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a b s t r a c t

The present work investigates the volumetric and viscometric properties of an aqueous solution of 1,2-
dimethylethylenediamine (DEEDA) over an entire concentration range and an absorber operating tem-
perature range of 313.15Ke333.15K at atmospheric pressure. The investigated volumetric properties
included the density, excess molar volume, partial molar volume, and the investigated viscometric
properties included the viscosity, viscosity deviation, free energy for activation of viscous flow, excess
free energy for activation of viscous flow, and excess entropy for activation of viscous flow. The results
indicated that there are strong intermolecular interactions and suitable molecular packing in the binary
DEEDAewater mixture. Hence, the mixture was found to deviate from a real mixture according to the
calculated excess properties. The DEEDA solvent's preliminary volumetric and viscometric properties
revealed convincing potential as a novel amine for carbon capture. Additionally, the Redlich-Kister-based
correlations showed favorable correlative performance for excess molar volume, viscosity deviation, and
excess entropy for activation of viscous flow.

© 2023 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Climate change is a phenomenon involving a long-term change
of weather patterns with a long-term increase of global average

temperature. In 2021 and 2018, the earth's surface temperaturewas
1.1�C above the preindustrial times and the sixth warmest since
modern records began in 1880 [1]. Additionally, 2020 was the
second warmest year on the record at 1.25�C above the preindus-
trial period and just 0.03�C below the warmest year in 2016 [2].
Furthermore, eight of the 10 warmest records happened in the last
decade [3].

Global warming and climate change affect humanwell-being and
the environment through the worldwide anomalies from record-
breaking temperatures, wildfires, droughts, extreme ice extents be-
tween growth and melt seasons, severe flooding, and destructive
cyclones and hurricanes [4,5]. It has been scientifically proven that
these result from anthropogenic activities, especially, the emission of
carbon dioxide (CO2) and other greenhouse gases (GHGs) [6]. The
Paris climate agreement has established an ambitious goal of
limiting the warming temperature to 1.5�C with respect to
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preindustrial levels, and to achieve this, decarbonization through
carbon capture, utilization, and storage (CCUS) must be imple-
mented [7]. One of themain targets for decarbonization is large-scale
fossil-fired power generation. An amine-based carbon capture
technology has been commercially proven to be a highly effective
and affordable solution for an industrial decarbonization [8].

Similar to the human blood system, an amine solvent is circu-
lated to an absorber to capture CO2 and then to a stripper for
desorbing CO2 and recovering solvent reactivity. This cyclical pro-
cess is the key to amine-based carbon capture technology. High-
performance solvent should be applied, and researchers have
been proposing a number of alternative amine solvents to be used
instead of conventional solvents [9]. These include newly synthe-
sized amines [10e12] and novel formulated solvents [13,14], as well
as existing amines that have not yet been considered for capturing
CO2 [15e17].

Even though high-performance amine can be obtained by
properly modifying the amine structure, the complex organic
synthesis limits large-scale utilization [18]. A novel amine formu-
lation with the addition of an accelerator or a blending of an
appropriate amine-pair seems to be the recent most attractive
approach [19]. However, its challenges include an amine-pair se-
lection and optimizing the blending formulation. Additionally, high
solvent viscosity, solvent precipitation, severe solvent corrosive-
ness, and an induced degradation effect between the amine-pair
are frequently experienced [20]. For the screening of existing
amines, a major task is to choose the candidates with high potential
from abundant amino compounds [21]. However, the selection
process can be accelerated and effectively completed with a
comprehensive understanding of amine structure in regard to the
performance of CO2 absorption-regeneration [22e24].

This work investigates 1,2-dimethylethylenediamine (DEEDA),
which is a di-secondary amine. Since DEEDA comprises two sec-
ondary amine groups, it should have higher CO2 absorption ca-
pacity than the conventional diethanolamine (DEA). Due to the
symmetrical structure of DEEDA, an equivalent pKa or basicity of
the two amino groups may be observed. This results in continual
rate of CO2 absorption [25]. For diamine, which has a primary and a
tertiary amine, most of the CO2 initially reacts with the primary
amino group and then the tertiary amino group. Thus, CO2 ab-
sorption is rapid at the beginning and drastically drops as the re-
action proceeds. Since the two amino groups in DEEDA are
secondary amines, they are not strongly reactive with CO2. Hence,
the CO2 absorption rate of DEEDA might not be significantly fast,
but at the same time, its regeneration duty will not be too high.

To confirm the proposed hypotheses, experimental absorption
and regeneration of DEEDA should be conducted. However, the
miscibility of DEEDA in water should first be considered. As
fundamental design data for amine-based carbon capture process,
the density and viscosity of DEEDA solvent should also be

investigated. These two physical properties are essential for (i)
preliminary understanding of the solvent's physical behavior, (ii)
selecting an appropriate range of the amine concentration, (iii)
designing the hydrodynamics of fluids, (iv) analyzing the kinetics
andmass transfer phenomena, and (v) constructing a fluid dynamic
modelling.

In this research, the miscibility and the physical properties
(including density and viscosity) of aqueous DEEDA solution were
experimentally determined over a whole range of amine concen-
tration and temperature range of 313.15Ke333.15K (which is a
typical absorber temperature) at atmospheric pressure. The excess
molar volume, viscosity deviation, Gibbs free energy, enthalpy, and
entropy of activation for viscous flow, excess Gibbs free energy and
excess entropy of activation for viscous flow, and partial molar
volume and apparent molar volume at infinite dilution are re-
ported. Additionally, correlations based on the Redlich-Kister
equation for excess molar volume, viscosity deviation, and excess
molar Gibbs free energy of activation for viscous flow are proposed
for the studied concentration and temperature ranges. The results
give insight into the liquid physical and molecular properties and
could be beneficial for further investigation on DEEDA as an alter-
native amine for use in post-combustion carbon capture.

2. Materials and methods

2.1. Chemicals

Table 1 shows information of about the utilized chemicals.
DEEDA with a purity of 98% was purchased from Merck, Germany.
Standard 1.0 MHCl solutionwas supplied by Kemaus, Australia. The
chemicals were used as received without purification.

2.2. Methods

2.2.1. Visualized DEEDA miscibility
Aqueous solutions of DEEDA were prepared at a desired weight

basis using a digital balance (SHIMADZU ATY224 with accuracy of
±0.0001 g) at ambient temperature and pressure. ELGA PURELAB
Option-R was used to prepare deionized water. The concentration
of the prepared aqueous solution of DEEDA was determined by
acidification technique through a titration with 1.0 M standard HCl
solution according to official methods of analysis of AOAC Inter-
national [26]. The standard uncertainty of the mole fraction (uðx1Þ)
is 0.0003. The water miscibility of DEEDA was visually observed at
atmospheric pressure over a range of DEEDA concentrations (mole
fraction of 0.0000e1.0000) at temperatures of 313.15Ke333.15K.
The desired temperature was controlled by a water bath (ISO-
TEMP2150, Fisher Scientific Inc., USA) with operating range of
293.15Ke373.15K and standard uncertainty (uðTÞ) of 0.02K.

Table 1
Properties, purities, and suppliers of the utilized chemicals.

Chemical name Molecular weight (g/mol) Chemical structure Amine classification Chemical specification Supplier CAS. No.

H2O 18.02 N/A >1 MU cm (303.15K) ELGA PURELAB Option-R 7732-18-5

HCl 36.46 N/A 1.0 M Kemaus, Australia 7647-01-0

DEEDA 88.15 Di-secondary amine 98% Merck, Germany 110-70-3

N/A: not applicable.
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2.2.2. Density
Densities of pure DEEDA and the desired concentration of

aqueous DEEDA solution were experimentally determined by a
25mL adjusted Gay-Lussac pycnometer (WITEG Co., Germany) over
the studied ranges of concentration and temperature. A detailed
description of the equipment validation can be found in our pre-
vious work [15].

2.2.3. Viscosity
Kinematic viscosities of pure DEEDA and the desired concen-

tration of aqueous DEEDA solution were measured using a cali-
brated capillary Cannon-Fenske Routine Viscometer (Cannon
Instrument Co., USA) at various temperatures of 313.15K, 323.15K,
and 333.15K. The temperature was controlled by an ISOTEMP2150
water bath (Fisher Scientific Inc., USA) with uðTÞ of 0.02K. A detailed
description of the dynamic viscosity calculation and equipment
validation can be found in a previous publication [15].

2.2.4. Measurement uncertainty
The uncertainty sources of the temperature measurement

(uðTÞ), mole fraction (uðxÞ), calibration (uðcalibÞ), and repeatability
(uðrepÞ) were considered for a determination of combined standard
uncertainty of density and viscosity measurement. The expanded
uncertainty was calculated as described in the Guide to the
Expression of Uncertainty in Measurement [27]. For the density
measurement, the uncertainty sources were uðxÞ ¼ 0:0003, uðTÞ ¼
0:02K, uðcalibÞ ¼ 0:35 kg =m3, and uðrepÞ ¼ 0:05 kg =m3. As a re-
sults, the expanded uncertainty for density measurement
(Uð10�3$rmÞ) was found to be 0:007 kg=m3 with a 0.95 level of
confidence (k z 2). In the case of viscosity measurement, uðxÞ ¼
0:0003, uðTÞ ¼ 0:02K, uðcalibÞ ¼ 0:00001 kg =m s, and uðrepÞ ¼
0:000008 kg =m s were considered. The expanded uncertainty for
viscosity measurement (Uð103$hmÞ) was then obtained at 0:03 kg=
m s with a 0.95 level of confidence (k z 2).

2.3. Correlation assessment

The generalized reduced gradient (GRG) nonlinear solving
method was used as an objective function for correlating the
experimental results with the proposed correlations. The perfor-
mance of the correlation was evaluated by %AAD and the standard
deviation of the correlation (s). These two performance indicators
can be calculated by Eqs. (1) and (2), respectively. For the ideal
correlation, both %AAD and s should approach zero. However, if too
many adjusting parameters are used, s can be found to be high with
respect to the estimated value.

%AAD¼ 1
N

XN

j¼1

�����
EXPj � PREDj

EXPj

������100% (1)

s¼
2
4XN

j¼1

�
EXPj � PREDj

�2
N �M

3
5
1=2

(2)

where EXPj is the experimentally measured value, PREDj is the
predicted value, N is the number of data points, and M is the
number of fitting parameters

3. Results and discussion

3.1. Miscibility of DEEDA in water

Aqueous solutions of DEEDA at various concentrations
(0.0000e1.0000 mol fraction) and temperatures (313.15Ke333.15K)
were visually observed for any immiscibility or phase separation at
atmospheric pressure. It was observed that DEEDA was completely
soluble in water at all ranges of studied concentration and temper-
ature. Hence, water solubility is not a limitation for using DEEDA as
an alternative solvent for CO2 capture. However, effects of other
volumetric and viscometric properties should be considered.

3.2. Density and volumetric properties

Table 2 and Fig. 1 show the average of three experiments for
measuring density ðrmÞ of aqueous solutions of DEEDA from pure
water to pure DEEDA at 313.15Ke333.15K. wi and xi are the weight
fraction and mole fraction of component i in the binary mixture,
respectively, subscript 1 represents DEEDA, and subscript 2 repre-
sents water. It was found that the density of aqueous DEEDA so-
lution decreased as the DEEDA concentration increased. Fig. 1
clearly illustrates that the density of the aqueous solution of
DEEDA is lower than that of conventional 2-amino-2-methyl-1-
propanol (AMP), monoethanolamine (MEA), N-methyldiethanol-
amine (MDEA), and DEA. It can also be seen from Fig. 1 that the
density of pure DEEDA is lower than that of pure MEA, AMP, MDEA,
and DEA. Based on the ideal binary amine and water mixture, the
density of aqueous DEEDA solution should be lower than that of
MEA, AMP, MDEA, and DEA. However, the experimental results
show that the density of aqueous amine solution can be ranked as
follows: DEEDA < AMP < MEA < MDEA < DEA. For a real mixture,
the ranking seems to follow the ideal mixture basis excepting for
aqueous solutions of AMP and MEA. The experimental data reveal

Table 2
Density (rm) and excess molar volume (VE) of binary mixture of DEEDA (1) and water (2) at various temperatures.

w1 x1 10�3$rm ðkg =m3Þ 106$VE ðm3 =molÞ 10�3$rm ðkg =m3Þ 106$VE ðm3 =molÞ 10�3$rm ðkg =m3Þ 106$VE ðm3 =molÞ
313.15K 323.15K 333.15K

0.00 0.0000 0.990 0.987 0.984
0.10 0.0222 0.985 �0.356 0.981 �0.352 0.978 �0.359
0.20 0.0486 0.975 �0.668 0.971 �0.675 0.966 �0.665
0.30 0.0805 0.963 �1.006 0.958 �0.992 0.953 �0.985
0.50 0.1697 0.943 �2.036 0.937 �2.017 0.930 �2.001
0.70 0.3229 0.903 �2.769 0.896 �2.719 0.888 �2.676
0.80 0.4498 0.873 �2.628 0.865 �2.585 0.858 �2.544
0.90 0.6478 0.839 �1.925 0.831 �1.867 0.824 �1.829
0.95 0.7952 0.820 �1.080 0.813 �1.028 0.806 �1.010
1.00 1.0000 0.803 0.796 0.789

Standard uncertainties: uðwÞ ¼ 0:00008, uðxÞ ¼ 0:0003, uðTÞ ¼ 0:02K , uðcalibÞ ¼ 0:35 kg =m3, and uðrepÞ ¼ 0:05 kg =m3.
Expanded uncertainties: U

�
10�3$rm

� ¼ 0:007 kg=m3 and U
�
106$VE

� ¼ 0:009 m3=mol with 0.95 level of confidence (k z 2).

H. Haghani, T. Sema, P.N. Ranong et al. Petroleum 10 (2024) 326e337

328



that the density of an aqueous solution of AMP is lower than that of
MEA. This is due to a steric effect of AMP structure that hinders the
molecular packing of AMP and water molecules [28].

Interestingly, the descending trend of density of aqueous DEEDA
solution with increasing amine concentration is similar to that of
aqueous AMP solution. For other aqueous solutions of conventional
amine, increasing amine content results in an increase of densities
of aqueous solutions of DEA and MDEA to their maximum values,
which then decrease. That of aqueous solutions of MEA slightly
increases. For the temperature effect, it was observed that the
density of aqueous solutions of DEEDA decreased as temperature
increased, as shown in Table 2 and Fig. 1. Since the aqueous solu-
tions of DEEDA occupy a larger volume at elevated temperature, the
liquid density, which is the ratio of mass to volume, then decreases
accordingly.

Regarding the density of pure DEEDA (r01) at various tempera-
tures of 313.15Ke333.15K (Table 2), the density correlation (based
on the polynomial function with respect to temperature in Kelvin,
T) can be established as Eq. (3). According to the proposed equation,
very good correlative performance can be obtained at %AAD of
0.003% and sð10�3$r01Þ of 0:0001 kg=m3.

r01 ¼1:0169� �6:85�10�4�T (3)

In addition to the measured liquid density, an excess molar
volume (VE) of aqueous DEEDA solution can be calculated from Eq.
(4), which is the deviation between the molar volume of real and
ideal mixtures. This parameter is beneficial for understanding the
effects of operating conditions on real behavior.

VE ¼Vm �
Xn

i¼1

�
xiV

0
i

�
(4)

Vm ¼
Pn

i¼1ðxiMiÞ
rm

(5)

where Vm is themolar volume ofmixture, V0
i is themolar volume of

pure component i,Mi is the molecular weight of component i, rm is
the density of mixture, and n is the number of components

Table 2 and Fig. 2 show VE of pure DEEDA and an aqueous so-
lution of DEEDA based on the measured density at various con-
centrations and temperatures. The results show that all VE values
are negative, which means that the molar volume of a real mixture

is lower than that of an ideal mixture. This is a result of either
intermolecular interaction (including dipoleedipole, dipole-
induced dipole, and H-bonding) and suitable molecular packing
of liquid components [32,33]. This implies that the more negative
VE is, the more deviation from an ideal mixture there is, the
stronger intermolecular interactions are, and the larger the
contraction of the liquid volume is.

In comparison with the conventional aqueous amine solutions
at 313.15K, an aqueous DEEDA solution possesses considerably
more negative in VE , as presented in Fig. 2. There should be a
stronger intermolecular interaction or better molecular packing
between DEEDA and water than that of conventional amines (i.e.,
MDEA, AMP, DEA, and MEA) and water. This might be because
DEEDA comprises two amino groups, which can induce additional
H-bonding and dipolar interactions in the liquid mixture [34e36].
Since there is only one amino group in the mentioned conventional
amines, VE of an aqueous solution of DEEDA is more negative than
that of aqueous solutions of the conventional amines, as shown in
Fig. 2. A strong intermolecular interaction due to the additional
amino group of DEEDA is confirmed by the minimum VE for an
aqueous solution of DEEDA (106$VE of �2:7 m3=mol at 323.15K),
which is close to that of aqueous solutions of polyamines: (i)
diethylenetriamine (DETA; 106$VE of � 2:6 m3=mol at 323:15 K)
[37] and (ii) triethylenetetramine (TETA; 106$VE of �2:4 m3=mol at
323.15K) [38].

Thus, it can be suggested that DEEDA and water are completely
miscible [31], which is in good agreement with the visualized
observation as discussed in Section 3.1. Additionally, the effect of
temperature on VE was found to be quite small, as illustrated in
Fig. 2. It was observed that VE became slightly less negative as the
temperature increased. This is due to the fact that the intermolec-
ular interactions are weakened as temperature increases.

Typically, VE can be correlated as a function of temperature and
component concentration through the Redlich-Kister equation. For
a binary system of DEEDA (1) and water (2), the Redlich-Kister
equation for VE is Eq. (6). The temperature-dependent coefficient
(Ak) is a polynomial function of temperature in Kelvin (T), as shown
in Eq. (7). In this work, the second-order polynomials (m ¼ 3 and
m0 ¼ 3) were selected for Eqs. (6) and (7). Additionally, ak0 is a
constant parameter for Ak.

Fig. 1. Density of aqueous solutions of DEEDA over ranges of concentration and tem-
perature. Dots are experimental data, colored dashed lines are correlated results from
the developed correlation, and black dashed lines are the densities of aqueous solu-
tions of the conventional amines (MEA [29], DEA [30], MDEA [31], and AMP [28]) at
313.15K.

Fig. 2. Excess molar volume of aqueous solutions of DEEDA over ranges of concen-
tration and temperature. Circles are VE obtained from Eq. (4), colored dashed lines are
correlated results from the developed correlation, and black dashed lines are VE of
aqueous solutions of the conventional amines (MEA [31], DEA [31], MDEA [30], and
AMP [28]) at 313.15K.
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VE ¼ x1x2
Xm

k¼1

h
Akð2x1 � 1Þk�1

i
(6)

Ak ¼
Xm0

k0¼1

h
ak0T

k0�1
i

(7)

Nonlinear regression was applied based on the VE data (pre-
sented in Table 2) to determine the constant parameter ak0 for each
temperature-dependent coefficient Ak. The results are given in
Table 3. The correlated VE (according to the Redlich-Kister equation,
Eqs. (6) and (7), and the constant parameters) are plotted as colored
dashed lines in Fig. 2. The correlated results fit well with VE ob-
tained from Eq. (4) over studied ranges of concentration and tem-
perature with %AAD of 2.92% and sð106$VEÞ of 0.12 m3= mol.

In addition to a correlation of VE , the density of an aqueous
solution of DEEDA can be estimated based on the proposed Redlich-
Kister equation for VE (Eqs. (6) and (7)) and the calculation of
mixture density (Eqs. (4) and (5)). The correlated density data are
presented as colored dashed lines against the experimental data
(dots) in Fig. 1. As a result, very good correlative performance was
obtained with %AAD of 0.12% and sð10�3$rÞ of 0.003 kg/m3. Since
the density of aqueous DEEDA solution is a polynomial function of
the mole fraction of DEEDA, as shown in Fig. 1, some correlations
can then be applied for estimating the density data. Those
alternatives include an empirical polynomial model [39],
Grunberg-Nissan model [40], simplified Grunberg-Nissan model
[41], volume fraction-based correlation [41], and the McAllister
model [42]. The detailed description, adjusted coefficients, and
prediction performance of each alternative are presented in the
Supplementary Information (Section S1: Alternative density
correlations).

The performance indicators (%AAD and s) of each correlation are
shown in Table S5 in the Supplementary Information. The results
showed that all the seven models could predict the density of an
aqueous DEEDA solution with an acceptable error of less than 5%.
The Redlich-Kister equation, empirical polynomial model,
Grunberg-Nissan model, and three-body and four-body McAllister
models provided very good correlative performance of 0.12e0.19%
AAD and 0.03e0.05 kg/m3 sð10�3$rÞ. This happened because the
density of DEEDA is a simple polynomial function of the mole
fraction of DEEDA and temperature (see Fig.1). Even though the five
mentioned models showed very satisfactory correlations of the
density, the Redlich-Kister equation was selected because it not
only correlated well with the density but could also accurately
estimate VE , as shown in Fig. 2. Regarding the obtained VE , some
useful volumetric properties (i.e., partial molar volume, infinite
dilution partial molar volume, and apparent partial molar volume)
can be determined.

Based on a definition of partial molar volume of component i
(Vi) [37], Vi for a binary system can be calculated as follows:

V1 ¼V0
1 þ x2

Xm

k¼1
Akð1� 2x2Þk�1

� 2x2ð1� x2Þ
Xm

k¼1
Akðk� 1Þð1� 2x2Þk�2

(8)

V2 ¼V0
2 þð1� x2Þ2

Xm

k¼1
Akð1� 2x2Þk�1

þ 2x2ð1� x2Þ2
Xm

k¼1
Akðk� 1Þð1� 2x2Þk�2

(9)

The calculated partial molar volumes of DEEDA (V1) and water
(V2) at various concentrations and temperatures are shown in
Table S6 in the Supplementary Information. From this information,
the partial molar volumes at infinite dilution (V

∞
i ) for both com-

ponents can be determined. The partial molar volume of DEEDA at
infinite dilution in water (V

∞
1 ) can be obtained by considering x2 ¼

1 in Eq. (8). Correspondingly, by letting x2 ¼ 0 in Eq. (9), the partial
molar volume of water at infinite dilution in DEEDA (V

∞
2 ) can be

calculated. For more convenience, V
∞
1 and V

∞
2 can be calculated

from the following equations. As a result, V
∞
1 and V

∞
2 at tempera-

tures of 313.15K, 323.15K, and 333.15K are given in Table 4.

V
∞
1 ¼V0

1 þ
Xm

k¼1
Akð�1Þk�1 (10)

V
∞
2 ¼V0

2 þ
Xm

k¼1
Ak (11)

It can be seen that the temperature-dependent coefficient Ak is
essential for the calculation of Vi and V

∞
i . To obtain Ak, nonlinear

regressionmust be applied to the Redlich-Kister equation for excess
molar volume VE (Eq. (6)). In order to simplify this calculation
procedure, another calculation approach was suggested [31] by
considering the simpler parameter VE instead of the complicated
parameter Ak. Hence, the apparent partial molar volume (V4;i) is
then proposed. Based on the apparent partial molar volume
approach, V4;i can be calculated from Eq. (12). The calculated
apparent partial molar volumes of DEEDA (V4;1) and water (V4;2)
over the ranges of studied concentration and temperature are
presented in Table S6 in the Supplementary Information.

Corresponding to the determination of partial molar volume at
infinite dilution, the apparent molar volume at infinite dilution for
component i (V∞

4;i) can be determined by letting xi approach zero.

Since xi cannot be zero in Eq. (12), an extrapolation of V4;i at xi
approaching zero was applied in this study to determine V∞

4;i. The

extrapolated values of V∞
4;1 and V∞

4;2 at various temperatures are

presented in Table 4.

V4;i ¼V0
i þ

 
VE

xi

!
(12)

The results in Table 4 show that V∞
4;i corresponds well with V

∞
i .

They also show the same temperature-dependent trend as V0
i and

VE (as discussed above). Either V
∞
i or V∞

4;i can represent the volu-

metric property at infinite dilutionwell. However, V∞
4;i was found to

be more convenient to calculate through the extrapolation of V4;i,

which is determined using VE (from Eq. (12)) for infinite dilution.
Additionally, it was observed that V

∞
i and V∞

4;i of both DEEDA and

water were lower than V0
i over the studied range of temperature, as

shown in Table 4. This is quite logical behavior for the fully miscible
solution with a good intermolecular interaction and good geo-
metric molecular packing. Thus, after mixing, the volumetric
properties of V

∞
i and V∞

4;i were found to be lower than that of a pure

Table 3
Constant parameters for temperature-dependent coefficient (Ak).

Temperature-dependent coefficient (Ak) Constant parameter

A1 a1 2:9920� 102

a2 �1:9349
a3 3:0247� 10�3

A2 a1 �4:3541� 102

a2 2:7234
a3 �4:2009� 10�3

A3 a1 �4:6608� 102

a2 2:9018
a3 �4:5059� 10�3
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component V0
i . This complies well with the negative VE data, as

shown in Table 1 and Fig. 2.

3.3. Viscosity and viscometric properties

The average dynamic viscosity hm from the experiments using a
binary mixture of DEEDA (1) and water (2) is presented in Table 5
and Fig. 3. The data were obtained from the experimentally
measured kinematic viscosity of liquid mixtures ranging from pure
water to pure DEEDA at 313.15K, 323.15K, and 333.15K. It was found
that hm increased as the concentration of DEEDA increased until
reaching the maximumviscosity (x1 � 0:17), and then it decreased.
This is typical viscosity behavior for the binary amine mixture
[43,44]. Interestingly, the maximum viscosity seemed to be inde-
pendent of temperature in that the maximum viscosities over the
studied temperature range were observed at ~0.17 mol fraction of
DEEDA (see Fig. 3). Additionally, the results showed that hm
decreased as the temperature increased. This can be explained by
the liquid mixture being favorable for flow since it possesses higher
thermal energy for overcoming the viscous flow resistance.

Based on the Arrhenius equation for viscosity of a pure
component [43], the activation energy for viscous flow of pure
DEEDA was 12.68 kJ/mol. This number is much lower than those
conventional amines (29.22 kJ/mol for pure MEA, 39.06 kJ/mol for
pure MDEA, 51.50 kJ/mol for pure DEA, and 52.01 kJ/mol for pure
AMP [28,43]). It can be implied from data that the viscosity of pure
DEEDA is much lower than that of MEA, MDEA, DEA, and AMP,
respectively. Fig. 3 also shows that the viscosity of an aqueous so-
lution of DEEDA seems to be more favorable for CO2 capture
(regarding its viscosity) than that of conventional MEA,MDEA, DEA,
and AMP. Even though the maximum viscosity of an aqueous
DEEDA solution is much lower than that of a benchmark aqueous
MEA solution, the maximum viscosity of an aqueous DEEDA solu-
tion is found at a low range of mole fraction (� 0:17), while that of
an aqueous MEA solution appears at a high mole fraction range
(� 0:93). This observation should be carefully considered.

In an amine-based CO2 capture, 30%wt. aqueous MEA solution is
considered as a benchmark solvent because it has been industrially

used for decades. In association with the liquid flow, the flow
equipment (e.g., pump, mixer, and piping) in many existing ab-
sorbers was designed based on the viscosity of 30%wt. aqueous
MEA solution. To apply the newly proposed aqueous solution of
DEEDA in those absorbers without interrupting the existing flow
equipment, the viscosity of aqueous DEEDA solution should be
close to that of 30%wt. aqueous MEA solution. At the same con-
centration of an aqueous MEA solution typically used (30%wt. or
~0.11 mol fraction), the 30%wt. (~0.08 mol fraction) aqueous DEEDA
solution possesses higher viscosity. To maintain the viscosity of an
aqueous DEEDA solution to be equivalent with that of a benchmark
30%wt. aqueous MEA solution, the concentration of the aqueous
DEEDA solution should be ~0.049 mol fraction (20%wt.) or
~0.92 mol fraction (98.3%wt.).

It is clear that the concentration of 98.3%wt. is too high and not
feasible in an economic sense. Hence, the concentration of 20%wt.
is suggested. However, it is not necessary to maintain the viscosity
as that of benchmark 30%wt. aqueous MEA solution. A higher so-
lution viscosity can also be applied, but further absorption perfor-
mance evaluation should be investigated (especially on the reactive
mass transfer performance and the absorption kinetics). However,
the presented viscosity data indicated that the maximum viscosity
of an aqueous DEEDA solution is slightly lower than that of the
widely used aqueous solution of MDEA-PZ blend (40%wt.
MDEA þ 5%wt. piperazine (PZ)) [45]. Thus, there should not be any
liquid flow operation problem for the pump, mixer, and piping
regarding the viscosity in the case of an aqueous DEEDA solution.

From the viscosity data of pure DEEDA (h01) at various temper-
ature, a polynomial correlationwas developed, as shown in Eq. (13).
In comparison with the experimental data, the proposed correla-
tion offered a very satisfactory correlated result with %AAD of 0.38%
and sð103$h01Þ of 0.0047 kg=m s. For determining the viscosity of an
aqueous DEEDA solution over the studied ranges of concentration
and temperature, the Redlich-Kister equation for viscosity devia-
tion (Dh) was applied. Corresponding to VE , Dh is defined as a
viscosity difference between real and ideal mixtures, as given in Eq.
(14). Also, Dh can be estimated through the Redlich-Kister equation
in Eq. (15). The temperature-dependent coefficient (Bk) can be

Table 4
Molar volume of pure i (V0

i ), partial molar volume of i at infinite dilution (V
∞
i ), and apparent molar volume of i at infinite dilution (V∞

4;i) for binary system of DEEDA (1) and
water (2) at 313.15Ke333.15K

Temperature (K) 106 � V
0
1ðm3 =molÞ 106 � V

∞
1 ðm3 =molÞ 106 � V∞

4;1ðm3 =molÞ 106 � V
0
2ðm3 =molÞ 106 � V

∞
2 ðm3 =molÞ 106 � V∞

4;2ðm3 =molÞ

313.15 109.84 95.04 94.26 18.20 14.50 14.08
323.15 110.78 95.71 95.23 18.25 15.11 14.49
333.15 111.75 96.95 96.20 18.30 14.80 14.64

Table 5
Viscosity (hm) and viscosity deviation (Dh) of binary mixture of DEEDA (1) and water (2) at various temperatures.

w1 x1 103$hm kg/(m$s) 103$Dh kg/(m$s) 103$hm kg/(m$s) 103$Dh kg/(m$s) 103$hm kg/(m$s) 103$Dh kg/(m$s)

313.15K 323.15K 333.15K

0.00 0.0000 0.67 0.56 0.48
0.10 0.0222 1.06 0.39 0.87 0.31 0.72 0.24
0.20 0.0486 1.66 0.99 1.29 0.73 1.06 0.58
0.30 0.0805 2.51 1.84 1.86 1.29 1.43 0.94
0.50 0.1697 4.77 4.08 3.28 2.70 2.25 1.75
0.70 0.3229 4.52 3.81 3.21 2.60 2.14 1.62
0.80 0.4498 3.89 3.16 2.89 2.27 1.89 1.36
0.90 0.6478 2.92 2.16 2.16 1.52 1.49 0.93
0.95 0.7952 2.05 1.28 1.52 0.86 1.11 0.54
1.00 1.0000 0.80 0.69 0.60

Standard uncertainties: uðwÞ ¼ 0:00008, uðxÞ ¼ 0:0003, uðTÞ ¼ 0:02 K, uðcalibÞ ¼ 0:00001 kg/(m$s), and uðrepÞ ¼ 0:000008 kg/(m$s).
Expanded uncertainties: U

�
103$hm

� ¼ 0:03 kg/(m$s) and U
�
103$Dh

� ¼ 0:02 kg/(m$s) with 0.95 level of confidence (k z 2).
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correlated by a polynomial functionwith temperature in Kelvin (T),
as shown in Eq. (16).

h01 ¼3:975� �1:015�10�2�T (13)

Dh¼hm �
Xn

i¼1

�
xih

0
i

�
(14)

Dh¼ x1x2
Xm

k¼1

h
Bkð2x1 � 1Þk�1

i
(15)

Bk ¼
Xm0

k0¼1

h
bk0T

k0�1
i

(16)

where h0i is the dynamic viscosity of pure component i and bk0 is a
constant parameter for the temperature-dependent coefficient Bk.

Regarding Eq. (14), Dh of an aqueous DEEDA solution can be
determined and is shown in Table 5 and Fig. 4. It was found that all
Dh are positive, which indicates that there are strong intermolec-
ular interactions in the mixture [49]. As a result, the real mixture is

more viscous than the ideal mixture. This corresponds well to the
physical meaning of Eq. (14). Additionally, this observation is in
good agreement with a negative value of VE , which is also affected
by strong intermolecular interactions.

For the effect of temperature, Table 5 and Fig. 4 show that an
increasing the temperature decreases Dh. A logical reason can be
that intermolecular interaction is weakened as temperature in-
creases. This well corresponds to a decrease of mixture viscosity as
temperature increases. It should be pointed out that the tempera-
ture shows a more considerable effect on Dh than VE , as presented
in Figs. 2 and 4. It can also be seen from Fig. 4 that the aqueous
solutions of conventional amines behave differently in comparison
with that of DEEDA. An aqueous solution of DEA shows all negative
values ofDh, while that of MEA, AMP, andMDEA have both negative
and positive Dh.

It was discussed in Section 3.2 that intermolecular interaction
and/or molecular packing of liquid components result in a devia-
tion of the real mixture from the ideal mixture. In the case of an
aqueous DEA solution, which has all negative Dh, it can be implied
that the intermolecular interaction is not very strong [37]. Thus, the
compactness of molecular packing plays a key role in the deviation
from an ideal mixture. Themixtures (i.e., aqueous solutions of MEA,
AMP, and MDEA) with both positive and negative Dh involve both
intermolecular and packing effects depending on the blended ratio.
The intermolecular interaction is a major contributor over a posi-
tive range of Dh, while the appreciable molecular packing is vital
over a negative range of Dh.

By applying nonlinear regression, the constant parameter bk0 for
each temperature-dependent coefficient Bk was obtained (Table 6).
In this case, m ¼ 5 and m0 ¼ 3 were applied for Eqs. (15) and (16),
respectively. As a result, the correlated viscosity (hm) and the
correlated viscosity deviation (Dh) of an aqueous DEEDA solution
over studied ranges of concentration and temperature are plotted
as colored dashed lines in Figs. 3 and 4. It can be seen that the
proposed Redlich-Kister equations are capable of correlating hm
and Dh of the binary DEEDA and water mixture. Correspondingly, %
AADs of 1.66% and 2.18% as well as sð103$hÞ of 0.31 kg/(m$s) and
sð103$DhÞ of 0.31 kg/(m$s) were observed for the correlations of h
and Dh, respectively.

In comparison with the alternative correlations (as used in the
density prediction) of the empirical polynomial model [39],
Grunberg-Nissan model [40], simplified Grunberg-Nissan model
[41], volume fraction-based correlation [41], and McAllister model
[42], it was found that the Redlich-Kister equation (1.66% AAD and
sð103$hÞ of 0.31 kg/(m$s)) and McAllister four-body model (5.72%

Fig. 4. Viscosity deviation of aqueous solutions of DEEDA over ranges of concentration
and temperature. Open triangles are Dh obtained from Eq. (14), colored dashed lines
are correlated results from the developed correlation, and black dashed lines are Dh of
aqueous solutions of the conventional amines (MEA [44], DEA [43], MDEA [43], and
AMP [48]) at 313.15K.

Table 6
Constant parameters for temperature-dependent coefficient (Bk).

Temperature-dependent coefficient (Bk) Constant parameter

B1 b1 �3:5963� 101

b2 5:8656� 10�1

b3 �1:3941� 10�3

B2 b1 �6:2389� 102

b2 3:4090
b3 �4:6630� 10�3

B3 b1 6:3677� 103

b2 �3:8664� 101

b3 5:7821� 10�2

B4 b1 �1:5445� 103

b2 9:5036
b3 �1:4645� 10�2

B5 b1 �8:5336� 103

b2 5:1144� 101

b3 �7:6796� 10�2

Fig. 3. Viscosity of aqueous solutions of DEEDA over ranges of concentration and
temperature. Triangles are experimental data, colored dashed lines are correlated re-
sults from the developed correlation, and black dashed lines are densities of aqueous
solutions of the conventional amines (MEA [46], DEA [47], MDEA [48], and AMP [28])
at 313.15K.
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AAD and sð103$hÞ of 0.49 kg/(m$s)) possessed favorably promising
performance, as given in Table S5 in the Supplementary Informa-
tion. However, the McAllister three-body model (Eq. (S7) in the
Supplementary Information) was not able to correlate the viscos-
ity of an aqueous DEEDA solution well (with 17.08% AAD and
sð103$hÞ of 1.24 kg/(m$s)). This is due to the complexity of the
DEEDA (which is a di-amine) and water mixture.

It was also reported by Karunarathne et al. [50] that the three-
body McAllister model performed reasonably well for an aqueous
solution of linear structure amine (8.4% AAD for MDEA) but was not
very efficient for that of a complicated structure amine (16% AAD
for diethylethanolamine or DEEA). Hence, it can be summarized
that the Redlich-Kister equation is suggested to correlate the vis-
cosity of an aqueous amine solution. The four-body McAllister
model is recommended for an aqueous solution of complicated-
structure amine, while the three-body McAllister model is sug-
gested for that of a linear-structure amine.

To correlate Dh data with the Redlich-Kister equation (Eq. (15)),
the number of adjusting parameters (the temperature-dependent
parameter Bk) plays a key role in the correlative performance of %
AAD and sðDhÞ. At a specified temperature, therewere 8 data points
for Dh to be correlated, as shown in Table 5. In this study, m was
selected as 5 for Bk. In other words, the number of adjusting pa-
rameters is 5 (which are B1 to B5). Regarding the calculation of s
from Eq. (2), the number of adjusting parameters Bk was limited at
7. It should be noted that the adjusting parameter Bk can be
correlated with T through a second-order polynomial function (as
shown in Eq. (16)).

After obtaining Dh, hm can then be calculated by Eq. (14). To
determine the effects of the number of adjusting parameters on the
correlative performance of Dh and hm, the number of adjusting
parameters was varied from 4 to 7. An increase of the number of
adjusting parameter from 4 to 5 resulted in the noticeable re-
ductions of %AAD and s for both Dh and hm, as presented in
Table S11 in the Supplementary Information. On the other hand, an
increase of the number of adjusting parameters from 5 to 6 and 7
resulted in the small reductions of %AAD but slight increments of s
for both Dh and hm (see Table S11). It is worth mentioning that an
increase of s when increasing the number of adjusting parameters
implies that there are too many adjusting parameters for the cor-
relation. Based on these data, it can be summarized that the 5
adjusting parameters are the optimal within the studied range of
numbers of adjusting parameters.

Regarding the Eyring activation energy for viscous flow theory
[51], which applies the same analogy as the rate process system, the
liquid viscosity can be correlated as a function of activation energy
(in this case, Gibbs free energy for activation of viscous flow, DG*) as
shown in Eq. (17). Based on the reported volumetric and visco-
metric data of binary DEEDA and water mixtures in Tables 2 and 5,
DG* can be calculated. The results are presented in Table S12 in the
Supplementary Information.

From Eq. (17), the mixture viscosity hm is a contribution of free

volume effect
�
hN
Vm

�
and free energy for activation of viscous flow

�
exp

�
DG*

RT

��
. Plots of hN

Vm
versus x1 and exp

�
DG*

RT

�
versus x1 at various

temperatures are presented in Figs. S1 and S2 in the Supplementary
Information. Fig. S1 clearly illustrates that the free volume effect
rarely changes as temperature increases. Also, the free volume ef-
fect rapidly decreases over the x1 range of 0e0.3, while it further
decreases slightly over the x1 range of 0.3e1. These results sug-
gested that the free volume effect is rarely influenced by temper-
ature but is significantly affected by the DEEDA content at the low
range of mole fraction, while it slightly changes at a high range of

mole fraction. On the other hand, the temperature and concentra-

tion dependencies of the free energy term
�
exp

�
DG*

RT

��
are similar to

those of hm (see Fig. S2 and Fig. 3). Both exp
�
DG*

RT

�
and hm rarely

changewhen vary the DEEDA content at lowDEEDA content of x1 <
0:1 and high DEEDA content of x1 >0:9.

hm¼ hN
Vm

exp
�
DG*

RT

�
(17)

DG* ¼DH* � TDS* (18)

where h is Planck's constant, N is Avogadro's number, and R is the
universal gas constant.

Since the term exp
�
DG*

RT

�
plays a key role in hm, further discussion

on the free energy for viscous flow is needed. Corresponding to the
thermodynamics Gibbs free energy, DG* can be written as Eq. (18).
Assuming that the enthalpy for activation of viscous flow (DH*) and
entropy for activation of viscous flow (DS*) are independent of
temperature [52], a plot of DG* versus T results in a slope of �DS*

and an intercept of DH*. Both the obtained DH* and DS* for aqueous
DEEDA solution are shown in Table S12 in the Supplementary
Information.

It was found that values of DG* were positive for the entire
studied ranges of concentration and temperature. This indicates
that DH* is a major contributor to DG* rather than DS* regarding Eq.
(18). Table S12 also shows that DG* for aqueous DEEDA solution
decreases as temperature increases over a temperature range of
313.15Ke333.15K. Since it is easier for the fluid to flow at higher
temperature, DG* and hm then decrease accordingly (as shown in
Table S12, Table 5, and Fig. 3). Additionally, DG* and DH* are all
positive, indicating the strong intermolecular interaction and/or
suitable molecular packing in the liquid mixture [49]. Again, this
corresponds well with the discussion on VE and Dh based on the
free volume effects.

The initial increase and then the decrease thereafter ofDG*,DH*,
and DS* indicate that there should be maximum intermolecular
interaction and randomness of binary mixing of DEEDA and water
[53]. As presented in Table S12, the maximum DG*, DH*, and DS*

can be found at mole fraction of � 0:17 of DEEDA, which is at the
maximum liquid viscosity (Table 5 and Fig. 3). Strong H-bonding
between DEEDA and water can also be confirmed by the maximum
point (x1 � 0:17) in the disordereorder plot in Fig. S3 in the Sup-
plementary Information. Fig. S3 also suggests that an addition of
water to pure DEEDA solvent increases the disorder and the mo-
lecular randomness in the liquid mixture [54]. The maximum dis-
order is found at x1 � 0:17 and then decreases to the disorder of
pure water.

As previously discussed, the viscosity of an aqueous DEEDA
solution depends on the free energy of activation for viscous flow,
so an investigation of DG* in terms of its excess property was then
considered in this study. Based on the excess property definition,
the excess Gibbs free energy of activation for viscous flow (DG*E)
can be written as Eq. (19).

DG*E ¼RT ln
�
hmVm

hN

�
�
"
x1RT ln

 
h01V

0
1

hN

!
þ x2RT ln

 
h02V

0
2

hN

!#

(19)

The values of DG*E over the entire range of concentration and a
temperature range of 313.15e333.15K are presented in Table S12
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and Fig. 5. The positive DG*E reveals that the real DEEDA mixture
has greater DG* than the ideal mixture. Since hm depends on DG*

(see Eq. (17)), it can be implied that DG*E should be strongly asso-
ciated with hm. In accordance with hm (shown in Fig. 3), DG*E varies
with DEEDA content and temperature in that DG*E increases as x1
increases, reaches the maximum, and decreases as x1 is further
increased. Furthermore, DG*E decreases as temperature increases.

The results presented in Fig. 5 also show that DEEDA and con-
ventional amines (i.e., MEA, DEA, AMP, and MDEA) possess positive
DG*E over the entire range of amine concentration. The positive
value of DG*E indicates that there is a strong intermolecular inter-
action between the unlike molecules (in this case, amine and water
molecules). Ideally, positive DG*E should be in concordance with
negative VE and positive Dh [55,56]. However, as shown in Fig. 4, Dh
deviates from this criterion in thatDh values of aqueous solutions of
MEA, AMP, and MDEA are ranged in both positive and negative,
while those of an aqueous solution of DEA are negative over the
entire range of amine content. This happens because hm and Dh do
not solely depend on the strong intermolecular interaction but are
also affected by the weak intermolecular interaction and the
compactness of molecular packing [49].

DG*E ¼ x1x2
Xm

k¼1

h
Ckð2x1 � 1Þk�1

i
(20)

Ck ¼
Xm0

k0¼1

h
ck0T

k0�1
i

(21)

DS*E ¼
 
vDG*E

vT

!

xi;P

(22)

To develop a correlation for DG*E, the Redlich-Kister equation
was also applied, as given in Eq. (20). In this case,m ¼ 4 andm0 ¼ 3
were used. Based on DG*E data presented in Table S12, nonlinear
regression was conducted for determining the temperature-
dependent coefficient Ck, which can be correlated with constant
parameter ck and temperature, as shown in Eq. (21). The correlated
values ck0 for each temperature-dependent coefficient Ck are pre-
sented in Table 7. The results showed that the correlated DG*E fit
very well with DG*E obtained from Eq. (19) with %AAD of 0.79% and
sðDG*EÞ of 0.076 kJ/mol.

Additionally, the excess entropy for activation of viscous flow
(DS*E) can be determined from the slope of the plot ofDG*E versus T,
as presented in Eq. (22) [37]. The calculated DS*E results are pre-
sented in Table S12 and Fig. 6. It was found that DS*E , which is a
temperature-independent parameter, increased as the amine con-
tent increased, reached the maximum, and then declined as the
amine content further increased. The behavior of DS*E is similar to
that of DG*E for aqueous solutions of DEEDA and conventional
amines (i.e., MEA, DEA, AMP, and MDEA), as shown in Figs. 5 and 6.
It can also be seen from Fig. 6 that the aqueous solution of DEEDA
has larger positive deviation of DS* from the ideal mixture than that
of MDEA, DEA, AMP, and MEA. In other words, DS*E can be ranked
as follows: DEEDA > MDEA > DEA > AMP > MEA.

Based on the results observed in this study, an aqueous solution
of DEEDA shows high potential for capturing CO2 in terms of
physical properties. This is because DEEDA is completelymiscible in
water over the entire concentration range and the temperature
range of 313.15Ke333.15K, which is a typical absorber temperature
range [57]. An immiscible liquid mixture or a two-phase liquid
formation in the absorber is not preferable since the CO2 capture
performance will drop drastically [58]. The results also reveal that
the viscosity of a DEEDA and water mixture is not too high for the
absorber operation in comparison with the aqueous solutions of
conventional amines (see Fig. 3). If the liquid viscosity is too high,
the mass transfer of CO2 absorption is limited [59e61]. Addition-
ally, the operating cost is expected to increase from an increase of
pumping [62].

Fig. 5. DG*E of aqueous solutions of DEEDA over ranges of concentration and tem-
perature. Open squares are data obtained from Eq. (19), colored dashed lines are
predicted results from the developed correlation, and black dashed lines are DG*E of
aqueous solutions of the conventional amines (MEA [63], DEA [64], MDEA [63], and
AMP [28]) at 313.15K.

Table 7
Constant parameters for temperature-dependent coefficient (Ck).

Temperature-dependent coefficient (Ck) Constant parameter

C1 c1 �7:6880� 105

c2 5:0514� 103

c3 �8:0878
C2 c1 9:0339� 105

c2 �5:7810� 103

c3 9:1477
C3 c1 1:4510� 106

c2 �8:7539� 103

c3 1:3370� 101

C4 c1 �2:1026� 106

c2 1:3234� 104

c3 �2:0970� 101

Fig. 6. DS*E of aqueous solutions of DEEDA over ranges of concentration and tem-
perature. Open diamonds are data obtained from Eq. (21) and black dashed lines are
DS*E of aqueous solutions of the conventional amines (MEA [64], DEA [64], MDEA [64],
and AMP [28]).
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4. Conclusions

In this work, the volumetric and viscometric properties of a
newly proposed aqueous amine solution, which is a binary
mixture of DEEDA and water, were comprehensively investigated.
It was found that the density and viscosity of an aqueous DEEDA
solution were lower than those of the conventional amine solu-
tions. Since the viscosity plays a key role in the solvent hydro-
dynamics and mass transfer of CO2 from the gas phase to a liquid
mixture, a mixture viscosity that is too high may restrain the
liquid flow inside the absorber and limit the gaseliquid mass
transfer. As a result, unfavorable absorption performance will be
experienced. Even though the viscosity of pure DEEDA was much
lower than that of conventional amines (i.e., MEA, DEA, AMP, and
MDEA), the aqueous solution of DEEDA showed higher viscosity
than that of conventional amines over amine mole fraction of
0.05e0.45. It should be noted that this the viscosity range of an
aqueous DEEDA solution was not too high compared with that of
the aqueous solutions of conventional amines and can be used for
capturing CO2.

The excess properties (i.e., VE , DG*E , and Dh) revealed that
there were strong intermolecular interactions and preferred
molecular packing for the binary mixture of DEEDA and water.
Correspondingly, positive DG* and DH* revealed that there
could be strong intermolecular and/or appreciable molecular
packing in aqueous DEEDA solution. Hence, the aqueous solu-
tion of DEEDA was completely miscible over an entire range of
concentration.

To better understand the intermolecular interaction between
DEEDA and water molecules, further study on DEEDA derivatives
and water mixtures should be conducted. Additionally, an inves-
tigation on non-aqueous mixtures of DEEDA and its derivatives
should also be considered. It is also worth mentioning that to
obtain a more conductive perspective of the aqueous DEEDA
solvent for CO2 capture application, the solvent's volumetric and
viscometric properties after the CO2 absorption at various CO2
loadings as well as at its equilibrium CO2 loading should be
elucidated. From this preliminary study, it can be suggested that
DEEDA has the potential to be considered as an alternative amine.
However, its ability to absorb and regenerate CO2 must be further
investigated. A second amine component may be added to
enhance the performance of DEEDA solution. Furthermore, DEEDA
can be considered as a boosting ingredient for other amine sys-
tems. This strongly depends on the absorption-regeneration per-
formance of DEEDA.
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Nomenclatures

a1 Constant parameter for Ak (10�6 m3/mol)
a2 Constant parameter for Ak (10�6 m3/(mol$K))
a3 Constant parameter for Ak (10�6 m3/(mol$K2))
Ak Temperature coefficient for Redlich-Kister equation

(10-6 m3/mol)
b1 Constant parameter for Bk (10�3 kg/(m$s))
b2 Constant parameter for Bk (10�3 kg/(m$s$K))
b3 Constant parameter for Bk (10�3 kg/(m$s$K2))
Bk Temperature coefficient for Redlich-Kister equation

(10-3 kg/(m$s))
DG* Gibbs free energy for activation of viscous flow (kJ/mol)
DG*E Excess Gibbs free energy for activation of viscous flow

(kJ/mol)
DH* Enthalpy for activation of viscous flow (kJ/mol)
h Planck's constant (1:0546� 10�34 J$s)
Mi Molecular weight of component i (10�3 kg/mol)
N Avogadro's number (6:0221� 1023 1/mol)
R Universal gas constant (8.314 J/(mol$K))
DS* Entropy for activation of viscous flow (J/(mol$K))
DS*E Excess entropy for activation of viscous flow (J/(mol$K))
T temperature (K)
VE Excess molar volume of mixture (10�6 m3/mol)
Vm Molar volume of mixture (10�6 m3/mol)
V4;i Apparent partial molar volume of component i

(10�6 m3/mol)
V0
i Molar volume of pure i (10�6 m3/mol)

V∞
4;i Apparent molar volume at infinite dilution for

component i (10�6 m3/mol)
Vi Partial molar volume of component i (10�6 m3/mol)
V
∞
i Partial molar volume at infinite dilution (10�6 m3/mol)

wi Weight fraction of component i (kg/kg)
xi Mole fraction of component i (mol/mol)
hm Viscosity of mixture (10�3 kg/(m$s))
h0i Viscosity of pure i (10�3 kg/(m$s))
Dh Viscosity deviation (10�3 kg/(m$s))
rm Density of mixture (103 kg/m3)
r01 Density of pure DEEDA (103 kg/m3)
s Standard deviation of the correlation
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