC (3)
and Water (2) + TMAC (3) at 101.32 kPa

methanol (1) + TMAC (3) water (2) + TMAC (3)

no. T/K x3 T/K x3

1 353.60 0.175 395.65 0.203

2 351.88 0.159 393.00 0.185

3 349.45 0.136 388.90 0.159

4 347.10 0.113 382.90 0.114

5 345.02 0.091 380.35 0.093

6 343.55 0.076 378.10 0.076

Figure 1. Experimental and literature temperature�composition dia-
gram for methanol (1) + water (2) at 101.32 kPa: O, T�y1; 0, T�x1
from this experiment;3, T�y1;4, T�x1 from Kato et al.;17�, T�y1; +,
T�x1 from Kurihara et al.18
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forms the solvate with the first component, the actual composi-
tion x1a is given by

x1a ¼ x1 � Sx3
ðx1 � Sx3Þ þ x2

ð3Þ

where S is the preferential solvation number, which is the ratio of
the number of solvent molecules to salt in the preferential
solvate.
Since x1 = x10(1� x3), x2 = x20(1� x3), and x10 + x20 = 1, eq 3

is rewritten as follows:

x01a ¼
x01ð1� x3Þ � Sx3
ð1� x3Þ � Sx3

ð4Þ

From eq 4, we can obtain

S ¼ 1� x3
x3

x01 � x01a
1� x01a

ð5Þ

Therefore, the solvation number can be calculated by deter-
mining x1a0 from the measured values using the VLE relation
obtained without adding a salt. When a salt forms the salvation
with the second component, the following three equations can be
derived in a similar manner.

x1a ¼ x1
x1 þ ðx2 � Sx3Þ ð6Þ

x01a ¼
x01ð1� x3Þ

ð1� x3Þ � Sx3
ð7Þ

S ¼ 1� x3
x3

x01a � x01
x01a

ð8Þ

The relation of ln(s/x20) and x3 is as follows:

lnðS=x02Þ ¼ A� B
ffiffiffiffi
x3

p ð9Þ
Based on Figure 2, the parameters A and B can be obtained by

linear regression, and the values are presented in Table 4. The
preferential solvation number at different salt concentrations can
be obtained with eq 9, and then the vapor fraction yi at different
equilibrium conditions can be calculated through the relation of
VLE without salt. The deviations between the calculated and the
experimental results of the vapor-phase mole fraction Δy1 are
listed in Table 5. The y1�x10 diagram for methanol (1) + water
(2) at different mole fractions of TMAC is shown in Figure 3. An
obvious difference can be observed in this figure. For instance,
the addition of TMAC increases the mole fractions of methanol
in the vapor phase. Moreover, the different salt concentrations
have the same effect in VLE in the whole concentration range. At
all salt concentrations, the salting-out effect on methanol rises
with increasing salt concentration, as predicted by the relation-
ship of the preferential solvation number as a function of the salt

mole fraction and the liquid mole fraction, the relations are linear
and are shown in Figure 4.
The Tan�Wilson model gives the activity coefficient of

solvent component i in the binary solvent mixtures containing
a dissolved salt as

ln γisðTan�WilsonÞ ¼ � lnðAsix
0
i þ Aijx

0
jÞ þ x0jϕ ð10Þ

where γis is the activity coefficient of solvent component i in the
solvent�solute solution, s is the salt; Asi is the solute�solvent
interaction parameter; Aij is the solvent�solvent interaction
parameter as similarly defined by Wilson25 for the salt-free
systems.

where ϕ ¼ A12

As1x01 þ A12x02
� A21

As2x02 þ A21x01

where x10 is the mole fraction of methanol in the liquid phase,
expressed on a salt-free basis, x20 is themole fraction of water, and
the solute�solvent interaction parameter, Asi, as

Asi ¼ νis
νi

exp � λis � λss
RðT þ 273:15Þ

� �� �
¼ P0i =π ð11Þ

where νis is the molar volume of component i containing salt s; νi
is the molar volume of component i. λis and λss are related to the
potential energy of the i�s and s�s pairs of molecules, respec-
tively. Pi

0 is the saturation vapor pressure of the solvent compo-
nent i calculated from the eq 1 at the bubble point, Tsi, of
the solvent component i containing the same concentration of
solute at the system pressure, π. A12 and A21 are calculated from

Table 3. Antoine Coefficients A, B, and C

Antoine coefficients

component temperature range/K A B C ref

water 284 to 441 16.2886 �3816.44 �46.13 23

methanol 257 to 364 16.5725 �3626.55 �34.29 23

353.4 to 512.63 16.4831 �3614.17 �34.85 24

Figure 2. Relationship of solvated number and salt concentrations at
101.32 kPa.

Table 4. Results of the Correlation with Ohe's Preferential
Salvation Model and the Tan�Wilson Model

Ohe's model Tan�Wilson model

x3 A B Δy1 As1 As2 Δy1 ΔT/K

0.159 3.151 5.276 0.012 1.256 1.190 0.013 1.64

0.114 0.011 1.435 1.402 0.024 1.34

0.076 0.009 1.708 1.710 0.012 0.75

mean 0.011 0.017 1.24
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salt-free Wilson equation. A12 is the methanol�water interaction
parameter and A21 is the water�methanol interaction parameter.
The values of Asi are listed in Table 4.
The data were regressed to obtain the two solvent�solvent

interaction parameters, λij�λii, by an minimized examination of
the variation of the standard derivations during optimization. λij
and λii are related to the potential energy of the i�j and i�i pairs
of molecules, respectively. The regressed parameters of λij�λii
were listed in Table 6.

An average deviation was calculated as

Δy ¼ ð1=NÞ∑
N

i
jyic � yiej ð12Þ

where yc is the equilibrium vapor mole fraction composition
calculated from the correlation, ye is the corresponding experi-
mental equilibrium vapor composition values for the same
equilibrium liquid composition, and N is the number of
experimental data points. The regressed parameters for the
Wilson model are given in Table 6. The deviations between the
calculated results using the Tan�Wilson model and the experi-
mental results of vapor-phase mole fraction Δy1 and tempera-
ture change ΔT at different mole fractions of TMAC are listed
in Table 5.

Table 5. Vapor�Liquid Equilibrium Data for the Salt-Con-
taining Systems at 101.32 kPa

Tan�Wilson Ohe's model

no. T/K x10 y1 Δy1 ΔT/K Δy1

Methanol (1) +Water (2) +TMAC (3)

Mole Fraction of TMAC = 0.159
1 388.65 0.000 0.000 0.000 0.00 0.000

2 374.65 0.050 0.408 0.014 �7.51 0.022

3 368.05 0.100 0.577 �0.002 �2.95 0.005

4 365.42 0.143 0.655 �0.016 �1.38 �0.015

5 363.85 0.200 0.702 0.036 �1.49 �0.011

6 363.65 0.250 0.753 0.035 �1.36 �0.021

7 362.40 0.333 0.819 0.008 �0.28 �0.023

8 359.95 0.500 0.880 �0.007 0.24 0.006

9 358.24 0.667 0.921 0.014 �0.043 0.011

10 355.43 0.800 0.944 0.001 �0.01 0.015

11 352.60 1.000 1.000 0.026 �0.71 0.000

mean 0.014 1.64 0.012

Mole Fraction of TMAC= 0.114

1 382.90 0.000 0.000 0.000 0.00 0.000

2 373.15 0.050 0.390 0.059 �5.03 0.024

3 366.65 0.100 0.559 0.021 �1.73 0.011

4 363.03 0.143 0.619 0.019 �0.90 0.013

5 360.95 0.200 0.675 0.021 �0.89 0.008

6 359.16 0.250 0.740 �0.021 0.84 �0.018

7 357.74 0.333 0.798 �0.029 1.08 �0.013

8 354.45 0.500 0.867 �0.050 1.69 0.012

9 353.35 0.667 0.922 �0.006 0.18 0.007

10 351.80 0.800 0.943 0.037 �1.05 0.014

11 347.11 1.000 1.000 0.000 0.00 0.000

mean 0.024 1.34 0.011

Mole Fraction of TMAC= 0.076
1 379.10 0.000 0.000 0.000 0.00 0.000

2 371.45 0.050 0.364 0.024 �2.64 0.025

3 366.45 0.100 0.538 0.008 �1.07 0.012

4 362.06 0.143 0.606 �0.003 0.14 0.010

5 359.15 0.200 0.666 �0.008 0.36 0.003

6 357.86 0.250 0.720 �0.015 0.63 �0.014

7 355.40 0.333 0.776 �0.029 1.09 �0.008

8 352.34 0.500 0.858 �0.029 0.96 0.010

9 350.09 0.667 0.920 �0.007 0.22 0.004

10 346.92 0.800 0.943 �0.013 0.38 0.010

11 343.55 1.000 1.000 0.000 0.01 0.000

mean 0.012 0.75 0.009

Figure 3. Equilibrium vapor�liquid composition diagram for methanol
(1) + water (2) + TMAC at TMAC mole fractions (9, 0.159; b, 0.114;
2, 0.076; 1, 0.000) and 101.32 kPa.

Figure 4. Relationship of the preferential solvation number S and
methanol concentration at TMAC mole fractions (2, 0.159; b, 0.114;
9, 0.076) and 101.32 kPa. The solid line is the correlated results.
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It can be seen that the bothmodels correlate phase equilibrium
data well for the salt-containing system. The average error for the
mole fraction of the vapor phase at 33 data points byOhe's model
was Δy = 0.011, and that for the Tan�Wilson model was Δy =
0.017; ΔT = 1.24 K. In the correlation of the vapor composition
in the salt-containing system, Ohe's model was relatively better
than Tan's model. This may be due to the fact that Ohe's model is
the half-empirical equation, the data correlation based on the
measured salt-free data of VLE.

’CONCLUSION

New VLE data for the salt-containing systems of water +
TMAC and methanol + TMAC as well as the VLE for the
water + methanol + TMAC ternary system have been measured
at 101.32 kPa. The experimental data for studied systems have
been correlated by using Ohe's model and the Tan�Wilson
model. The average deviations of the vapor-phase mole fraction
of the ternary system are 0.011 and 0.017, respectively. The
average deviations of temperature are 1.24 K for the Tan�
Wilson model. Experimental studies showed that dissolved
TMAC preferentially salted-out methanol from the liquid phase
more than water in a ternary solvent mixture.
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