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Isothermal Vapor—Liquid Equilibrium and Excess Enthalpy Data
for the Binary Systems Water + Sulfolane and Methanol +

N-Methyl-2-pyrrolidone’

Sven Horstmann, Kai Fischer, and Jiirgen Gmehling*
Laboratory for Thermophysical Properties (LTP GmbH) at the University of Oldenburg,

D-26111 Oldenburg, Germany

Isothermal vapor—liquid equilibrium (VLE) and excess enthalpy (HE) data for the two binary systems
water + sulfolane and methanol + N-methyl-2-pyrrolidone (NMP) were measured by means of a static
technique and an isothermal flow calorimeter, respectively. The experimental data are presented using
temperature-dependent interaction parameters for the nonrandom two-liquid model, which were fitted
simultaneously to all experimental data from this work and from the literature, and allow us to compare
the measured data with the data of the other authors. Furthermore, the experimental results from this
work are compared to predictions using the Mod. UNIFAC (Do) group contribution method.

Introduction

For the synthesis, design, and optimization of separation
processes, thermodynamic models (GE models, equations
of state, and group contribution methods) can be applied.
For the development of these methods, a reliable knowledge
of the phase equilibrium behavior is required, and conse-
quently, a systematic extension of the existing database is
desirable.

The investigated systems water + sulfolane and methan-
ol + N-methyl-2-pyrrolidone are solvent mixtures that are
typical for industrial gas absorption processes. Such solvent
blends can be designed to achieve desired solvent properties
such as capacity and selectivity for the compounds to be
separated, viscosity, vapor pressure, etc.

For the binary systems water + sulfolane and methanol
+ N-methyl-2-pyrrolidone, experimental information such
as vapor—ligiud equilibria (VLE) data, H® data, and
activity coefficients at infinite dilution are available in the
literature. Since these data cover only a temperature range
from (288 to 362 K), further measurements were performed
at higher temperatures in this investigation. The isother-
mal P—x data for both systems were measured with the
help of a computer-operated static apparatus. Additionally,
excess enthalpy data were measured at the same temper-
atures with a commercial isothermal flow calorimeter.

Excess enthalpy data are important to describe the
temperature dependence of the activity coefficients follow-
ing the Gibbs—Helmholtz equation
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The experimental data of this work are presented in
comparison to the results of the other authors,!~1 calcula-
tions using the parameters for the nonrandom two-liquid
(NRTL) model'” obtained by a simultaneous correlation of
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Table 1. Supplier, Purity, and Water Content of the
Chemicals Used

water
purity/% content/
component supplier GC mass ppm
sulfolane Merck >99.9 15
methanol Riedel de Haen  >99.9 45
N-methyl-2-pyrrolidone  Riedel de Haen  >99.9 20

Table 2. Experimental P—x Data for the System Water
(1) + Sulfolane (2) at 413.18 K

X1 P/kPa X1 P/kPa X1 P/kPa

0.00000 1.34 0.53329 258.05 0.90289 339.46
0.04898 32.25 0.55568 264.72 0.93461 345.25
0.11521 71.05 0.59614 276.62 0.95827 349.95
0.13149 81.07 0.63068 285.51 0.97436 353.81
0.22663 131.91 0.64573 289.53 0.98518 356.71
0.23344 135.56 0.70032 302.14 0.99253 358.93
0.28660 161.86 0.76127 314.66 0.99664 360.16
0.33469 183.89 0.80874 323.47 0.99815 360.72
0.34589 188.23 0.81478 324.62 0.99935 361.40
0.45093 230.22 0.85032 330.64 1.00000 361.75
0.45861 233.03 0.86206 332.60

Table 3. Experimental HF Data for the System Water (1)
+ Sulfolane (2) at 413.15 K and 1.82 MPa

x1 HE/J-mol ! x1 HE/J-mol 1 x1 HE/J-mol 1
0.0621 405 0.6915 1676 0.9243 638
0.1183 712 0.7380 1546 0.9401 524
0.2159 1188 0.7772 1409 0.9544 412
0.3676 1696 0.8395 1140 0.9674 304
0.4800 1855 0.8648 1010 0.9792 199
0.5667 1861 0.8870 883 0.9900 97
0.6355 1789 0.9067 758

all experimental data (VLE, HE, and activity coefficients
at infinite dilution), and the predictions using the group
contribution method Mod. UNIFAC (Do).18-20

These systems were studied as part of an ongoing
investigation sponsored by Project 805(F)/00 of the Design
Institute for Physical Property Data of the American
Institute of Chemical Engineers.

Experimental Part

Chemicals. All chemicals except water, which was
distilled twice, were purchased from commercial suppliers
and dried over a molecular sieve. For the VLE measure-
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Table 4. Experimental P—x Data for the System
Methanol (1) + N-Methyl-2-pyrrolidone (2) at 393.19

X1 P/kPa X1 P/kPa X1 P/kPa

0.00000 7.72 0.58874 303.58 0.94340 597.62
0.04404 21.62 0.62144 330.42 0.96702 616.26
0.10590 42.14 0.66244 361.12 0.98359 629.09
0.18745 72.84 0.73531 421.52 0.99276 636.02
0.27877 114.52 0.80457 480.84 0.99614 638.47
0.38069 169.49 0.86303 531.06 0.99870 640.52
0.48783 237.43 0.90964 569.98 1.00000 641.42

Table 5. Experimental HF Data for the System Methanol
(1) + N-Methyl-2-pyrrolidone (2) at 393.15 K and 1.79
MPa

X1 HY/J-mol ! X1 HY/J-mol ! X1 HEY/J-mol !
0.0576 —148 0.5619 —766 0.8475 —405
0.1114 —275 0.6136 —740 0.8772 —342
0.2093 —471 0.6609 =700 0.9050 —273
0.2959 —612 0.7043 —656 0.9310 —204
0.3732 —=703 0.7443 —597 0.9554 —-135
0.4425 —755 0.7813 —-536 0.9784 —67
0.5051 =771 0.8156 —473 0.9893 —-35

Table 6. NRTL Interaction Parameters Fitted
Simultaneously to Isothermal P—x and HE Data

aij/ bLJ Cij/
component 1 component2 i j J-mol™! J-mol 1-K~! J-mol 1K1

water sulfolane 12 —6746.32  40.7743
21 8570.34 —30.1684
g = 0.20
methanol ~ N-methyl-2- 12 1491.73 -16.4425 0.04192075
pyrrolidone
21 —1430.37 0.9620 —0.01350399

Q19 = 0.47

Table 7. Pure-Component Parameters: Antoine
Coefficients A;, B;, and C;

component A; Bi/K Ci/K
water 7.19621 1730.63 —39.724
sulfolane 6.53290 2255.47 —61.757
methanol 7.20587 1582.27 —33.424

N-methyl-2-pyrrolidone 6.67316 1979.68 —50.988
ments, the chemicals were distilled and degassed as
described by Fischer and Gmehling.?! For the H* measure-
ments, the compounds were used without degassing. The
final purity and water content of the components were
checked by gas chromatography and Karl Fischer titra-
tions, respectively, and are given in Table 1.

Apparatus and Procedure. The isothermal P—x data
were measured with a computer-driven static apparatus.
The experimental procedure for the determination of the
VLE data is based on that proposed by Gibbs and Van Ness
(1972),22 where the total pressure P for different overall
compositions is measured at constant temperature. The
apparatus used in this work is similar to that described
previously.?® It can be used at temperatures between 278
K and 423 K and pressures up to 2.5 MPa.

The thermostated, purified, and degassed compounds are
charged into the VLE cell, which was evacuated before and
kept in a thermostatic oil bath. The pressure inside the
cell is monitored with the help of an oil-filled pressure-
transmitter system, which is connected to a pressure sensor
(Model 1400A, Paroscientific) outside the thermostat. The
temperature is measured with a Pt100 resistance ther-
mometer (Model 1560, Hart Scientific). The overall com-
positions are determined from the known quantities of
liquids injected into the equilibrium cell by stepping motor-
driven injection pumps and valves. The liquid-phase com-
position is obtained by solving mass and volume balance
equations which also account for the VLE. The experimen-
tal uncertainties of this apparatus are o(T) = 0.03 K, o(P)
= 50 Pa + 0.0001 (P/Pa), and o(x;) = 0.0001.
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Figure 1. Experimental and predicted P—x(y) behavior of the
system water (1) + sulfolane (2): <, this work at 413.18 K; solid
line, NRTL; dashed line, Mod. UNIFAC (Do).
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Figure 2. Experimental and predicted P—x(y) behavior of the
system water (1) + sulfolane (2): O, Benoit and Choux! at (313.15
and 323.15) K; O, Tommila et al.!® at (288.15, 293.15, 298.15,
303.15, 308.15, 313.15, and 323.15) K; solid line, NRTL; dashed
line, Mod. UNIFAC (Do).

The commercial isothermal flow calorimeter (Model
7501, Hart Scientific) used for the determination of the
excess enthalpy data was described previously by Gmehling
(1993).24 In this apparatus, two syringe pumps (Model LC-
2600, ISCO) provide a flow of constant composition through
a thermostated calorimeter cell equipped with a pulsed
heater and a Peltier cooler. The Peltier cooler is working
at constant power producing a constant heat loss from the
calorimeter cell. This allows the measurement of endo-
thermal as well as exothermal heat effects. A back-pressure
regulator serves to keep the pressure at a level at which
evaporation and degassing effects can be prevented. The
experimental uncertainties of this device are o(T) = 0.03
K, o(HE) = 2 J mol™! + 0.01 (H%/J mol?1), and olx;) =
0.0001.
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Figure 3. Experimental and predicted excess enthalpy data for
the system water (1) + sulfolane (2): <, this work at 413.15 K; O,
Benoit and Choux! at 303.15 K; O, Tommila et al.’ at 303.15 K;
solid line, NRTL; dashed line, Mod. UNIFAC (Do).
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Figure 4. Experimental and predicted activity coefficients at
infinite dilution of water in sulfolane: <, Mollmann and Gmehl-
ing;8 O, Lichotkin and Shaposhnikov;® O, Hongqin;* solid line,
NRTL; dashed line, Mod. UNIFAC (Do).

Results

The experimental P—x and H® data for the investigated
systems are listed in Tables 2—5. For both systems,
temperature-dependent NRTL parameters were simulta-
neously fitted to the experimental data from this work and
from the literature. The sum of quadratic relative devia-
tions between all experimental and calculated data points
was used as objective function. Therefore, all VLE, HE data,
and activity coefficients at infinite dilution (y;,*) were
considered, whereby for VLE data, the deviations in
pressure were calculated in case of PT—x data, and the
deviations in the activity coefficients were calculated for
complete PT—xy data sets. To describethe temperature
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Figure 5. Experimental and predicted P—x(y) behavior of the
system methanol (1) + N-methyl-2-pyrrolidone (2): <, this work
at 393.19 K; O, Bittrich and Eckert? at 333.15 K; solid line, NRTL;
dashed line, Mod. UNIFAC (Do).

dependence of the interaction parameters, the following
expression was used

AgifJ mol ' = a;; + b(T/K) + ¢ (/K (2)

The obtained parameters are given in Table 6. The required
constants of the Antoine equation

log (P°/kPa) = A 3)

i C,+TK

were taken from the Dortmund Data Bank (DDB 2003) and
are listed in Table 7. To account only for the excess Gibbs
energy, the coefficients A; of the Antoine equation were
adjusted to the experimental vapor pressures of the pure
components during the fitting procedure.

A graphical representation of experimental VLE data,
HE data, and activity coefficients at infinite dilution for both
systems is given in Figures 1—7 together with the values
calculated with the NRTL equation. For the system water
+ sulfolane, the VLE and HE data from this work and from
other authors can be described using linear temperature-
dependent NRTL parameters. Also, the temperature de-
pendence of the activity coefficients at infinite dilution can
be described using these parameters. For the system
methanol + N-methyl-2-pyrrolidone, quadratic tempera-
ture-dependent parameters were necessary to describe all
these properties. However, for this system, the experimen-
tal activity coefficients at infinite dilution from the different
authors show a large scattering, which is a hint for the
low quality of the experimental results of some authors.
In the diagrams, predictions using the Mod. UNIFAC (Do)
group contribution model are also included. With this
model, similar results as with the NRTL model are
obtained for both systems, although the new data were not
included in the parameter regression for Mod. UNIFAC
(Do).
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Figure 6. Experimental and predicted excess enthalpy data for
the system methanol (1) + N-methyl-2-pyrrolidone (2): <, this
work at 393.15 K; O, Sitnyakovsky et al.l4 at 298.15 K; O, Joly
and Mermet-Dupin® at (298.15 and 308.15) K; A, Murakami et
al.? at 298.15 K; +, Burgdorf® at (298.15 and 353.15) K; x, Lopez
et al.” at 298.15 K; solid line, NRTL; dashed line, Mod. UNIFAC
(Do).
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Figure 7. Experimental and predicted activity coefficients at
infinite dilution of methanol in N-methyl-2-pyrrolidone: <, Weidli-
ch et al.;1¢ O, Sitnyakovsky et al.;!3 O, Shaposhnikov and Lichot-
kin;!?2 A, Rajeshwar Rao and Bhagat;!® +, Rajeshwar Rao and
Bhagat;!! solid line, NRTL; dashed line, Mod. UNIFAC (Do).

Conclusions

Isothermal P—x data were measured for the binary
systems water + sulfolane and methanol + N-methyl-2-
pyrrolidone using the static technique. Additionally, H®
data were measured with a commercial isothermal flow
calorimeter. From these data and experimental data taken
from the literature, temperature-dependent NTRL param-
eters were fitted. VLE and HE data as well as activity
coefficients at infinite dilution predicted with these pa-
rameters are in good agreement with experimental data.
Only the activity coefficients of some authors seem to be

of lower quality and do not agree. Also, the predictions
using Mod. UNIFAC (Do) show comparable results. Be-
cause of these results, the NRTL parameters given in Table
6 can be recommended for the investigated systems.
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