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Isobaric vapor-liquid equilibrium (VLE) data for a wide range of temperatures, pressures, and compositions
were measured for the methanol+ N-methyldiethanolamine (MDEA)+ water and methanol+ 2-amino-2-methyl-
1-propanol (AMP)+ water ternary systems. The vapor pressure of pure AMP and two binary subsystems, MDEA
+ water and methanol+ AMP, was also studied. For MDEA+ methanol, MDEA+ water, AMP+ methanol,
and AMP+ water, the nonrandom two-liquid (NRTL) parameters were fitted using all our experimental data and
VLE and HE data taken from the literature.

Introduction

Due to environmental considerations, the removal of acid
gases such as CO2 and H2S from natural gas is an important
operation in the natural gas industry. Chemical solvents belong-
ing to the family of alkanolamines have been almost exclusively
used for many decades. Several authors1-3 have reported the
advantage of combining a chemical solvent (aqueous solution
of alkanolamine) with a physical solvent (methanol).

The knowledge of acid gas solubilities in these solvents is
essential for the design of gas treatment processes and, of course,
for the prediction of their thermodynamic properties. The
methanol+ 2,2′-diethanolamine+ water ternary system has
already been described in the literature.4 In this work, accurate
phase equilibrium data for a wide range of temperatures,
pressures, and compositions were measured for the methanol
+ N-methyldiethanolamine (MDEA)+ water and methanol+
2-amino-2-methyl-1-propanol (AMP)+ water ternary systems.

The binary subsystems were also studied and compared to
the literature data from Voutsas et al.5 for theN-methyldietha-
nolamine+ water binary system.

The nonrandom two-liquid (NRTL) activity coefficient model
with temperature-dependent interaction parameters was used for
the thermodynamic modeling of the ternary systems.

Experimental Section

Materials.MDEA (purity 99+ %) and methanol (purity 99.9
%) were purchased from Aldrich. AMP was purchased from
Fluka with a purity of 99+ %. They were used without further
purification. The water used was bidistilled.

Experimental Apparatus and Procedure.The measurements
were performed in an ebulliometer based on Cottrell’s apparatus6

developed in our laboratory. A schematic diagram is presented
in Figure 1. About 50 cm3 of liquid mixture was loaded into
the flask. The pressure was fixed by the pressure controller,
and the liquid was heated by electric resistance. The liquid and
vapor rose to the equilibrium chamber through three Cottrell
pumps. The vapor was condensed and returned to the reboiler

by a thermosiphon. The heat power, the condenser temperature,
the total amount of liquid in the ebulliometer, and the position
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Figure 1. Experimental equipment: 1, condensers; 2, dry ice trap; 3, buffer;
4, Pt100 resistance thermometer; 5, vacuum jacket; 6, thermometer well;
7, equilibrium chamber; 8, Cottrell pumps; 9, reboiler; 10, heater; 11,
pressure controller.

Table 1. Experimental and Calculated Vapor Pressures of Pure
AMP with the Antoine Correlation Proposed by Pappa et al.8

T/K Ps/kPa Ps/kPa from Antoine8 100 ADa

364.11 5.00 5.11 2.3
377.39 10.00 9.94 0.6
392.71 20.00 19.83 0.9
402.56 30.00 29.76 0.8
415.99 50.00 49.64 0.7
425.48 70.00 69.43 0.8
a AD ) (|Ps,exptl - Ps,calcd|/Ps,exptl).
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of the Pt 100Ω probe inside the thermometer will have an
influence on the bubble temperature accuracy. These parameters
have been studied by Vellut.7 The pressure of the system was
controlled within using a Ruska 7250i pressure controller. The
bubble temperature was measured using a Hart Scientific Model
1502A digital thermometer with a Pt 100Ω probe calibrated in
our metrology laboratory. The global compositions of the
mixtures were determined by weighing. Due to the very small
volume of the vapor phase, the liquid-phase composition was
considered equal to the global composition. The estimated
experimental uncertainties in pressure, temperature, and liquid-
phase composition are(0.01 kPa,(0.05 K, and(0.0002 mole
fraction, respectively.

Experimental Results

Vapor Pressure of Pure AMP.AMP vapor pressures were
measured in the temperature range from (364.1 to 425.5) K and
compared to the Antoine correlation proposed by Pappa et al.8

The results are presented in Table 1. Except for the first point,
which is out of the range of the correlation, the deviations are
less than 1 %.

Methanol + AMP Mixtures. Bubble temperaturea for the
methanol+ AMP binary system were measured along five
isobars: (30.00, 50.00, 70.00, 90.00, and 101.33) kPa. The
results are presented in Table 2.

Table 2. Experimental Isobaric VLE Data for the Methanol(1) + AMP(2) Binary System

T/K

x1 P ) 30.00 kPa P ) 50.00 kPa P ) 70.00 kPa P ) 90.00 kPa P ) 101.33 kPa

0.0954 311.89 323.23 331.18 337.43 340.40
0.2377 317.81 329.43 337.66 329.19 347.73
0.5075 330.56 342.84 351.95 359.07 362.76
0.7404 350.90 364.27 373.74 381.19 384.72
0.8919 371.93 388.01 401.30 410.15 411.64

Table 3. Experimental Isobaric VLE Data for the Water(1) + AMP(2) + Methanol(3) Ternary System

T/K

x1 x2 P ) 30.00 kPa P ) 50.00 kPa P ) 70.00 kPa P ) 90.00 kPa P ) 101.33 kPa

0.1951 0.3903 329.94 341.71 350.10 356.93 360.27
0.3003 0.3893 334.35 346.18 355.09 361.72 365.01
0.3926 0.1948 324.34 335.97 344.30 350.79 353.97
0.3958 0.2931 330.37 342.30 350.77 357.40 360.67
0.3860 0.3803 336.70 348.89 357.31 363.97 367.25
0.4991 0.2904 334.99 347.00 355.63 362.39 365.64
0.5932 0.1980 331.66 343.61 352.10 358.73 361.93

Table 4. Experimental Isobaric VLE Data for the Water(1) + MDEA(2) Binary System

T/K

x1 P ) 10.00 kPa P ) 30.00 kPa P ) 50.00 kPa P ) 70.00 kPa P ) 90.00 kPa

0.3983 341.62 366.35 380.05 389.75 397.18
0.2035 358.79 388.38 403.03
0.0573 394.14

Table 5. Experimental Isobaric VLE Data for the Water(1) + MDEA(2) + Methanol(3) Ternary System

T/K

x1 x2 P ) 30.00 kPa P ) 50.00 kPa P ) 70.00 kPa P ) 90.00 kPa P ) 101.33 kPa

0.1999 0.3975 328.01 340.69 349.78 357.89 361.76
0.2997 0.3937 332.38 345.20 353.68 360.74 364.04
0.3451 0.2205 323.40 335.19 343.73 350.31 353.20
0.4124 0.2943 330.13 342.92 352.05 359.00 361.80
0.3894 0.3868 337.23 348.76 357.61 364.77 368.16
0.5100 0.2904 334.58 346.97 356.52 363.94 367.47
0.6001 0.1991 330.79 342.85 351.46 358.23 361.50

Table 6. DIPPR Parameters

component A B C D E

water 73.649 -7258.2 -7.3037 4.1656× 10-6 2
methanol 82.718 -6904.5 -8.8622 7.4664× 10-6 2
MDEA 253.07 -18378 -33.972 2.3348× 10-5 2
AMP 258.658 -17453 -34.804 2.3100× 10-5 2

Table 7. NRTL Parameters

binary system aij bij /K aji bji /K Rij ) Rji

water+ MDEA 7.4176 -1630.06 -1.100 -207.98 0.3a

MDEA + methanol 15.9252 29422.06-0.9995 109.03 0.3a

water+ AMP 3.5860 -327.50 0.3735 -573.30 0.3a

AMP + methanol 4.4500 -2025.00 -7.1005 2799.12 0.3a

water+ methanol 0.5110b 199.80b 0.7361b -360.70b 0.2442b

a Fixed value.b SIMSCI databank.11

Table 8. Average Absolute Deviations between Experimental Data
and Calculated Value with the NRTL Model

system 100 AADa

water+ MDEA
VLE

our data 1.07
Xu9 0.64
Voutsas5 0.97

HE Maham13,14 5.85

water+ MDEA + methanol VLE our data 0.87

methanol+ AMP VLE our data 0.71

water+ AMP
VLE Pappa8 0.44
HE Mathonnat15 5.43

water+ AMP + methanol VLE our data 0.45

a AAD )
1

NP∑
i

NP |Ti
exptl - Ti

calcd|

Ti
exptl

or
1

NP∑
i

NP |Hi
E,exptl - Hi

E,calcd|

Hi
E,exptl

(NP, number of data points).
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Water+ AMP + Methanol Mixtures.Bubble temperatures
for the ternary system were measured along five isobars: (30.00,
50.00, 70.00, 90.00, and 101.33) kPa for seven different mole
ratios of water+ AMP + methanol approximately equal to 20:
40:40, 30:40:30, 40:20:40, 40:30:30, 40:40:20, 50:30:20, and
60:20:20. The results are presented in Table 3.

Water + MDEA Mixtures. The water + MDEA
binary system has been studied previously.5,9 Bubble

temperatures for the water+ MDEA binary system were
measured only at three compositions. The results are presented
in Table 4.

Water+ MDEA + Methanol Mixtures.Bubble temperatures
for the ternary system were measured along five isobars: (30.00,
50.00, 70.00, 90.00, and 101.33) kPa for the same mole ratios
as the water+ AMP + methanol system. The results are
presented in Table 5.

Figure 2. VLE behavior of the binary system MDEA(1)+ water(2):O, 0, our experimental data at 10.0 kPa and 50.0 kPa;b, 9, experimental data of
Voutsas5 at 40.0 kPa and 66.7 kPa;s, calculated using the NRTL model with the parameters given in Table 7 at 10.0 kPa, 40.0 kPa, 50.0 kPa, and 66.7
kPa.

Figure 3. VLE behavior of the binary system AMP(1)+ water(2):b, 9, 2, experimental data of Pappa8 at 66.7 kPa, 80.0 kPa, and 101.3 kPa;s, calculated
using the NRTL model with the parameters given in Table 7 at 66.7 kPa, 80.0 kPa, and 101.3 kPa.
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Table 9. Water(1) + AMP(2) + Methanol(3) Ternary System Calculated with the NRTL Modela

T/K

P ) 30.00 kPa P ) 50.00 kPa P ) 70.00 kPa P ) 90.00 kPa P ) 101.33 kPa

x1 x2 NRTL 100 ADb NRTL 100 ADb NRTL 100 ADb NRTL 100 ADb NRTL 100 ADb

0.1951 0.3903 330.50 0.99 342.21 0.73 350.57 0.61 357.18 0.30 360.41 0.16
0.3003 0.3893 333.85 0.82 345.71 0.64 354.18 1.11 360.88 0.94 364.15 0.93
0.3926 0.1948 324.66 0.63 336.14 0.27 344.27 0.04 350.67 0.15 353.79 0.23
0.3958 0.2931 330.75 0.66 342.45 0.22 350.79 0.02 357.36 0.05 360.57 0.12
0.3860 0.3803 336.50 0.33 348.49 0.53 357.04 0.32 363.81 0.17 367.12 0.14
0.4991 0.2904 334.60 0.63 346.50 0.68 354.96 0.81 361.65 0.83 364.91 0.79
0.5932 0.1980 331.90 0.41 343.70 0.13 352.08 0.03 358.68 0.06 361.89 0.04

a Comparison with experimental data.b AD )
|Ti

exptl - Ti
calcd|

Ti
exptl

.

Table 10. Water(1) + MDEA(2) + Methanol(3) Ternary System Calculated with the NRTL Model.

T/K

P ) 30.00 kPa P ) 50.00 kPa P ) 70.00 kPa P ) 90.00 kPa P ) 101.33 kPa

x1 x2 NRTL 100 ADb NRTL 100 ADb NRTL 100 ADb NRTL 100 ADb NRTL 100 ADb

0.1999 0.3975 329.12 2.03 341.71 1.52 350.61 1.08 357.59 0.35 360.99 0.87
0.2997 0.3937 332.62 0.40 345.41 0.29 354.44 0.94 361.52 0.89 364.96 1.01
0.3451 0.2205 323.02 0.76 334.96 0.37 343.38 0.50 349.97 0.43 353.18 0.03
0.4124 0.2943 329.75 0.67 342.21 1.02 350.99 1.34 357.88 1.31 361.22 0.65
0.3894 0.3868 336.19 1.62 349.17 0.55 358.32 0.84 365.49 0.79 368.98 0.86
0.5100 0.2904 334.01 0.93 346.71 0.35 355.64 1.05 362.64 1.43 366.04 1.52
0.6001 0.1991 331.03 0.42 343.43 0.83 352.15 0.88 358.98 0.88 362.29 0.90

a Comparison with experimental data.a AD )
|Ti

exptl - Ti
calcd|

Ti
exptl

.

Figure 4. VLE behavior of the binary system AMP(1)+ methanol(2):b, 9, 2, our experimental data at 30.0 kPa, 70.0 kPa, and 101.3 kPa;s, calculated
using the NRTL model with the parameters given in Table 7 at 30.0 kPa, 70.0 kPa, and 101.3 kPa.
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Thermodynamic Modeling

The NRTL model developed by Renon and Prausnitz10 was
used to correlate the water+ MDEA + methanol and water+
AMP + methanol systems. The expression for the activity
coefficients is

where

The MDEA+ methanol, MDEA+ water, AMP+ methanol,
and AMP+ waterτij parameters were fitted with a temperature
dependence as follows:

R is taken to be equal to 0.3. The water+ methanol binary
NRTL parameters were taken from the SIMSCI database.11

Vapor pressures for water, methanol, and MDEA were taken
from the correlation proposed by the DIPPR database.12 For
AMP, our experimental data and data from Pappa et al.8 have
been correlated using a DIPPR equation:

The average percentage deviation in vapor pressure is about
0.6 %. The DIPPR parameters are given in Table 6.

The database used to fit the NRTL parameters consists of:
(a) for the system containing MDEA, our binary and ternary
experimental data, water+ MDEA vapor-liquid equilibrium
(VLE) data from Xu et al.9 and Voutsas et al.,5 and water+
MDEA HE data from Maham et al.13,14; (b) for the system
containing AMP, our binary and ternary experimental data, water
+ AMP VLE data from Pappa et al.,8 and water+ AMP HE

data from Mathonat et al.15 The NRTL parameters were obtained
by minimizing the following objective function (OF)

and are reported in Table 7.
The average absolute deviations between experimental data

and calculated values with the NRTL model are shown in Table
8. All the binary systems, the ternary systems, and the excess
enthalpy data are well correlated. Tables 9 and 10 compare the
calculated values of the NRTL model with our experimental
data for both ternary systems.

Figure 2 compares our experimental data and experimental
data from Voutsas et al.5 with correlated VLE behavior of the
MDEA + water binary system. Figure 3 compares experimental
data from Pappa et al.8 with correlated VLE behavior of the
AMP + water binary system, and Figure 4 compares our
experimental data with the correlated VLE behavior of the AMP
+ methanol binary system.

Conclusion
In this work, isobaric VLE data have been measured for a

wide range of temperatures, pressures, and compositions for the
methanol+ MDEA + water and methanol+ AMP + water
ternary systems using an ebulliometric method. The vapor
pressures of pure AMP and two binary subsystems, MDEA+
water and methanol+ AMP, have also been studied.

The MDEA+ methanol, MDEA+ water, AMP+ methanol,
and AMP+ water NRTL parameters have been fitted using all
our experimental data and additional VLE andHE data taken
from the literature. All the binary systems, the ternary systems,
and the excess enthalpy data are very well correlated.
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