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Abstract The densities of aqueous mixtures of aminoethylethanolamine (CAS #000111-
41-1) were measured over the entire compositional range at temperatures of
283.15-343.15 K. The results of these measurements were used to calculate excess molar
volumes and isobaric thermal expansion coefficients, and partial molar and apparent molar
volumes and excess isobaric thermal expansion coefficients were subsequently derived.
The excess molar volumes were correlated as a function of the mole fraction using the
Redlich—Kister equation. Temperature dependences of the Redlich—Kister coefficients are
also presented. The partial molar volumes at infinite dilution of AEEA in water were
determined using two different methods. In addition, the solution density was correlated
using a Joubian—Acree model. Aqueous solutions of AEEA exhibit similar properties to the
aqueous solutions of other alkanolamines (like monoethanolamine) used in acid gas
sweetening.

Keywords AEEA - Aminoethylethanolamine - Density - Excess properties -
Thermal expansion coefficient

1 Introduction

Aminoethylethanolamine (2-[(2-aminoethyl)amino]-ethanol), C4H;,N,0) is used to make
a derivative (hydroxyethyl ethylene urea) used as a wet-adhesion additive for latex paints,
as a fabric softener added to textile materials, and as a dispersant detergent additive for
fuel. Among other alkanoloamines, AEEA has recently become of interest as an alternative
solvent for acid gas treatment. Aqueous alkanoloamines have been widely used for
removal of acid gas impurities like sulfur dioxide or carbon dioxide in the petrochemical,
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chemical, and natural gas industries and for post-combustion carbon capture from flue-
gases. Recent research has particularly focused on the latter topic.

The use of aqueous alkanolamines is probably the most promising technology for
carbon capture in coal-fired power plants. However, using monoethanolamine (MEA),
diethanolamine (DEA) or methyldiethanolamine (MDEA), which are common in the
petrochemical and natural gas industries, would reduce power plant output by 25-35 %
due to the high energy requirements of the technology [1]. Multiple research activities have
focused on lowering energy requirements and searching for activators of the most popular
amine, MEA [2]. Sterically hindered amines like AMP (2-amino-2-methyl-1-propanol),
piperazine and its derivatives, different amine blends, and finally AEEA are constantly
analyzed because of the potential for profit.

AEEA has been found to have absorption capacity, CO, reactivity, and energy effi-
ciency higher than of those of the industry standard MEA [3, 4], while its kinetics of CO,
removal are also promising [5]. Additionally, AEEA has a low vapor pressure, which
would limit losses of the gas during post-combustion carbon capture [6].

Literature related to the physical properties of AEEA and its aqueous solutions is scarce:
Mundhwa et al. [7] reported densities, viscosities and refractive indices of aqueous solu-
tions of AEEA, while Ikada et al. [8] presented densities and refractive indices of the pure
amine. Bindwal et al. [5] published density, viscosity and N,O solubility data for four
AEEA solution concentrations (1.5-3.0 kmol-m™?). Similar N,O solubility data for pure
AEEA and 30 wt-% AEEA solution have been presented by Ma’mun [3].

This study extends the small database of the physical properties of AEEA aqueous
solutions by presenting densities and derived volumetric properties over the entire com-
position range. Particular attention was given to water and amine rich regions, because the
volumetric properties of mixtures at infinite dilution are the most interesting from a
thermodynamic point of view. Various volumetric properties like excess molar volume,
apparent molar volume, partial molar volume, and excess thermal expansion coefficients
were calculated and correlated with the Redlich—Kister equation. The calculated properties
were compared with those of other alkanolamines and organic polar compounds. The
conclusions drawn are consistent with literature sources.

In addition, the density of the solutions was correlated using the Jouyban—Acree model
[9], which is especially useful during practical, engineering design. This simple model
allows calculation of the density of binary aqueous AEEA mixtures at different temper-
atures and in any composition. The densities of pure AEEA and water, and only other three
parameters, are required to estimate density, with average error of around 0.1 %.

2 Experimental

Aminoethylethanolamine [CAS #000111-41-1, 2-[(2-aminoethyl)amino]-ethanol), 99 %]
was purchased from Sigma—Aldrich and was used without further purification. The density
of the pure substance was measured and compared to published values (Table 1). There is
very good agreement between experimental and literature values. Deionized and double
distilled water was used to prepare solutions.

The solutions were prepared by weighing using a A&D HR-200 analytical balance with
an accuracy of + 107° kg. Care was taken to minimize exposure to ambient air during
sample preparation to avoid carbon dioxide absorption. Density measurements were
conducted at least 24 h after sample preparations to ensure proper degassing and mixture
equilibration. The densities of the solutions were measured at atmospheric pressure with an
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Table 1 Density of AEEA at different temperatures at atmospheric pressure

Component T/K plg-cm™
This work Literature

AEEA 283.15 1.03652 -
293.15 - 1.02907*
298.15 1.02529 1.02528%, 1.025¢
303.15 - 1.02153% 1.02181%
313.15 1.01398 1.01402°, 1.01407*
328.15 1.00262 -
343.15 0.99115 0.99115°

* Reference [8]
® Reference [7]
¢ Reference [3]

Anton Paar DMA5000 M density meter with an accuracy £ 5x107¢ g-cm™ at a specific
temperature, held constant with accuracy #1x107° K by the built-in thermostat. The
density measurements were performed as follows: the cell of the apparatus was filled with
approximately 3 cm® of solution, then the measurement was started. After reaching
equilibrium, the apparatus showed a constant value of density. The filling and measure-
ment was repeated. If the difference between measurements was in agreement with the
accuracy of the density meter, the final result was calculated, as the average of the mea-
surements. The density meter was periodically calibrated during measurements on water
and air at 303.15 K in accordance with manufacturer guidelines.

The uncertainty of the mole fraction does not exceeding 5.0 x 10~. The uncertainty of
excess molar volume and of thermal expansion coefficients values are less than
2.0 x 1072 cm®mol ™" and 5.0 x 107* kK™, respectively.

3 Results and Discussion
3.1 Density and Excess Molar Volume of AEEA (2) + Water (1)

The densities of aqueous mixtures of aminoethylethanolamine over the entire range of
compositions at temperatures of 283.15-343.15 K are listed in Table 2 and plotted in
Fig. 1. Starting from x, = 0, the solution density increases sharply, reaches a maximum for
AEEA concentrations around x, = 0.3, and then smoothly decreases. Increasing temper-
ature causes a density decrease and shifts the concentration of maximal density towards
higher x, values. Maximal density at 283.15 K occurs for approximately x, = 0.25, while
at 343.15 K for x, = 0.3.
Excess molar volume is defined by the following equation:

VE=Vy—x Vi —xV; (1)

where V,,, is the molar volume of the solution, x; and x, are the mole fractions of water and
AEEA, respectively, and V) and V5 are the molar volumes of pure water and AEEA. The
molar volumes can be calculated from the density data and Eq. 1 takes the form:
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Fig. 1 Densities of AEEA (2) + water (1) solution at various temperatures: circle 283.15 K; 4> 298.15 K;
inverted triangle 313.15 K; triangle 328.15 K; diamond 343.15 K. The lines serve only to join the data

. x M, + x,M, B x1 M, B X2 M,
p Pi 128

VE

(2)

in which M; and M, are the molar masses of water and AEEA, p is the density of the
mixture, and p| and p5 represent the densities of pure water and AEEA, respectively. The
excess molar volumes, calculated from Eq. 2, are listed in Table 2 and plotted in Fig. 2.
The excess molar volumes of aqueous AEEA solutions show similar behavior to those of
other alkanoloamines and are found to be negative for the whole concentration range. A
small temperature effect is visible in Fig. 2: increasing the temperature makes the excess
molar volume less negative. However, the minimum of the excess molar volume is almost
temperature independent at concentration x, = ~(0.35. Similar results have been reported
for other alkanolamines [10-17].
The excess molar volumes can be correlated using the Redlich—Kister equation:

VE=x(1-x) > Gl —2x)"" (3)

The regressed values of coefficients C, for each temperature are listed in Table 3, together
with their residual standard deviations calculated from the following equation:

@ Springer
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Fig. 2 Excess molar volumes of AEEA (2) + water (1) solution at different temperatures: circle 283.15 K;
&, 298.15 K; inverted triangle 313.15 K; triangle 328.15 K; diamond 343.15 K; solid lines, Redlich—Kister
equation

1/2

exp  Ycalc

o= Z(Nn (4)

VE VE )2

where N is the number of data points and n is the order of fitting Redlich—Kister poly-
nomial. Curves calculated with the Redlich—Kister equation are shown in Fig. 2 along with
the experimental data.

The partial molar volume of each component is defined by:

_ ov
Vi B (@_n,> T.p,n; (5)

Differentiation of Eq. 5 and combination with Eq. 1, as described by Wood and Battino
[18], gives the following equations for the partial molar volume of water:

_ ovE
Vi=VE+ Vi —x <—) (6)
aXQ T
and for the partial molar volume of aminoethylethanolamine:

_ i ovE
2/ pr
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Table 3 Redlich—Kister equation fitting coefficients and the residual standard deviation for AEEA + water
mixtures

T/K C, C, Cs Cy Cs Ce o

283.15 —5.38456 —3.04642 —1.98758 —0.35485 3.63893 3.14454 0.00364
298.15 —5.22760 —2.88586 —1.67331 —0.03156 3.19468 2.59304 0.00282
313.15 —5.10336 —2.77551 —1.46166 0.13923 2.78997 2.17645 0.00250
328.15 —5.00595 —2.65865 —1.25834 0.10462 2.35996 1.99547 0.00214
343.15 —4.91262 —2.56262 —1.10657 0.10253 1.99280 1.76436 0.00227

The derivative of V¥ with respect to x,, present in Eqs. 6 and 7, can be calculated by
differentiation of the Redlich—Kister equation (Eq. 3). After substitution of Eq. 3 into
Egs. 6 and 7 and the mentioned differentiation, one obtains the following equations for the
partial molar volumes of water and AEEA, respectively:

Vi=Vitg Y C(l-20)""+25(1-x) Y Ciln—1)(1-2x)"" (8)
n=1

n=1

Vo= Vit (=)' Y (1= 20)" =26 (1-x) 3 Caln— 1) (1= 20)" (9)

n=1 n=1

To increase the features of the partial molar data, excess partial molar volumes were
plotted instead of partial molar volumes. Curves for the partial molar excess volume VE of
water in the AEEA and for the partial molar excess volume VE of AEEA in water at
298.15 K are shown in Fig. 3. The excess partial molar volumes were calculated by
subtracting the pure component molar volumes Vi and V5 from the right hand sides of
Egs. 8 and 9, respectively. The curve for the partial molar volume of AEEA in water VE is
similar to those of other polar organic compounds and shows a characteristic minimum
[19]. The occurrence of such a minimum has been attributed to a balance between the
effects of interstitial solution of amine molecules with accompanying enhancement of a
clathrate-like structure in water, and its breakage with increasing amine concentration [20].

Another important property describing solution properties are the partial molar volumes
of solution components at infinite dilution. Estimating them from the partial molar volumes
is straightforward: setting x, = 1 in Eq. 8 allows calculation of the partial molar volume of
water at infinite dilution in AEEA:

V= v+ Y G- (10)
n=1

Equally, setting x, = 0 in Eq. 9 gives an equation for the partial molar volume of
AEEA at infinite dilution in water:

V=V +) G, (11)
n=1

The values of partial molar volume at infinite dilution are listed in Table 4 alongside the
molar volumes of the pure components. The calculated values of the partial molar volume
of AEEA at infinite dilution in water are in excellent agreement with Ref. [7]. The dif-
ferences between the partial molar volumes of water at infinite dilution in AEEA are
slightly higher, but, according to the authors, the corresponding reference data may be less
reliable than those reported for AEEA [7].
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Fig. 3 Excess partial molar volumes of water (circle) in AEEA and AEEA (inverted triangle) in water at
298.15 K calculated from Eqgs. 8 and 9, respectively

Table 4 Partial molar volume and apparent molar volume of water (1) at infinite dilution in AEEA (2) and
of AEEA (2) at infinite dilution in water (1), and molar volumes of pure species at different temperatures

T/K Ve %5 Vi vee Ve A
This work Literature This article Literature

283.15 14.8 14.5 18.0 96.8 96.5 100.5

298.15 14.9 14.7 15.0% 18.1 97.9 97.6 97.6* 101.6

313.15 15.0 14.8 15.0% 18.2 98.5 98.5 98.5% 102.7

328.15 15.1 14.9 18.3 99.2 99.4 103.9

343.15 15.3 15.1 15.5% 18.4 100.4 100.4 100.3* 105.1

Units are cm>-mol™!
@ Reference [7]

Maham et al. [10] presented another approach to evaluation of the partial molar volume
at infinite dilution. Instead of using the differentiation of the Redlich—Kister equation, they
proposed graphical extrapolation of the apparent molar volume curves. The apparent molar
volumes are defined as:

VE VE
Vo1 =V +—=V¢ 12
p,1 1+x1 l+1—x2 ( )
VE
Voo = V5 +— (13)
X2

@ Springer
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inwhich V,, ; and V,, , are the apparent molar volumes of water in AEEA and of AEEA in water,
respectively. Graphical extrapolation of the values of V, ; tox; = O and thoseof V,,tox, = 0
gives the desired partial molar volumes at infinite dilution. Although graphical extrapolation
and Redlich—Kister equation differentiation gave an evaluation of the same parameter, different
symbols have been used to distinguish the method of calculation. The symbol Vi* is used for
partial molar volume of water at infinite dilution in AEEA calculated from Redlich—Kister
coefficients, while V;f is that from graphical extrapolation. The worst disagreement between

the values calculated in these two ways is 0.3 cm®-mol~'. The calculated results for both
methods are summarized in Table 4.

The partial molar volumes of AEEA at infinite dilution V5° are smaller than the molar
volumes of the pure amine V5, and increase linearly with temperature. This is consistent with
observations made for other alkanolamines (including MEA, DEA, TEA, and MDEA) by
Hawrylak et al. [12]. As Maham et al. [10] suggest, volume contraction is caused by amine
molecules occupying the voids that arise from the hydrogen bonded open structure of liquid
water. Other confirmation of this conclusion arises from the theory of Hepler [21], who
suggested that a positive sign of 8*V5° /0T? determines a “structure-making” while a neg-
ative sign determines a “structure-breaking” ability of the solute. A zero value of that
derivative for AEEA at infinite dilution in water confirms that it has no effect on the ice-like
structure of liquid water.

3.2 Excess Thermal Expansion Coefficients

To extend understanding of the change in the structure of the solution during mixing,
isobaric thermal expansions are calculated for every composition. The isobaric thermal

expansion is defined by:
Vm \OT /.,

i

Differentiation of V,, calculated from Eq. 1 with respect to T leads to:

oT

2
W) (2 f(?f"vf) s
or ),., \oT ),

Combining Egs. 14 and 15 provides the final form of the equation for the isobaric thermal

expansion coefficient:
R R AT e
= — RN ixi V-
Vin oT px o !

where o; is the thermal expansion coefficient of the pure component in the mixture. The
thermal expansion coefficient for water o; was regressed from data taken from Kell [22],
while that of pure AEEA, a5, was regressed from the experimental density data collected in
Table 1.Beside the thermal expansion coefficients of the pure components, differentiation of
excess molar volume V with respect to temperature is required for calculation of solution
thermal expansion coefficients. It is straightforward to express Redlich—Kister correlation for
VE as a function of temperature using the temperature dependency of the Redlich—Kister
coefficients C,. These are a linear function of temperature (Fig. 4), so the temperature
dependency can be expressed using polynomials as follows:

(16)
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Fig. 4 Temperature dependency of the Redlich—Kister coefficients C,: circle Cy; & Cy; inverted triangle
Cs; triangle Cg4; diamond Cs; solid lines Eq. 17

2
Co=> dT"! (17)
i=1

The values of the regressed temperature dependency parameter d; are presented in
Table 5. Appropriate linear correlations are also plotted in Fig. 4.

Having the temperature dependent form of the excess molar volume VE and the values
of the thermal expansion coefficients of the pure components, one can calculate the iso-
baric thermal expansion coefficients of mixtures using Eq. 16. The isobaric thermal
expansion coefficients for aqueous solutions of AEEA are listed in Table 2 along with the
data for pure AEEA.

Solution thermal expansion coefficients are presented in terms of excess values to
emphasize solute—solvent influence on thermal expansion:

2
E
o :oconc,-(p,» (18)
i=1
where ¢; is the volume fraction of i-th component:
Xi Vi*

. (19)
Xl‘Vi*

b =

Excess thermal expansion coefficients o™ at 298.15 K are plotted in Fig. 5. The curve of
«F is positive over the whole composition range except for a small negative loop in the
water-rich region. There is a sharp increase in «® with increasing AEEA concentration, and
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Table 5 Temperature dependency of the Redlich—Kister coefficients for the excess molar volume of AEEA

(2) in water (1)

dl d2
C —7.56005 0.00777
C, —5.28019 0.00797
Cs —6.04233 0.01451
Cy —2.20203 0.00701
Cs 11.41100 —0.02751
Ce 9.34502 —0.02239
0.18
0.16 Vo
N AN
SNy N
0.14 N AN
; \\( N
,’ I \\
0.12 A i k N

0024 1
\ !
\ /!
-0.04 4 \/
'006 T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
T2

Fig. 5 Excess thermal expansion coefficients of water (1) + AEEA (2) mixtures at 298.15 K from Eq. 18
compared with those of other polar solvents: circle AEEA solutions; dashed line, ethanol [20]; dotted line,
DMAPA [23]

the curve reaches its maximum near x, = 0.25. At this concentration, the solution exhibits
the highest deviation from its ideal mixing value by an order of around 10 %. Further
increase in AEEA concentration causes gradual decrease of of. This characteristic is
consistent with results reported for aqueous solutions of 3-dimethylamino propylamine
(DMAPA)—another example of a diamine [23]. This behavior seems common also for
other organic polar solvents like ethanol or 1-propanol, as presented by Benson et al. [20].
The excess thermal expansion coefficients o show no distinct temperature dependency.
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Table 6 Jouyban—Acree model fitting coefficients for the densities of AEEA(2) + water(1) mixtures at
283.15-343.14 K

Temperature range Jo Ji Jo Average error

283.15-343.15 K 37.616 47.949 31.252 0.1 %

3.3 Density Correlation with Jouyban—Acree Model

The Jouyban—Acree model can be used to correlate the density of binary mixtures as a
function of mixture composition and temperature [9]. The density can be calculated using
the expression:

xlxz(xl - X2)2

Xlxz} s |:xlx2(xl —x2) -

Inp; =x1n p’l‘J. + x5 1n p;T +Jo [T T } +J>

(20)

where pr, p] y,and p3 ;- are the mixture density and the densities of pure water and the pure

amine at temperature 7, respectively, and J; are the model constants regressed from the
experimental density data. Despite the low number of parameters, this model works very
well: the average error for the data listed in Table 2 does not exceed 0.1 %. The regressed
parameters are listed in Table 6.

4 Conclusions

Densities for aqueous mixtures of aminoethylethanolamine at temperatures of 283.15—
343.15 K were measured for the entire compositional range. The excess molar volumes VE
of the mixtures are negative at all of the temperatures. The partial molar volumes at infinite
dilution V* of both water in AEEA and AEEA in water are lower than the corresponding
molar volumes of the pure species. The excess thermal expansion coefficients of
water + AEEA mixtures are positive at all of the temperatures except for a small loop in
the water rich region (x, ~ 0.05) where oF is negative. The results show the ability of
AEEA to occupy voids in the ice-like water structure. No effect of AEEA on the structure
of water was found, based on Hepler’s theory. Our conclusions are consistent with results
presented in the literature for other alkanolamines.
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