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A high-pressure flow calorimeter is used to determine isobaric heat capacities for aqueous solutions of
some amines such as MEA, DEA TEA, DMAE, MDEA, PZ from T = (293.15 to 353.15) K and up to
25 MPa. The experimental device can measure heat capacities with an estimated total uncertainty better
than 1% for a coverage factor k = 2. The isobaric heat capacity values are analysed in conjunction with
their temperature and pressure dependencies. Furthermore, empirical equations are proposed to fit iso-
baric heat capacities as functions of temperature and pressure for given conditions, for this kind of mix-
tures, obtaining standard deviations within the uncertainty of the measurements. Finally, DMAE shows
the highest value of heat capacity and TEA the lowest value, when they are compared at the same con-
ditions of temperature, pressure and composition.
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1. Introduction

The use of fossil fuels during the last century led to an increase
in the concentration of CO, in the atmosphere. Carbon dioxide
(COy) is primarily considered a greenhouse gas, causing environ-
mental problems, especially global warming, and climate change.
This gas is emitted by many critical industries, particularly the nat-
ural gas processing, coal gasification, synthetic, and oil refinery
industries [1]. Concern about the increase in CO, in the atmosphere
and its impact on the global climate resulted in an increase in
efforts to develop technologies that allow the capture of CO, that
is released into the atmosphere as a result of industrial processes
[2]. Alkanolamine solutions are compounds used in the natural
gas industry, oil refineries, oil chemical plants, and synthetic
ammonia plants for the removal of acidic components such as
CO, and H,S from gas streams. Among the most used are mono-
ethanolamine (MEA), diethanolamine (DEA), triethanolamine
(TEA), N-methyldiethanolamine (MDEA), dimethylaminoethanol
(DMAE), and piperazine (PZ) [3]. Although there is an important
development in the absorption technique, it is necessary to address
certain problems such as the associated heat of regeneration due to
CO, emissions, corrosion, solvent degradation, and the high cost of

* Corresponding author.
E-mail address: mcarmen.martin@eii.uva.es (M.C. Martin).

https://doi.org/10.1016/j.molliq.2023.121575
0167-7322/© 2023 The Authors. Published by Elsevier B.V.

absorption/stripping columns. The knowledge of the heat capacity
allows the calculation of changes in enthalpy, entropy and Gibbs
energy, needed in energy and entropy balances. In addition, these
data are key data for the design of absorbers, regenerators, con-
densers and heat exchangers [4].

Density and viscosity of different aqueous solutions of alka-
nolamines were already measured, at wide ranges of temperature
and pressure, and reported in previous papers: MEA and MDEA [5],
DEA, TEA and DMAE [6], and PZ [7] and the ternary mixtures (PZ +
DMAE + H,0) [7] and (MDEA + DEA + H,0) [8]. The main aim of this
work is to measure isobaric heat capacity, for six aqueous solutions
of these alkanolamines. Measuring heat capacities is relevant since
the key information of the behaviour of these mixtures is com-
pleted. Accurate values of heat capacities are important not only
from a thermodynamic point of view, as said above to calculate
other thermodynamic properties, but, from a molecular point of
view, giving information on the effects of interactions. Addition-
ally, isobaric heat capacity data at different pressures can be used
to validate equations of state [9,10].

There are in the literature a limited number of papers which
contain heat capacity data of amine aqueous solutions, and all of
them are at p = 0.1 MPa. The most studied amines are MEA
[11-16] and MDEA [12-13,17-19], the temperature range of these
studies is extended from 283.15 K to 353.15 K for MEA and
278.15 K to 353.15 K for MDEA. The first measurements of heat
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capacities of MEA are reported by Pagé et al. [11] using a flow
microcalorimeter. Later, Weiland et al [ 12] reported measurements
for MEA, DEA and MDEA aqueous solutions and CO, loaded. Data
for aqueous solutions of MEA, DEA and TEA are reported by Chiu
et al. [13], however, their data are at mass fractions of amine
higher than 0.4. This paper is the only one we have found that con-
tains data of TEA solutions. In the case of DMAE solutions, we have
only found the paper of Mundhwa et al. [20]; they measured heat
capacities of different amines using a commercial flow calorimeter
at temperatures between 303.15 and 353.15 K and DMAE mass
fraction from 0.35 up to 0.97. Finally, two works [16,21] deal with
piperazine solutions.

The present study aims to contribute to the availability of new
accurate data of heat capacities. The measurements are carried out
at the amine mass fraction from 0.1 to 0.4, which is the range usu-
ally used for CO, absorption, the temperature range from 293.15 to
353.15 K (20 K step) and pressures up to 25 MPa. Finally, the
experimental heat capacities will be correlated as a function of
temperature and pressure using empirical equations.

2. Experimental
2.1. Materials

The sources and chemical purities of the compounds used in
this work are detailed in Table 1; purities are the specified by the
supplier, and no further purification was carried out. The liquid
mixtures were prepared by weighting with an expanded uncer-
tainty (k = 2) in mass fraction <2-1074,

2.2. Apparatus and procedure

The isobaric heat capacity is studied using a flow calorimeter
developed by Segovia et al. [9]. The technique is based on the
simultaneous heating and cooling of the calorimetric cell to main-
tain a fixed difference of temperature of AT = 0.5 K, between the
inlet and outlet temperatures of the circulating fluid, at a constant
flow rate. The heat capacity is calculated by determining the net
power exchanged [22].

The fluid is driven into the system by a positive displacement
isocratic pump (Agilent, 1100 series), which generates a constant
and programmable flow to the measuring cell. The flow rate, that
was verified using water, is measured with an expanded relative
uncertainty of 0.15%. The pump has a resistance thermometer
associated with an Agilent 34980A thermometer, which allows to
determine the temperature of the liquid in the pump and the mass
and molar flow rates are evaluated using volumetric readings.
Measurements are undertaken at five different flows between 1.5
and 2 ml-min~' based on a previous study carried out by Vega-
Maza [23]. The cell operates through the joint action of a constant
cooling power provided by a thermoelectric cooler element type
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Peltier fed with a DC source (Agilent E3640A) which is located at
the top of the cell to establish a temperature gradient in the copper
block minimizing heat losses throughout the cell and avoiding the
need of insulating the coil in the cell. Variable heating power is
provided by an electrical resistance located in the outlet zone of
the cell powered by a function generator Agilent 33220A. The cell
is immersed in a thermostatic bath, model Hart Scientific 7040. The
sensors used to register the inlet and outlet temperatures are cal-
ibrated by means of the calibrated PRT-25 assuring a temperature
expanded uncertainty (k = 2) of 20 mK.

The cell pressure is controlled by a back pressure valve, model
Mity-Mite 91, located at the outlet of the cell. The equipment is
pressurized automatically by means of a variable volume driven
by a stepper motor and the pressure is measured by a Druck DPI
145 with a relative expanded uncertainty (k = 2) of 0.0005.

The experimental procedure remains unchanged and is thor-
oughly described in [9]. The measurement starts with a non-flow
(baseline) experiment: the cooling power is set and held constant,
and the power input to maintain the gradient temperature is

recorded, Qpq, to assess the energy losses in the system. Then, a
run is performed with one flow and, once again, the new power

input is recorded, Qeque, and, later, a second baseline is deter-

mined. The value of the net power Q,,, is directly related to the iso-
baric heat capacity by the following equation (see details in Refs
[9,22,24]):

_ Qnet _ a+ b(Qbase - Qmeasure)

c, — Quet
= -
V.p-AT

: (M
m-AT  V.p.AT

where the mass flow (1) is calculated from the volumetric flow rate
(V) established in the pump and the density (p) of the fluid at the
temperature T and the pressure, p, measured experimentally, AT
is the temperature difference established between the inlet and
outlet of the fluid and a and b are obtained by electric calibration
of the device as explained in [9].

The uncertainty calculation was carried out following the pro-
cedure described by Segovia et al. [9] and according to the docu-
ment JCGM 100:2008 (Evaluation of measurement data-Guide to
the expression of uncertainty in measurement) [25]. The estimated
relative expanded uncertainty (k = 2) in the heat capacity obtained
for this work is <1%. The details of the estimation of the uncertainty
associated with the measurement of heat capacity are reported in
Table 2.

2.3. Technique validation.

Before measuring the amine mixtures, the calorimetric tech-
nique was verified by measuring the heat capacity of water at tem-
peratures: 293.15 K, 313.15 K, 333.15 K and 353.15 K, in the
pressure range from 0.1 to 25 MPa. The experimental data obtained
were compared with those provided by the IAPWS (The Interna-

Table 1

Material description.
Compound Source CAS number Mass fraction Mass water Purification

purity?® content [ % method

MEA Sigma-Aldrich 141-43-5 >0.998 <0.14 None
DEA Sigma-Aldrich 11-42-2 >0.995 <0.002° None
TEA Sigma-Aldrich 102-71-6 >0.99 <0.006" None
MDEA Aldrich Chemistry 105-59-9 >0.99 <0.1 None
DMAE Sigma-Aldrich 108-01-0 >0.995 <0.01° None
PZ Sigma-Aldrich 110-85-0 >0.99 <0.1° None
Water Sigma-Aldrich 7732-11-5 conductivity <2:107% ohm~'-cm™' None

2 As stated by the supplier by gas chromatography.
b Measured by Karl Fisher titration (Mitsubishi CA-200).
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Table 2
Uncertainty budget for the isobaric heat capacity using JCGM [25].
Units Estimate Sensitivity coefficient Divisor u(x) u(x)?
Repeatability u(c,) kj kg 1-K! 0.010 1 1 0.0102 1.1-10*
Resolution u(Q) W 4107 73.50 2V3 8.5.10° 7.2.10°°
Repeatability u(Q) w 2.01077 73.50 1 1.5107° 2.1-1071°
Non-linearity u(0Q) w 1.010°° 73.50 1 7.35.107% 541077
Accuracy u(V) mls~! 2.510°° 140.40 2 1.76:103 3.1.10°¢
Resolution u(V) mls™! 1.7.107° 140.40 23 6.8.107* 45.1077
Resolution u(AT) K 11073 7.88 2V3 2271073 52107
Stability (inlet) u(AT) K 11073 7.88 V3 4.55.1073 2.0.107°
Stability (outlet) u(AT) K 11073 7.88 V3 4.55.1073 2.010°°
u(cp) kJ kg 1-K! 0.012
U(cy) (k=2) 0.025
(¢, =3.787 K kg 'K ') 1%
0.20 experimental heat capacity data for water shows a maximum
o absolute relative deviation of 0.18%. Therefore, these deviations
0.15 © A o between the measured data and the literature data [26] are lower
010 + o o [u] . than the uncertainties of both our data and reference data at the
005 L a A ° temperature and pressure ranges used in this work, proving the
m] correct operation of the calorimeter.
g 0.00
d o o A
8 -0.05 | m] o o . .
= 3. Results and discussion
-0.10 | o
o A
-0.15 | o Once the technique has been checked with water, the objective
020 . . . : is the experimental determination of isobaric heat capacities of dif-
4.120 4.140 4.160 4.180 4.200 4.220 ferent amine aqueous solutions in a temperature range from

Cpexp /(k)-kg1-K1)

Fig. 1. Relative deviations between experimental heat capacities of water and the
values of reference [26] (Acp,r = (Cp.exp — Cpyiit)/Cp,iit): as a function of the experimental
values at isotherms: (<) 293.15 K (O) 313.15 K, (J) 333.15 K and (A) 353.15 K.

tional Association for the Properties of Water and Steam) collected
in the document published by Wagner and Pruss [26]. The heat
capacities of water and the relative deviations with respect to
the literature data [26] are shown in Fig. 1.

In addition, it is important to note that the uncertainty of the
heat capacity collected in the IAPWS document [26] is 0.2%. Our

Table 3

293.15 K to 353.15 K and pressure up to 25 MPa. Specifically, the
isobaric heat capacities of twenty-one aqueous solutions of amines
at four temperatures, six pressures and four amine weight fractions
have been determined. The systems measured are aqueous solu-
tions of monoethanolamine (MEA), diethanolamine (DEA), tri-
ethanolamine (TEA), N-methyldiethanolamine (MDEA) and 2-
dimethylaminoethanol (DMAE), at amine weight fractions of
Wamine = 0.1, 0.2, 0.3 and 0.4; in the case of piperazine (PZ), only
the mixture Wanine = 0.1 was determined. The experimental data
for these systems are reported in Tables 3-8.

The analysis of the experimental isobaric heat capacities
demonstrates that the solutions with DMAE show the highest val-

Experimental isobaric heat capacities, cp, of aqueous solutions of monoethanolamine {MEA (1) + H,O (2)} at different temperatures (T), pressures (p) and amine weight fractions

(wy).*

¢ | (K-kg "K)

p | MPa
T/K 0.100 5.00 10.00 15.00 20.00 25.00
MEA (1) + H,0 (2) wy = 0.1001
293.15 4.104 4.095 4.086 4.072 4.065 4.054
313.15 4.031 4.023 4.009 4.001 3.991 3.982
333.15 4.086 4.078 4.065 4.055 4.037 4.029
353.15 4.095 4.086 4.078 4.070 4.067 4.062
MEA (1) + H,0 (2) w; = 0.2002
293.15 3.934 3.915 3.897 3.885 3.875 3.852
313.15 3.979 3.957 3.943 3.928 3.919 3.900
333.15 4.022 4.012 3.994 3.988 3.972 3.966
353.15 4.088 4.080 4.062 4.054 4.041 4.037
MEA (1) + H,0 (2) wy = 0.2997
313.15 3.871 3.862 3.848 3.835 3.827 3.809
333.15 3.957 3.931 3.912 3.890 3.874 3.857
353.15 4.040 4.028 4.014 4.009 3.992 3.985
MEA (1) + H,0 (2) w; = 0.4002
293.15 3.626 3.614 3.593 3.589 3.568 3.549
313.15 3.698 3.680 3.667 3.655 3.641 3.634
333.15 3.818 3.803 3.794 3.786 3.776 3.764
353.15 3.861 3.851 3.846 3.840 3.832 3.823

¢ Expanded uncertainties (k = 2): U/{c,) = 0.010; U(T) = 0.02 K; U(p) = 0.0005; U(w) = 0.0002.

3
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Table 4

Experimental isobaric heat capacities, ¢, of amine aqueous solutions of diethanolamine {DEA (1) + H,0 (2)} at different temperatures (T), pressures (p) and amine weight fractions

(w1).*
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¢ | (K'kg " K1)

p | MPa
T/K 0.100 5.00 10.00 15.00 20.00 25.00
DEA (1) + H,0 (2) wy = 0.1003
293.15 4,078 4.068 4.059 4.046 4.035 4.027
313.15 4.037 4.025 4.018 4.007 4.001 3.989
333.15 4,104 4.098 4.087 4.081 4.075 4.065
DEA (1) + H,0 (2) wy = 0.2008
293.15 3.842 3.836 3.824 3.818 3.809 3.798
313.15 3.924 3.917 3.907 3.900 3.898 3.891
333.15 4.003 3.997 3.982 3.971 3.962 3.955
353.15 4.061 4.053 4.041 4,028 4.021 4.009
DEA (1) + H,0 (2) wy = 0.3002
313.15 3.844 3.837 3.829 3.822 3.813 3.799
333.15 3.910 3.906 3.894 3.882 3.875 3.862
353.15 3.941 3.931 3.924 3.916 3.904 3.900
DEA (1) + H0 (2) wy = 0.4000
293.15 3.633 3.614 3.601 3.592 3.578 3.578
313.15 3.676 3.657 3.640 3.631 3.618 3.602
333.15 3.744 3.731 3.720 3.703 3.681 3.660
353.15 3.824 3.808 3.789 3.767 3.752 3.725

¢ Expanded uncertainties (k = 2): U/{cp) = 0.010; U(T) = 0.02 K; U(p) = 0.0005; U(w) = 0.0002.

Table 5

Experimental isobaric heat capacities, c,, of amine aqueous solutions of triethanolamine {TEA (1) + H,0 (2)} at different temperatures (T), pressures (p) and amine weight fractions

(w1)?

¢ | (K'kg " K1)

p | MPa
T/K 0.100 5.00 10.00 15.00 20.00 25.00
TEA (1) + H,0 (2) w; = 0.1001
293.15 4.064 4.055 4.041 4,029 4,016 4.004
313.15 4.041 4.030 4.023 4.010 3.998 3.992
333.15 4.054 4.046 4.038 4.030 4.019 4.010
353.15 4.071 4.064 4.055 4.049 4.035 4.032
TEA (1) + H,0 (2) wy = 0.2000
293.15 3.784 3.774 3.764 3.760 3.758 3.756
313.15 3.907 3.883 3.880 3.876 3.868 3.866
333.15 3.961 3.961 3.954 3.942 3.934 3.933
353.15 3.983 3.975 3.965 3.963 3.961 3.949
TEA (1) + H,0 (2) wy = 0.2991
313.15 3.803 3.787 3.775 3.757 3.749 3.732
333.15 3.871 3.861 3.854 3.847 3.834 3.831
353.15 3.934 3.928 3.925 3.922 3.917 3.914
TEA (1) + H,0 (2) wy = 0.4000
293.15 3.492 3.416 3.352 3.293 3.238 3.199
313.15 3.554 3.484 3.404 3.355 3.297 3.260
333.15 3.611 3.533 3.457 3.403 3.362 3.318
353.15 3.646 3.563 3.502 3.451 3.400 3.354

¢ Expanded uncertainties (k = 2): U{cp,) = 0.010; U(T) = 0.02 K; U,(p) = 0.0005; U(w) = 0.0002.

ues of ¢, when these are compared at the same composition, tem-
perature and pressure conditions. In general, c,(MEA) > c,(DEA) > ¢,(-
TEA) at the same conditions, in the cases that this behaviour is not
observed, the differences are below the uncertainty of the
measurements.

The isobaric heat capacity decreases with pressure, this effect,
when the pressure is increased from 0.1 MPa to 25 MPa, ranges
from 0.6% to 3.0% with an average of 1.2% for MDEA solutions, from
0.8% to 2.6% with an average of 1.4% for DEA solutions, from 0.0% to
2% with an average of 0.9% for DMAE solutions, from 0.8% to 2.5%
with an average of 1.5% for MEA solutions, from 0.5% to 8.4% with
an average of 3.0% for TEA solutions, and from 2.2% to 3.5% with an
average of 3.0% for PZ solutions. It is worth noting, the reduction
around 8% observed for the mixture (wrga = 0.4) at all the
isotherms.

As regards the effect of temperature, first of all, a minimum in ¢,
is obtained for all solutions of Wimine = 0.1 except for piperazine.
This minimum occurs at 313.15 K for MEA; DEA and TEA and at
333.15 K for MDEA and DMAE. For the rest of compositions, the
isobaric heat capacities increase with increasing temperature. In
order to compare this effect, the increase of ¢, is quantified when
temperature is increased from 313.15 K to 353.15 K, obtained the
following average values for w,mine = 0.2, 0.3 and 0.4, respectively:
3.1%, 4.4% and 4.9% for MEA solutions; 3.3%, 2.5% and 3.9% for DEA
solutions; 2.2%, 4.1% and 2.8% for TEA solutions; 3.1%, 5.0% and
4.5% for MDEA solutions and 3.2%, 5.0% and 4.0% for DMAE solu-
tions. In the case of piperazine solution, which was only measured
at wp;z = 0.1, the average increase is 2.5%.

With the purpose of visualized the behaviour described above,
the Figs. 2-4 depict the experimental isobaric heat capacities as a
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Table 6
Experimental isobaric heat capacities, c,, of amine aqueous solutions of N-methyldiethanolamine {MDEA (1) + H,0 (2)} at different temperatures (T), pressures (p) and amine
weight fractions (w,).*

¢ | (K'kg " K1)

p | MPa
T/K 0.100 5.00 10.00 15.00 20.00 25.00
MDEA (1) + H,0 (2) wy = 0.1001
293.15 4.065 4.060 4.050 4.049 4.046 4.041
313.15 4.126 4113 4.108 4.094 4.090 4.077
333.15 4.096 4.080 4.077 4.069 4.068 4.065
353.15 4.179 4.169 4157 4.144 4137 4127
MDEA (1) + H,0 (2) wy = 0.2001
293.15 3.880 3.867 3.861 3.855 3.836 3.847
313.15 3.987 3.965 3.964 3.949 3.943 3.934
333.15 4.051 4.050 4.043 4.034 4.033 4.026
353.15 4.098 4.085 4.084 4.074 4.070 4.066
MDEA (1) + Hy0 (2) wy = 0.2998
313.15 3.890 3.857 3.836 3.814 3.782 3.775
333.15 3.965 3.946 3.930 3.920 3.908 3.900
353.15 4.057 4.040 4.028 4.010 4.000 3.977
MDEA (1) + H,0 (2) w; = 0.4001
293.15 3.601 3.591 3.577 3.566 3.554 3.549
313.15 3.727 3.722 3.718 3.713 3.706 3.701
333.15 3.810 3.797 3.784 3.780 3.777 3.773
353.15 3.897 3.886 3.881 3.882 3.879 3.875

¢ Expanded uncertainties (k = 2): U{cp,) = 0.010; U(T) = 0.02 K; U,(p) = 0.0005; U(w) = 0.0002.

Table 7
Experimental isobaric heat capacities, ¢, of amine aqueous solutions of 2-dimethylaminoethanol {DMAE (1) + H,0 (2)} at different temperatures (T), pressures (p) and amine
weight fractions (wq).*

¢ | (K')kg " K1)

p | MPa
T/K 0.100 5.00 10.00 15.00 20.00 25.00
DMAE (1) + H,0 (2) w; = 0.1000
293.15 4.187 4.180 4.168 4.161 4.152 4.143
313.15 4.228 4.218 4.209 4.202 4.192 4.184
333.15 4172 4.166 4,155 4,150 4,140 4131
353.15 4.253 4.244 4.234 4227 4.220 4214
DMAE (1) + H,0 (2) w; = 0.2005
293.15 4.017 4.010 4.006 4.000 3.993 3.989
313.15 4,101 4.095 4.087 4.086 4.085 4.079
333.15 4.179 4177 4171 4.167 4.163 4.161
353.15 4.229 4.223 4.222 4.222 4.216 4.211
DMAE (1) + H,0 (2) w; = 0.3005
313.15 4.072 4.059 4.043 4.028 4.012 3.997
333.15 4.123 4.116 4.090 4.072 4.054 4.039
353.15 4272 4.257 4.242 4.232 4.220 4.205
DMAE (1) + H,0 (2) w; = 0.4000
293.15 3.812 3.811 3.813 3.814 3.815 3.812
313.15 3.931 3.929 3.922 3.917 3.914 3.910
333.15 3.948 3.945 3.941 3.939 3.931 3.927
353.15 4.093 4.091 4.085 4.079 4.068 4.057

¢ Expanded uncertainties (k = 2): U{cp,) = 0.010; U(T) = 0.02 K; U,(p) = 0.0005; U(w) = 0.0002.

Table 8
Experimental isobaric heat capacities, ¢,, of amine aqueous solutions of piperazine {PZ (1) + H,O0 (2)} at different temperatures (T), pressures (p) and amine weight fractions (w,).*

¢ [ (K'kg 'K

T/K p [ MPa
0.100 5.00 10.00 15.00 20.00 25.00
PZ (1) + H,0 (2) w; = 0.1001
313.15 4.066 4.055 4.037 4.019 3.992 3.977
333.15 4.167 4.130 4.103 4.080 4.061 4.021
353.15 4.205 4.164 4.126 4.104 4.082 4.061

¢ Expanded uncertainties (k = 2): U/{c,) = 0.010; U(T) = 0.02 K; U(p) = 0.0005; U(w) = 0.0002.
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4.150 function pressure and temperature for some of the mixture studied
D o which are representative of the general observed trends.
4.100 o Finally, regarding the influence of composition, the heat capac-
4.050 | ° o ity values decrease when the solution is enriched in amine, specif-
. ically the average decrement of c, when the composition is
& 4000 | changed from Waipine = 0.1 to 0.4, ranges from 5.7% to 12.0% for
B0 MEA; 9.3 % to 11.2% for DEA; 14.0% to 17.4% for TEA; 6.5% to
5 3.950 f o 11.8 % for MDEA and 3.6% to 8.5% for DMAE being always the high-
3 . ; M o o est decrease at the lowest temperature.
©° 3900 F o As an example and a summary, in Fig. 5 can be seen the effect of
3.850 3 A A = composition for TEA, as well as temperature and pressure; the
' A x specific isobaric heat capacity is represented as a function of amine
3.800 . . . : mass fraction at two temperatures and two pressures (lowest and
0 5 10 15 20 25 highest).
p (MPa) An empirical equation is presented to correlate heat capacities
with temperature and pressure. The equation used, in its funda-
Fig. 2. Experimental isobaric heat capacities of different aqueous amine solutions mental form, was advanced by Nakagawa et al. [27-28], Yomo
(Wamine = 0.3) as a function of pressure at T = 333.15 K: (O) DMAE, (O) MDEA, (x) et al. [29] and Tanaka et al. [30]. These models were adopted for
MEA, (O) DEA and (A) TEA. . . L - o
the study of the isobaric heat capacity in refrigerants and, it is nec-
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Fig. 3. Experimental isobaric heat capacities of different aqueous amine solutions (Wamine = 0.1) as a function of temperature at p = 0.1 MPa (left) and p = 25 MPa (right): (+)
DMAE, (<) MDEA, (x) MEA, (O) DEA, (A) TEA and (O) PZ.
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Fig. 4. Experimental isobaric heat capacities of different aqueous amine solutions (Wamine = 0.4) as a function of temperature at p = 0.1 MPa (left) and p = 25 MPa (right): (O)
DMAE, (<) MDEA, (x) MEA, (0) DEA and (A) TEA.
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Fig. 5. Experimental isobaric heat capacities of different aqueous solutions of TEA as a function of composition (mass fraction) at p = 0.1 MPa (empty symbols) and p = 25 MPa

(filled symbols): (A, A) T=313.15K; (O, ®) T = 353.15 K.

essary, for their application, to know the critical parameters of the
studied compounds [31]. Lugo et al. [22] and Jovanovic et al. [31]
have successfully used variations of the models presented by
[28-30], applied to different types of fluids. Since the critical
parameters for all viscous fluids analysed in this work are not

In addition, the experimental data were fitted to the equations
presented by Lugo et al. [22] (Eq. 3) and Jovanovic et al. [31] (Eq. 4),
which also do not include dependence on critical parameters.

CppT 1 2

available, the following pure empirical equation is proposed: k]/kgl( Z di p/Po Z bj(T/TO)_j 3
i=0 j=1
(0, T) p T P2 Ty’
g~ ) 2 (&) + 2 i)+ (& (el B . C
T =A + +D-(T/K) - (p/MPa 4
+as(§1pa) <K> 2 &) (1K) e P 0 PR @

where ag, a1, a3, as, a4, as are the fitting parameters obtained by least
squares using the MATLAB software [32] and the goodness of fit was
determined using the standard deviation (o). These fitting parame-
ters and the corresponding standard deviations are summarized in
Tables 9-14.

Table 9

Where, for Eq. (3): a;, b; are adjustment parameters, where
Po = 0.1 MPa and Ty is set to reference value and for Eq. (4), A, B,
C, and D, are adjustment parameters. Tables 9-14 also summarize
the fitting parameters and the standard deviations obtained for
both equations.

Fitting parameters and standard deviations ¢ for the isobaric heat capacities for the system MEA (1) + H,0 (2) for the different mass fractions of MEA (w;).

MEA (1) + H,0 (2)

wy = 0.1001 wy = 0.2002 wy = 0.2997 wy = 0.4002
New correlation Eq. (2)
ag 9.5744 46795 8.9823 1.0664
a -8.714110°3 -8.8391103 -5.118210°3 -1.0752 102
a, —3.415410°2 —6.7790 103 —3.4428 1072 1.25511072
as 9.9658 1076 2.242110°° 1.2796 10°° 2.7869 1076
a, 5.2848 10° 1.446010°° 5.7916 10> -1.3078 107>
as 1.995910°° 1.7398 10°° 5.748010°° 2.601610°°
o | kJ-kg TK! 0.021 0.003 0.008 0.017
Lugo et al. [22], Eq. (3)
ao 10.081 7.2844 13.212 5.4281
a —2.014310* —2.6543104 —2.882210* —2.056210*
b, —13.096 —6.2224 —~18.173 —2.1277
b, 7.1127 2.8646 8.8397 0.3099
To | K 293.15 293.15 313.15 293.15
o | Kkg T K! 0.018 0.005 0.008 0.017
Jovanovic et al. [31], Eq. (4)
A -0.1215 5.0356 102 -0.3183 0.1896
B 234.12 109.58 348.96 16.114
C —37207.15 —14537.34 —52752.31 2817.35
D 3.7087 1077 5.0718 107 5.5580 1077 4.3803 1077
o | kkg K 0.018 0.007 0.009 0.018
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Fitting parameters and standard deviations ¢ for the isobaric heat capacities for the system DEA (1) + H,O (2) for the different mass fractions of DEA (w;).

DEA (1) + H,0 (2)

w; = 0.1003 wy = 0.2008 wi = 0.3002 w; = 0.4000
New correlation Eq. (2)
EN 17.447 0.9489 -1.5277 4.6504
a —-6.0978 103 9.6509 1074 —-2.0648 103 460131073
A —8.6307 1072 1.4991 1072 3.0281 1072 —-9.1666 1073
az 2.811010°° 7563210 -1.316510°° -8.482010°°
as 1.3886 104 ~1.7487 1073 ~4.1903 1073 1.935310°°
as 1.3371107° -9.1396 107 1.7646 10~ -2.3419107°
o | Kkg 1K 0.001 0.003 0.002 0.005
Lugo et al. [22], Eq. (3)
EN 18.226 4.4571 0.9039 7.7533
A —~1.840010* -1.7954 10 -1.801610* -3.179510*
b, -29.920 0.1706 7.2103 —7.7850
b, 15.769 —0.7843 —4.2677 3.6680
To [ K 293.15 293.15 313.15 293.15
o | K-kg LK 0.002 0.003 0.002 0.006
Jovanovic et al. [31], Eq. (4)
A —0.6224 0.2395 0.4633 -1.47511072
B 537.57 —15.997 —155.75 158.50
C —82999.95 6486.07 28849.57 —21529.16
D 3.54251077 3.5783 1077 3.57311077 7.2877 1077
o | kJ-kg VK ! 0.003 0.003 0.005 0.005
Table 11

Fitting parameters and standard deviations ¢ for the isobaric heat capacities for the system TEA (1) + H,0 (2) for the different mass fractions of TEA (w).

TEA (1) + Hy0 (2)

w; =0.1001 w; = 0.2000 wy = 0.2991 w; = 0.4000
new correlation Eq. (2)
ao 6.4187 —~3.3647 1.5555 13177
a; —-6.1687 1073 -1.81811073 -1.8682 1072 -1.82741072
a, —~1.4848 1072 418551072 1.0632 102 1.1509 102
a3 —~3.9628 107 3.105710°° 7.5558 106 1.853410°%
ay 2.3230107° —-5.9587107° -1.104210°° -1.3917107°
as 1.327010°° —~7.3683 1077 5.0285 107> 5.926110°°
o | k-kg LK 0.005 0.004 0.002 0.005
Lugo et al. [22], Eq. (3)
ao 6.7642 -0.1077 5.2429 3.8151
a; —~1.980010* -1.277010°*4 —1.7400 104 -1.1708 103
b, —5.8296 10.004 —-1.5387 0.3595
b, 3.1236 —6.1152 8.47721072 —0.6969
To | K 293.15 293.15 313.15 293.15
o | Kkg T K! 0.005 0.005 0.008 0.013
Jovanovic et al. [31], Eq. (4)
A 7.7473 1072 0.5398 0.1926 0.2552
B 106.28 —206.28 14.229 -10.234
C —16624.60 36820.09 2559.26 5911.96
D 3.7045 1077 2.58191077 3.3648 1077 3.077410°°
o | kkg K 0.006 0.005 0.009 0.016

In general, the new correlation (Eq. 2) gives similar standard
deviations to those obtained with the Egs. (3) and (4). The best
results are obtained for the mixtures with DEA and TEA whose
standard deviations range from (0.001 to 0.005) k]-kg~1.K~! for
our empirical equation, from (0.002 to 0.013) kJ-kg~*.K~! for the
equation proposed by Lugo et al. [22] and from (0.003 to 0.016)
kJ-kg~1.K~! for the equation proposed by Jovanovic et al. [31]. On
the other hand, the worst results are obtained for the mixtures
wwpea = 0.1 and wppmag = 0.1; 0.4. Nevertheless, the relative devia-
tions are between the uncertainty of the measurements (1%). As

examples, the relative deviations between experimental and
calculated values using the new empirical correlation are shown
graphically for DEA solutions (Fig. 6) and DMAE solutions (Fig. 7)
being their relative deviations below 0.4% and 1%, respectively.
Finally, the comparison between our experimental data and
those found in the literature was performed, however, literature
data are measured at atmospheric pressure and they are scarce:
Heat capacities of MEA solutions are reported by [11-16], of DEA
solutions by [12-13], of TEA solutions by [13], of MDEA solutions
by [12-13,17-19], of DMEA solutions by [20] and of piperazine
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Fitting parameters and standard deviations ¢ for the isobaric heat capacities for the system MDEA (1) + H,0 (2) for the different mass fractions of MDEA (w;).

MDEA (1) + H,0 (2)

w; = 0.1001 wy = 0.2001 wy = 0.2998 w; = 0.4001
New correlation Eq. (2)
EN 5.3521 —1.005 0.8714 -0.7164
EN 242451073 —4.97101073 —1.7841 1072 -8.43711073
a —-9.2488 103 2.7485 1072 143111072 2.3013 102
az 2.273910°° 2.505310°° 3.359810°° 2.852510°°
as 1.6706 1075 ~3.691010°° ~1.5001 10°° ~2.822510°°
as -1.3976 10 8.9401 107 4.0652 107> 1.973410°°
o | Kkg 1K 0.023 0.006 0.008 0.013
Lugo et al. [22], Eq. (3)
EN) 6.3037 2.6540 5.5155 3.8437
EN -1.521310°* —1.453410°* —3.454810°* —1.344510°*
b, —4.3256 4.2896 —1.5818 1.5867
b, 2.1003 —3.0690 —6.47151072 —1.8372
To /K 293.15 293.15 313.15 293.15
o | KkgK! 0.023 0.007 0.010 0.012
Jovanovic et al. [31], Eq. (4)
A 0.1101 0.3574 0.1863 0.3016
B 76.825 —-94.201 8.2564 —60.456
C —10898.53 19100.47 4530.38 15745.07
D 2.83321077 2.7508 1077 6.5570 1077 2.7917 1077
o | kJ-kg VK ! 0.023 0.007 0.012 0.013
Table 13

Fitting parameters and standard deviations ¢ for the isobaric heat capacities for the system DMAE (1) + H,O (2) for the different mass fractions of DMAE (w).

DMAE (1) + H,0 (2)

w; = 0.1000 w; = 0.2005 w; = 0.3005 w; = 0.4000
New correlation Eq. (2)
EN) 6.5477 0.6680 17.529 4.6642
a; —2.7689103 -3.3687 103 —6.65591073 7.0046 103
a —1.5246 102 1.7925 1072 —8.5429 102 -8.87321073
as 4.457710°° 3.8409 10°¢ —2.17441077 -1.7182107°
E 2.4678 107° -2.219810°° 1.3562 107 2.048110°°
as 3.022310°° 7.5358 1076 1.0757107° —2.2746107°
o | kJ-kg LK! 0.029 0.004 0.005 0.027
Lugo et al. [22], Eq. (3)
EN 6.6973 4.2568 22.607 8.2695
EN —1.6804 10~ -8.371910°° —3.0776 10~ —-7.930210°°
b, —5.2052 1.0257 —-37.414 —7.5388
b, 2.7037 -1.2707 18.881 3.1686
To | K 293.15 293.15 313.15 313.15
o | kJ-kg L K! 0.029 0.004 0.005 0.027
Jovanovic et al. [31], Eq. (4)
A 9.21201072 0.2547 -0.8117 —4.7669 1073
B 88.944 -30.828 666.78 138.83
C —13497.89 8579.35 —-105107.77 —17857.71
D 2.9343 1077 1.4708 1077 5.3526 1077 1.6364 1077
o | Kkg LK 0.029 0.004 0.006 0.027
Table 14

Fitting parameters and standard deviations ¢ for the isobaric heat capacities for the system PZ (1) + H,0 (2) for a mass fraction of PZ (w; = 0.1001).

PZ (1) + H,0 (2) w; = 0.1001

New correlation Eq. (2) Lugo et al. [22], Eq. (3) Jovanovic et al. [31], Eq. (4)

a0 -2.3263 a0 0.3338 A 0.4740

a 1.0245 102 a ~4.9657 104 B ~172.649

a 3.5845 102 by 8.9736 C 31610.95

as 3.1698 103 b, ~5.2210 D 9.0078 107
a ~4.916810°5 To | K 313.15

as -4.804310°5

o | K-kg K 0.008 0011 0.008
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Fig. 6. Relative heat capacity deviations between experimental values and those
calculated by Eq. (2) as a function of the experimental heat capacities for the
mixture DEA (1) + H,O (2) at different amine mass fractions: (O) w; = 0.1; (x)
w; = 0.2; (A) w3 = 0.3 and (O) wy = 0.4.
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Fig. 7. Relative heat capacity deviations between experimental values and those
calculated by Eq. (2) as a function of the experimental heat capacities for the
mixture DMAE (1) + H»O (2) at different amine mass fractions: (O) w; = 0.1; (x)
wy =0.2; (A) ws =0.3 and (O) wy = 04.

Table 15

Journal of Molecular Liquids 377 (2023) 121575

(PZ) [16,21]. Table 15 contains a summary of these literature data
related with the mixtures studied in this paper, including the mea-
surements conditions and, where can be seen that some literature
data were measured at different conditions of temperature or com-
positions than this work being not possible this comparison. This
table also reports the experimental points given in the literature
data and the number of data included in the comparison. The aver-
age absolute relative deviation (AAD) was used to quantify the
agreement between our data and literature data. The AAD is within
the uncertainty of the measurements.

As an example, Fig. 8 depicts the comparison for MEA solutions:
Pagé et al. [11] measured at T = 313.15 K and w; = (0.1, 0.2);
Abdulkadir et al. [14] measured at w; = 0.3 and T = (313.15,
333.15, 353.15) K, Quang et al. [15] at wy; = 0.3 and T = (313.15,
333.15, 353.15) K; and Kim et al. [16] at w; = 0.1 and T = (313,
333, 353) K. The average absolute relative deviations are: 0.84 %,
0.69 %, 0.47% and 1.9%, respectively. The (MDEA + H,0) mixture
was compared with Zhang et al. [19], their measurements at
Wwpea = 0.2968 and T = (313.15, 333.15, 353.15) K were compared
obtaining an AAD of 1.9%. Finally, an AAD of 0.9% from [16] was
obtained for the (PZ + H,0) system for data at wp; = 0.1 and T =
(313.15, 333.15, 353.15) K. No data are available at the same con-
ditions for the other amines studied.

4. Conclusions

The heat capacities of different aqueous solutions of alka-
nolamines were measured at different temperatures and pressure
up to 25 MPa. In general, the mixtures present a slight decrease
in the isobaric heat capacity for increasing pressure, and a larger
increase in the heat capacity for increasing temperature except at
Wamine = 0.1. Furthermore, in this study, a new empirical equation
is introduced to correlate the heat capacity as a function of pres-
sure and temperature of heat capacity in the range of temperature
and pressure studied. The new model is a six-parameter equation
that fits the measured heat capacities within the uncertainty of
the measurements. The paper report new data in ranges of pres-
sure which are not available in the literature.

Comparison between literature data and our experimental data for the amine aqueous solutions under study. Temperature and pressure ranges and number of experimental
points (NP) of the literature data are included as well as the number of experimental points compared (PC) and the average absolute deviation (AAD).

Reference Year T/K p | MPa X1 /wy NP Ui(cp) PC AAD%
MEA (1) + H,0 (2)
Pagé et al. [11] 1993 283.15 -313.15 0.1 x=0-1 54 - 2 0.84
w; = 0.1,0.2
Weiland et al. [12] 1997 298.15 0.1 w;=0.1-04 4 1% -
Chiu et al. [13] 1999 303.15 - 0.1 x=02-08 44 3% -
353.15 w; > 0.46
Abdulkadir et al. [14] 2014 313.15- 0.1 5M,3M,2M 33 3 0.69
353.15 wy = 0.1
Quang et al. [15] 2015 303.15- 0.1 w; =03 13 3% 3 047
363.15
Kim et al. [16] 2015 303 - 353 0.1 wy = 0.1 11 3 1.9
DEA (1) + H,0 (2)
Weiland et al. [12] 1997 298.15 0.1 w; =0.1-04 4 1% -
Chiu et al. [13] 1999 303.15 -353.15 0.1 x=02-0.8 44 3% -
w; > 0.59
TEA (1) + H,0 (2)
Chiu et al. [13] 1999 303.15 -353.15 0.1 % =02-0.8 44 3% -
w; > 0.67
MDEA (1) + H,0 (2)
Hayden et al. [17] 1983 298.15 - 0.1 wy = 0.23; 0.50 6 <1% -
348.15
Weiland et al. [12] 1997 298.15 0.1 w; =03 -06 4 1% -

10
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Reference Year T/K p | MPa X1 /wy NP U(cp) PC AAD%
Chiu et al. [13] 1999 303.15 - 0.1 w; = 0.23; 0.50 66 3% -
353.15 x=02-08
Chen et al. [18] 2001 303.15 - 0.1 x=02-08 44 2% -
353.15 w; > 0.62
Zhang et al. [19] 2002 278.15 - 0.1 x, =0.03 - 0.94 72 2% 3 1.9
303.15
DMAE (1) + H,0 (2)
Mundhwa et al. [20] 2007 303.15 -353.15 0.1 x=01-09 99
PZ (1) + H,0 (2)
Chen et al. [21] 2010 303.15 - 0.1 X1 =0.05-0.2 44 0.5% -
353.15 wy > 0.2
Kim et al. [16] 2015 303 - 353 0.1 wy = 0.1 11 3 0.9
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Fig. 8. Relative heat capacity deviations between experimental values and literature data as a function of the experimental heat capacities for the mixture MEA (1) + H,0 (2):
(O) Pagé et al. [11], (O) Abdulkadir et al. [14], (A) Quang et al. [15]and (<) Kim et al. [16].
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