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ABSTRACT: The density, speed of sound, refractive index, viscosity, and surface tension values of binary mixtures formed by
N-methyl-2-pyrrolidone (NMP) + 1-amino-2-propanol (MIPA) {or bis(2-hydroxypropyl)amine (DIPA)} were determined at
several temperatures from (293.15 to 323.15) K. The excess volumes were determined using the density values, and the calculated

data have been fitted with a Redlich—Kister equation.

l INTRODUCTION

The use of mixtures of two alkanolamines (mainly a tertiary
alkanolamine with a primary or secondary alkanolamine) has also
been proposed by different studies in the past few years, with the
aim of substituting at the industrial level the aqueous solutions of
a single alkanolamine for carbon dioxide capture.”” To fully
characterize the physicochemical behavior of new formulations
of solvents, it is important to create a database on those thermo-
physical properties that are relevant for the design, operation, and
optimization of acid gas treatment plants. 1-Amino-2-propanol
(MIPA) and bis(2-hydroxypropyl)amine (DIPA) are considered
in different studies® > as interesting compounds for their pre-
sence in the liquid phase in absorption processes for acid gas
separation.

The blend of this kind of alkanolamines in the presence of a
physical solvent such as N-methyl-2-pyrrolidone (widely recom-
mended for the acid gas capture process® by physical absorption)
could be considered as an alternative way for capture and/or
separation of acid gases with higher loading and selectivity than
conventional processes.

In this work, several physical properties (density, speed of
sound, refractive index, viscosity, and surface tension) of binary
systems using blends of an amine and an amide, MIPA (or DIPA)
with NMP, were measured over the temperature range employed
in this work (293.15 to 323.15) K. Also, the present study includes
the analysis of the influence of composition and temperature upon
the previously commented physical properties.

B EXPERIMENTAL SECTION

Materials. MIPA (CAS Registry No. 2799-16-8) was supplied
by Merck, with a purity of = 98 %; DIPA (CAS Registry No. 110-
97-4) was supplied by Sigma Aldrich, with a purity of > 98 %, and
NMP (CAS No. 872-50-4) with a mass purity of = 99 % was
supplied by Fluka. The uncertainty of the samples preparation in
mole fraction was = 0.0008. Double-distilled water was used to
prepare the amine aqueous solutions.
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Methods. Density and Speed of Sound. The densities of pure
components and the mixtures of different compounds were
measured with an Anton Paar DSA 5000 vibrating tube densi-
meter and sound analyzer. The uncertainty in the density
and speed of sound measurements was £ 2-10 % g-cm™
and £ 1.3 m-s™ !, respectively.

Viscosity. The kinematic viscosity (1) was determined from
the transit time of the liquid meniscus through capillary Ubbe-
lohde viscosimeters supplied by Schott, capillary numbers I, Ia,
Ic, and II, and using eq 1 for viscosity calculations on the basis of
transit time.

v =K-(t—0) (1)

where t is the efflux time; K is the characteristic constant of the
capillary viscosimeter; and 6 is a correction value to correct end
effects. Both parameters were obtained from the capillaries
supplier (Schott). An electronic stopwatch with an accuracy
of £ 0.01 s was used to measure efflux times. In the measure-
ments, a Schott-Gerate AVS 350 Ubbelohde viscosimeter was
used. Each measurement was repeated at least five times, and
the uncertainty of this measurement is & 0.0024 mm”-s~'. The
dynamic viscosity (77) was obtained from the product of the
kinematic viscosity () and the corresponding density (p) of
the mixture, in terms of eq 2 for each mixture composition.

n=vep (2)

Refractive Index. Refractive index was determined using an
Atago RX-5000 refractometer. Before measurements, the refract-
ometer was calibrated using distilled water in accordance with the
instrument instructions. The mixtures were directly injected
from the stock solution stored at work temperature to avoid
evaporation. The refractive index measurements were done after
the liquid mixtures attained the constant temperature of the
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Table 1. Density, p/g- cm >, of NMP (1) + MIPA (2) Table 3. Refractive Index, np,, of NMP (1) + MIPA (2)
(or DIPA) from T/K = 293.15 to 323.15 (or DIPA) from T/K = 293.15 to 323.15
x T/K =293.15 T/K=303.15 T/K=31315 T/K=323.15 %, T/K=293.15 T/K=303.15 T/K=31315 T/K=323.15
NMP (1) + MIPA (2) NMP (1) + MIPA (2)
0.0000 0.9608 0.9528 0.9447 0.9365 0.0000 1.4480 1.4442 1.4401 1.4360
0.1034 0.9682 0.9600 0.9517 0.9432 0.1034 1.4503 1.4464 1.4423 1.4382
0.2008 0.9753 0.9669 0.9584 0.9498 0.2008 1.4523 1.4484 1.4445 1.4401
0.3001 0.9828 0.9742 0.9656 0.9569 0.3001 1.4545 1.4505 1.4464 1.4421
0.4002 0.9895 0.9808 0.9721 0.9633 0.4002 1.4567 1.4527 1.4488 1.4442
0.4978 0.9965 0.9877 0.9788 0.9699 0.4978 1.4585 1.4547 1.4506 1.4464
0.5943 1.0033 0.9945 0.9856 0.9767 0.5943 1.4607 1.4567 1.4528 1.4482
0.7000 1.0109 1.0020 0.9931 0.9842 0.7000 1.4632 1.4591 1.4548 1.4506
0.7993 1.0181 1.0092 1.0003 0.9914 0.7993 1.4655 1.4614 1.4572 1.4529
0.8913 1.0250 1.0161 1.0072 0.9982 0.8913 1.4675 1.4635 1.4594 14552
1.0000 1.0336 1.0247 1.0157 1.0068 1.0000 1.4688 1.4657 1.4621 1.4579
NMP (1) + DIPA (2) NMP (1) + DIPA (2)
0.0000 0.9841 0.0000 1.4512
0.1049 0.9840 0.1049 14510
0.1898 0.9844 0.1898 14511
0.2764 0.9931 0.9851 0.2764 1.4558 1.4520
0.3733 0.9945 0.9864 0.3733 1.4563 1.4524
0.4695 1.0060 0.9978 0.9882 0.4695 1.4608 1.4567 1.4528
0.5721 1.0073 0.9989 0.9906 0.5721 1.4616 1.4576 1.4535
0.6754 1.0108 1.0023 0.9935 0.6754 1.4623 1.4582 1.4541
0.7804 1.0219 1.0134 1.0048 0.9968 0.7804 1.4675 1.4635 1.4594 1.4553
0.8882 1.0268 1.0182 1.0094 1.0007 0.8882 1.4682 1.4648 1.4607 1.4565
1.0000 1.0336 1.0247 1.0157 1.0068 1.0000 1.4688 1.4657 14621 1.4579

Table 2. Speed of Sound, u/m-s ', of NMP (1) + MIPA (2) Table 4. Viscosity, 77/mPa-s, of NMP (1) + MIPA (2)

(or DIPA) from T/K = 293.15 to 323.15 (or DIPA) from T/K = 293.15 to 323.15
% T/K=29315 T/K=30315 T/K=313.15 T/K=323.15 % T/K=29315 T/K=30315 T/K=31315 T/K=323.15
NMP (1) + MIPA (2) NMP (1) + MIPA (2)
0.0000 1560.8 1528.3 1495.7 1462.9 0.0000 31.670 17.710 10.648 6.961
0.1034 1553.5 1519.6 1486.0 1452.1 0.1034 18.957 11.487 7.301 4793
0.2008 1549.1 1514.7 1480.5 1446.0 0.2008 12.719 8.051 5.308 3.499
0.3001 1547.5 1511.8 1476.6 1441.6 0.3001 8.746 5.780 4.045 2.939
0.4002 1546.0 1510.0 1474.8 1440.5 0.4002 7.694 5210 3.725 2.649
0.4978 15462 1509.4 1472.8 1436.8 0.4978 6.542 4723 3.448 2438
0.5943 15474 15103 1473.5 1436.8 0.5943 5.578 4271 3.375 2731
0.7000 1550.9 1512.8 1475.4 1438.4 0.7000 4.249 3.395 2.775 2.317
0.7993 1554.8 1516.8 1479.1 1441.7 0.7993 3.533 2.909 2458 2.073
0.8913 1559.4 15206 1482.6 1445.1 0.8913 3.098 2.576 2.168 1.861
1.0000 1567.9 1529.7 14912 1454.6 1.0000 1.899 1.592 1.353 1.170
NMP (1) + DIPA (2) NMP (1) + DIPA (2)
0.0000 14203 0.0000 125.730
0.1049 1414.2 0.1049 61.135
0.1898 1411.8 0.1898 35414
0.2764 1443.5 14122 0.2764 38.269 20.934
0.3733 1445.0 1413.0 0.3733 21.142 12.670
0.4695 1483.8 1450.8 1415.4 0.4695 20.251 11.236 7.412
0.5721 1486.6 1453.3 1419.6 0.5721 10.566 7.051 5.022
0.6754 1494.7 1460.3 1424.3 0.6754 6.229 4.495 3.420
0.7804 15356 1499.4 1463.7 1428.6 0.7804 4.857 3.694 2.890 2.330
0.8882 1548.8 1511.9 1474.9 14387 0.8882 2.943 2.371 1.943 1.631
1.0000 1567.9 1529.7 1491.2 1454.6 1.0000 1.899 1.592 1.353 1.170
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refractometer. This procedure was repeated at least three times,
and the uncertainty of the measurement was & 1.3-10"*. The
average of these readings was taken for the refractive index values.

Surface Tension. The surface tension was determined by
employing a Kruss K-11 tensiometer using the Wilhelmy plate
method. The plate employed was a commercial platinum
plate supplied by Kruss. The platinum plate was cleaned and

Table 5. Surface Tension, 6/mN-m ', NMP (1) + MIPA (2)
(or DIPA) from T/K = 293.15 to 323.15

flame-dried before each measurement. The uncertainty of
the measurement was + 0.2 mN-m~'. Each surface tension
value reported came from an average of five measurements. The
samples were thermostatted in a closed stirring vessel before
the surface tension measurements.

B RESULTS AND DISCUSSION

Density, speed of sound, refractive index, viscosity, and surface
tension corresponding to the binary systems of NMP + MIPA
(or DIPA) have been determined for temperatures from (293.15

X T/K=29315 T/K=303.15 T/K=31315 T/K=323.15 to 323.15) K, and the experimental data are shown in Tables 1 to
S. In these tables it is possible to observe that the physical
NMP (1) + MIPA (2) properties have not been determined on the entire concentration
0.0000 37.6 369 363 359 range for the system NMP + DIPA due to the melting point of
0.1034 38.1 373 36.8 362 this kind of mixtures.
0.2008 385 378 373 366 In relation with the values of density for these systems, a
03001 390 383 377 371 similar behavior has been found for both mixtures observing an
0.4002 395 188 381 376 increase in the value of this physical property when NMP
concentration increases in the mixture (see Figures 1 and 2).
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Figure 1. Influence of mixture composition and temperature on density: (a) NMP (1) + MIPA (2); (b) NMP (1) + DIPA (2). W, T=293.15K; A, T=

303.15K; X, T =313.15 K; %, T = 323.15 K.
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Figure 3. Influence of mixture composition on viscosity and refractive
index. NMP (1) + MIPA (2): O, viscosity; ®, refractive index. NMP (1) +
DIPA (2): O, viscosity; B, refractive index. T = 323.15 K.
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Figure 4. Influence of mixture composition and temperature on surface
tension for NMP (1) + MIPA (2). O, T=293.15K; ®, T = 303.15 K; [,
T=31315K; W, T =323.15 K.

Also, an increase in temperature produces a clear decrease in the
values of density.

Figure 2 also shows the influence of both mixture composi-
tions upon the speed of sound value. The same behavior was also
obtained with a minimum in the value of speed of sound. This
minimum in the case of NMP + MIPA system is reached in the
MIPA poor region, but the opposite behavior is obtained for the
NMP + DIPA mixture. Previous studies analyzing mixtures of
DIPA with other amines’ found different influences but not a
minimum in the value of speed of sound. More specifically, the
mixture with triethanolamine (TEA) shows a maximum in the
value of speed of sound at TEA-rich mixtures. In relation with the
influence of temperature, the same behavior was obtained for
both systems, and it is in agreement with other MIPA based
systems,” consisting in a decrease in the speed of sound when
temperature increases. A previous work that analyzes the system
NMP + MEA (monoethanolamine)® shows a different behavior
without the presence of a minimum in the speed of sound value,
and its trend is a monotonic decrease when NMP concentration
increases in the mixture.

Figure 3 shows the experimental behaviors obtained for
these mixtures for refractive index and viscosity. An increase in
refractive index is observed when mixtures are enriched in NMP.

Table 6. Excess Molar Volume, VX/cm>-mol ', of NMP (1) +
MIPA (2) (or DIPA) from T/K = 293.15 to 323.15

X T/K=293.15 T/K=303.15 T/K=31315 T/K=323.15

NMP (1) + MIPA (2)
0.0000 0.0000 0.0000 0.0000 0.0000
0.1034 0.1322 0.1457 0.1592 0.1729
0.2008 0.2210 0.2442 0.2676 02913
0.3001 0.2602 0.2898 0.3190 0.3485
0.4002 0.3466 0.3794 04114 0.4430
0.4978 0.3724 0.4074 0.4410 0.4742
0.5943 0.3740 0.4059 0.4372 0.4676
0.7000 0.3428 0.3696 0.3944 0.4189
0.7993 0.2811 0.3002 0.3177 0.3350
0.8913 0.1879 0.1973 0.2054 0.2140
1.0000 0.0000 0.0000 0.0000 0.0000
NMP (1) + DIPA (2)
0.0000 0.0000
0.1049 0.2612
0.1898 0.3973
0.2764 0.5031
0.3733 0.5670
0.4695 0.5731
0.5721 0.5465
0.6754 0.4793
0.7804 0.3981
0.8882 0.2811
1.0000 0.0000
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Figure 5. Effect of mixture composition upon excess volume. @, NMP
(1) + MIPA (2); B, NMP (1) + DIPA (2). T = 323.1S K

The opposite behavior is observed for the other property shown
in Figure 3. An increase in viscosity is observed when MIPA or
DIPA concentration increases in the system. For the NMP +
DIPA system, a higher increase is observed in the viscosity in
DIPA concentration reach region. An increase in temperature
produces a decrease in both physical properties.

In relation with the value of surface tension (Table S
and Figure 4), a linear influence is caused by the composition,
with a rise in the value of this property when NMP concentra-
tion increases in both systems. The temperature causes a slight
decrease in the values of surface tension.
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Table 7. Fit Parameters Corresponding to the Redlich—
Kister Equation for Excess Volume V* from T/K = 293.15
to 323.15

parameter T/K=293.15 T/K=303.15 T/K=313.15 T/K=323.15

NMP (1) + MIPA (2)

Ay 2471 2.719 2.987 3.215
Ay —5.296 —5.871 —6.540 —6.957
Ay 7.194 8.218 9.397 10.106
As —2.408 —3.019 —3.728 —4.170
o 0.009 0.009 0.009 0.008

NMP (1) + DIPA (2)

Ao 0.292
A, 15.122
A, —29.685
A3 17.261
o 0.016

The excess molar volumes of mixtures (V*) were calculated
from density measurements by applying eq 3

VE = ¥ Mo — o) )

i=1

where x;, M, and p; are the molar fractions, molecular weights,
and densities of pure components, respectively.

In relation with the calculated values for excess volume
(Table 6), Figure S shows that for both systems, positive values
of this parameter have been obtained. The same behavior has
been obtained in previous studies that analyze the systems
formed by MIPA and other amines such as 2-amino-1-methyl-
1-propanol (AMP) or diethanolamine (DEA), but also a negative
deviation has been obtained for other systems with TEA.” The
positive deviations indicate the breaking of hydrogen -bonds
between the compounds. This behavior is the opposite than the
correspondin% one for aqueous mixtures of this amines (MIPA
and DIPA)”'® and for NMP," but it is in agreement with the
data previously obtained for the NMP + MEA system.”

The values calculated for excess molar volumes were fitted
using a Redlich—Kister type equation (eq 4). The results
obtained for fitting parameters are shown in Table 7 for the
systems studied in this work. This equation fits satisfactorily the
excess molar volume calculated from experimental data in
present work (see Figure S and Table 7).

N B2
AY = xix- Y gl 4)

j=1
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