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Abstract—Densities and viscosities of aqueous ternary
solutions
of
2-amino-2-methyl-1-propanol
(AMP)
with
ethylenediamine (EDA) were determined over a wide range of
temperatures (303.15 to 343.15 K) an d compositions. The
obtained experimental data for density and viscosity were
represented as a function of temperature an d amine
concentration using a Redlich-Kister-type an d Vogel–Tammann–
Fulcher equation, respectively. The pre dicted data agree well
with the experimental data suggesting that the applied models
were satisfactory.
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I. INT RODUCTION
Alkanolamines and their blends have been the focus of
many researches due to significant applications in the natural
gas industry, oil refineries, petroleum chemical plants, and
synthetic ammonia plants for the removal of acidic
components such as CO2 and H2 S from gas streams [1].
Aqueous solutions of amine blends have demonstrated high
efficiency in CO2 absorption tests as a result of combined
strengths of each amine system which lead to considerable
savings in energy requirements and cost [1].
A highly relevant amine classification is the sterically
hindered amines, such as 2-amino-2-methyl-1-propanol
(AMP), which possess a bulky group attached to the amine
that allows more CO2 to bind per molecule. This steric
hindrance is the key factor to achieve high thermodynamic
capacity, fast absorption rates at high CO2 loadings [2] and
lower regeneration energy requirement [3].
In earlier publications, kinetic data of ethylenediamine
(EDA) was superior than the conventional monoethanolamine
(MEA) solution and suggests that it reacts with CO2 more
rapidly [4, 5]. The study of Kemper et al. [3] shows that
addition of EDA to AMP results in enhanced solvent
performance during absorption of 100% CO2. Diamines are
potential alternatives in CO2 capture due to the added reactive

amine functionality that allows a higher binding capacity and
faster reaction kinetics [6].
The aim of this study is to provide density and viscosity
data for the aqueous ternary AMP/EDA mixtures. The overall
selection of a good solvent requires knowledge of its physical
properties which are applied in the efficient design, simulation,
and operation of acid gas treatment equipment [7]. According
to [8], solution density and viscosity have significant influence
in the mass transfer of CO2 in aqueous solutions and thus are
main essentials in the optimal design of absorption contactors.
The values of these physical properties are often integrated
into calculations of diffusion parameters in process models [9].
These reasons considered, determination of accurate physical
properties that covers a wide range of temperatures and
composition is important. A thorough review of the literature,
however, shows lacking of thermodynamic property data for
the system studied. In this work, properties are measured at 30
wt% total amine concentration in the temperature range
(303.15 to 343.15) K. The dependence of temperature and
concentration of AMP and EDA to these physical properties
are correlated based on the experimental data.
II. EXPERIMENTAL
A. Chemicals
2-Amino-2-methyl-1-propanol (AMP, Acros Organics,
99%) and ethylenediamine (EDA, Alfa Aesar, 99%) was
obtained from Acros Organics and Alfa Aesar, respectively,
and used without further purification. A detailed description of
the chemicals used are presented in Table 1. All solutions
were prepared by mass using an analytical balance (Mettler
Toledo, model AL204) having a precision of ±1×10−4 g.
Distilled water of Type 1 reagent-grade (resistivity = 18.3
MΩ∙cm) was deionized using a compact water purification
system (Barnstead Thermodyne Easy Pure LF) before all
sample preparations. The aqueous solutions were degassed via
an ultrasonic cleaner (Branson, Model 3510) prior to property
measurements.
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TABLE I.
Chemical name

Abbreviation

DESCIRP TION OF CHEMICALS USED
CAS no.

Molar mass

Chemical formula

2-Amino-2-methyl-1-propanol

AMP

124-68-5

89.14

C4 H11 NO

Ethylenediamine

EDA

107-15-3

60.1

C2 H8 N2

B. Density
Densities, ρ, were measured at 5 K intervals, at different
temperatures (303.15 and 343.15 K), using an SVM 3000
density meter (Anton Paar GmbH) that operates through the
principle of an oscillating U-tube as described in [10, 11]. The
estimated uncertainties for temperature and density
measurement were ±0.02 K and ±2×10−4 g∙cm−3 , respectively.
Prior to all density measurements, calibration was performed
using degassed deionised water at the temperature range
considered in this study. Results are presented in Table 2 and
show a good agreement (AAD = 0.003%) between the
measured data and the standard reference values [12]. This
suggests that future measurements are of acceptable accuracy.
C. Viscosity
Viscosity (η) measurements were done using an automated
falling ball microviscometer (Anton Paar GmbH, model
AMVn). The instrument has a built-in Pt-100 temperature
sensor for temperature control and measurements, and
operated based on the principle of falling ball viscometry in
accordance with DIN 53015 and ISO 12058. The sample was
TABLE II.

COMP ARISON OF THERMOPHYSICAL P ROPERTIES OF W ATER
−3

Density, ρ (g·cm )
T (K)
Wagner et al.

a

This work

Viscosity, η (mPa · s)
Wagner et al. a

This work

303.15

0.9957

0.9956

0.797

0.8011

308.15

0.9940

0.9940

0.719

0.7170

313.15

0.9922

0.9922

0.653

0.6527

318.15

0.9902

0.9902

0.596

0.5989

323.15

0.9880

0.9880

0.547

0.5525

328.15

0.9857

0.9857

0.504

0.4963

333.15

0.9832

0.9832

0.466

0.4614

338.15

0.9806

0.9805

0.433

0.4310

343.15

0.9778

0.9778

0.404

0.4045

AAD b

0.003

0.606
a.

b.





filled into a diagonally mounted glass capillary (diameter d =
1.6 mm) where a solid steel ball was allowed to roll under the
influence of gravity. At different angles of inclination and set
temperatures, the ball’s rolling time was considered for the
viscosity determination. Before the series of measurements,
calibration using water was done to ascertain the accuracy of
the method used. The calibration is detailed further in [10].
Table 2 shows that measured values agree well to reference
values [12] with an AAD of 0.606%. The estimated
uncertainties for the measurements of time, temperature, and
viscosity were ±0.002 s, ±0.05 K, and ±1.0%, respectively.
All property determination were carried out in three to five
replicate runs and obtained experimental values represent the
mean of three measurements.
III.

RESULT S AND DISCUSSION

A. Density
The densities of AMP + EDA + water ternary system were
measured at temperature range from (303.15 to 343.15) K and
the experimental values are reported in Table 3. A decreasing
trend of densities is observed at the addition of EDA as seen in
Figure 1. The lower density values of EDA contributed to the
TABLE III.

EXPERIMENTAL DENSITIES OF AMP + EDA + WAT ER AT
TEMPERATURES FROM 303.15 TO 343.15 K
−3

ρ (g·cm )

T (K)
wt% AMP/
wt% EDA

0/30

5/25

10/20

15/15

20/10

25/5

30/0

303.15

0.9915 0.9921 0.9925 0.9930 0.9933 0.9937 0.9945

308.15

0.9887 0.9893 0.9897 0.9901 0.9905 0.9908 0.9916

313.15

0.9859 0.9864 0.9868 0.9872 0.9875 0.9878 0.9886

318.15

0.9829 0.9834 0.9838 0.9842 0.9845 0.9847 0.9855

323.15

0.9798 0.9803 0.9807 0.9810 0.9813 0.9815 0.9823

328.15

0.9766 0.9771 0.9775 0.9778 0.9780 0.9782 0.9789

333.15

0.9734 0.9738 0.9742 0.9745 0.9747 0.9748 0.9755

338.15

0.9700 0.9704 0.9708 0.9711 0.9712 0.9714 0.9720

343.15

0.9666 0.9670 0.9673 0.9676 0.9677 0.9678 0.9684

Reference values taken from [12].

AAD(%)  (100 / n) i 1  exp t ,i -  ref ,i /  exp t ,i , where n is the number of data points.
n

Chemical structure
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a

Parameters
i

AMP + EDA + H2 O

0

-78.0229

0.2089

1

-250.1125

0.9998

-4289.7094

15.7544

-3

Density (gcm )

αi,0

2
0.98

a.

0.96

0

10

20

30

Fig. 1. Experimental and calculated density results for the aqueous
mass%AMP + mass%EDA solutions as a function of AMP concentration at
various temperatures: , 303.15 K; , 308.15 K; , 313.15 K; , 318.15 K; ,
323.15 K; , 328.15 K; , 333.15 K; , 338.15 K; , 343.15 K. The lines
represent calculated values using a Redlich-Kister-type equation.

reduced values recorded for the mixtures. At the same
concentration, the density of the solutions decreased
accompanying an increase in temperature which is deduced as
an effect of thermal expansion of the liquid.
A Redlich-Kister-type equation for the excess molar
volume was applied to correlate the density of liquid mixtures.
For binary mixtures, the equation takes the form:
n

V12E  x1 x2  Ai ( x1 - x2 )i 



i 0

where A i are adjustable parameters, and i represents an
integer varying from 1 to a number that is justified by the data.
The temperature dependence of Ai was assumed to follow the
relation

Ai  ai ,0  ai ,1T 





Here, ai,0 , ai,1 are empirical constants and T is the absolute
temperature in K. The excess molar volume of the liquid
mixture for ternary systems was given by the following
expression

V  V V V
E



E
12

E
13

E
23 



The excess volume of the liquid mixtures was calculated
by the experimental density data according to (4)

TABLE IV.

V   ( xi M i )  ( xi M i i ) 
E

1

1



αi,1

AAD(%)  (100 / n) i 1  exp t ,i -  pred ,i /  exp t ,i
n



0.006

, where n is the number of
data points.

Note that V E is the excess molar volume in cm3∙mol−1 , xi is
the mole fraction of the component i in the mixture, and Mi is
its molar mass. ρ and ρi correspond to the measured densities
in g∙cm−3 of the mixture and pure component, respectively.

ConcentrationAMP (wt%)



AAD (%)

System

1.00



In the equations mentioned above, the optimized values of
the empirical parameters were obtained by fitting (1), (2), (3)
and (4) to the experimental data, using the method of least
squares. The coefficients for use in these equations are
presented in Table 4 and shows an acceptable average absolute
deviation (AAD%) of about 0.006% for a total of 126 data
points.
B. Viscosity
Presented in Table 5 are the determined viscosities for the
ternary AMP/EDA mixtures. The behavior of this system is
graphically shown in Figure 2 as a function of temperature. It
is noticed that added EDA in the system noticeably improves
the viscosity. Low solvent viscosity is desired during CO2
removal since it makes the liquid easier to handle in industrial
applications. It can allow good mass transfer rates and packing
requirements can be optimized, especially at reduced
temperatures [13].




Reference [14] mentioned that viscosity-temperature
dependence for different mixtures can be determined using the
Vogel–Tammann–Fulcher (VTF) type asymptotic exponential
function which can be expressed in the following general form:
TABLE V.
EXPERIMENTAL VISCOSITIES FOR THE AMP/ EDA AQUEOUS
SOLUTIONS AT T EMP ERATURES FROM 303.15 TO 343.15 K


T (K)
wt%AMP/
wt%EDA




η (mPa · s)

0/30

5/25

10/20

15/15

20/10

303.15

2.6373

2.7070

2.7704

2.8209

2.8884

2.9369 3.0006

308.15

2.2665

2.3189

2.3668

2.3962

2.4470

2.4759 2.5190

313.15

1.9655

2.0061

2.0421

2.0605

2.1023

2.1155 2.1444


318.15

1.7183

1.7527

1.7778

1.7913

1.8203

1.8282 1.8478

323.15

1.5155

1.5407

1.5594

1.5699

1.5915

1.5958 1.6091

328.15

1.3465

1.3657

1.3809

1.3869

1.4008

1.4062 1.4143

333.15

1.2091

1.2195

1.2340

1.2376

1.2449

1.2488 1.2541

338.15


1.0867

1.0975

1.1076

1.1090

1.1163

1.1178 1.1226

343.15

0.9839

0.9930

0.9995

1.0015

1.0070

1.0073 1.0099

PARAMETERS OF THE REDLICH -KISTER-TYP E EQUATION FOR
THE DENSITY OF AQUEOUS T ERNARY MIXTURES
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ln   ln c 



E

R (T  Tc )



In this equation, η is the temperature-dependent viscosity
in mPa∙s, η c is a pre-exponential coefficient, T and Tc are the
actual and critical-limit absolute temperatures of the system
studied. Further, E is the activation energy of the process
considered and R is defined as the universal gas constant. For
Tc = 0 K, (5) reduces to a basic Arrhenius equation of the
expression

E

ln   ln c 
R(T )



the experimental data on (8) and (9). Results are presented in
Table 6 which
show a good agreement
of
predicted values and

the experimental viscosities of the AMP/EDA/H2 O system as
represented by the low AAD of 0.152% for a total of 63 data
points. Predicted data are illustrated as smooth curves in
Figure 2. The proposed modified VTF equation can be
regarded as acceptable to model the viscosity data gathered in
this study.
TABLE VI.





ln   B1 

B2 B3
 
T T2



In terms of viscosity, (7) can be written as

B B 

ln   exp  B1  2  32  
T T 






where T is in K and Bi is assumed to be parameters
dependent on the amine mole fraction in the mixture with the
expression

Bi  bi ,0  bi ,1 x1  bi ,2 x12 





Viscosity (mPas)

3.2

i



2
a.

Parameters
b i,1

b i,0

0
1





b i,2

0.511

5.759

467.088

−4

3

5

-2.604×10

5

8.315×10

-6.318×10

6

1.559×10



AAD(%)  (100 / n) i 1  exp t ,i -  pred ,i /  exp t ,i
n

a

AAD (%)



-3.029×10

0.152

4.857×107
, where n is the number of
data points.






IV. CONCLUSION
The densities and viscosities of the aqueous mixtures of 2amino-2-methyl-1-propanol (AMP) + ethylenediamine (EDA)
+ water were measured from 303.15 to 343.15 K with the total
amine mass fraction in the solution kept at 30 wt%. It was
observed
that
increasing the EDA
leads to a

 concentration

decrease in both the density and viscosity of the solution. At
the same concentration, a raise in temperature decreases their
values. The proposed models used to predict data were the
Redlich-Kister-type and Vogel–Tammann–Fulcher equation
for density and viscosity, respectively. The results were
satisfactory and are generally acceptable for use in
engineering applications, especially for design and simulations.
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