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Enthalpies of Absorption of Carbon Dioxide in Aqueous Sodium Glycinate
Solutions at Temperatures of (313.15 and 323.15) K
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The enthalpies of absorption (A/H) of carbon dioxide in agueous sodium glycinate (SG) solutions of 0.10
in mass fraction were determined at temperatures of (313.15 and 323.15) K and a pressure of 12.00 MPa
using an isothermal high-pressure flow calorimeter. Very exothermic absorption enthalpies are obtained at
the two temperatures studied. AH values expressed in kJ-mol ! of SG decrease very quickly as CO, loading
increases until saturation is reached; from this point, a slowly decreasing value is obtained for the absorption
enthalpy. CO, loading is expressed as mol CO,/mol amine (o). The calorimetric data provide a means to
determine the saturated loading point of CO, in the solution; values of (0.90 and 0.86) mol CO,/moal SG
were estimated for this magnitude at temperatures of (313.15 and 323.15) K, respectively. Enthalpies of
solution of CO, were also calculated. These enthal pies become more exothermic as o decreases until alimit
value characteristic of each amine is observed for low CO, loading. This value can be regarded as the
enthalpy of solution at infinite dilution. Limit values of (—72.5 and —59.5) kJ-mol~* are obtained for SG
solutions of 0.10 in mass fraction at temperatures of (313.15 and 323.15) K, respectively. In spite of the
complex zwitterionic mechanism involved in the reaction between glycinate and carbon dioxide, SG enthalpies
of solution at infinite dilution and SG saturated |oading points are of similar magnitude than those previously
reported for other primary and secondary amines at the same or similar amine molal concentration and

temperature.

Introduction

Carbon dioxide absorption in amine solutions is a combination
of chemical reactions and physical dissolution that has been
the subject of numerous thermodynamics and kinetics investiga-
tions. Alkanolamines have been extensively used during the last
decade for the removal of CO, from gas streamsin the chemical
industry. Recently, the need to reduce CO, emissions has led
to an increasing interest in the design of efficient amine-based
absorbents. The overall reaction of carbon dioxide in aqueous
primary and secondary amine solutions consists of several steps:
(i) carbamate formation, (ii) amine protonation, (iii) bicarbonate
formation, and (iv) carbonic acid formation. Because of the
similar functional groups, a solution of an alkaline salt of amino
acid is expected to react in a similar way to that of a primary
amine through a zwitterionic mechanism involving various steps.
A detailed description of this mechanism is given by Kumar et
a.! and Lee et a.? The overall reaction may be written as

CO, + 2RNH, < RHNCOO™ + RHNH," (1)

The exothermic reaction starts when carbon dioxide is mixed
with the solution; CO; is absorbed until saturation is reached
for a given condition of temperature, pressure, and amine
concentration. CO, loading (o) is expressed as mol CO,/mol
amine. The reaction may be reversed by heating; CO, may be
also considered as an agent to protect the primary amine in the
form of ammonium carbamate. Several factors must be con-
sidered for the selection of an efficient CO, absorbent: the rate
of reaction, the absorption capacity, heat of reaction, solution
regeneration energy, durability, thermal stability, and corrosion.
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The solution regeneration energy is a key factor. Since reaction
1 is highly exothermic, as much as (50 to 80) % of the total
process energy is used to reverse this reaction, recovering the
amine and separating CO, from the solution. Data for the
absorption enthalpies of carbon dioxide in aqueous solutions
of amines required to estimate the regeneration energy are
relatively scarce; several types of calorimeters. isothermal
displacement, reaction, and mostly flow cal orimeters were used
for these measurements.® *® Usually, the gas solubility data as
afunction of temperature and CO, partial pressure are available
in the literature for the amines currently used, and very often
these data are used to estimate absorption enthal pies.***®

Monoethanolamine, diethanolamine, N-methyldiethanolamine,
and diglycolamine are examples of amines frequently used in
this reaction. Inconveniences such as degradation through
oxidation of the amine, low reaction rates, or high enthalpies
of reaction that increase the energy required for amine regenera-
tion have led to the investigation of other absorbents. Amino
acid sdts have the advantages of a high surface tension,
nonvolatile nature, good absorption, and resistance to degrada-
tion. Sodium glycinate (SG) has been recently proposed as an
alternative, and the physicochemical properties of SG aqueous
solutions and the kinetics of CO, absorption in these solutions
have been investigated.>*®*® In this study, the enthalpies of
absorption (AH) of carbon dioxide in agueous SG solutions of
0.10 mass fraction were determined at temperatures of (313.15
and 323.15) K and a pressure of 12.00 MPausing an isothermal
high-pressure flow calorimeter. The temperatures chosen are
typical for these processes. The concentration of 0.10 mass
fraction for SG solutions was chosen taken into account previous
solubility studies'” showing that the CO, loading capacity at
temperatures of (313.15 and 323.15) K decreased as the SG
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Table 1. Experimental Enthalpies of Absorption of Carbon Dioxide
in Aqueous Sodium Glycinate Solutions at Temperatures of (313.15
and 323.15) K

T/K = 313.15 T/K = 323.15
o AH/kJ-mol 2 o AH/kJ-mol 1

0.210 —15.6 0.173 —99

0.280 —-21.6 0.280 —-17.2
0.280 —19.9 0.322 —18.6
0.350 —25.1 0.350 —21.7
0.350 —24.1 0.491 —26.5
0.572 —30.0 0.644 —30.9
0.787 —35.6 0.759 —34.9
0.950 —-37.1 0.787 —35.3
1.023 —37.7 0.859 —35.5
1.096 —36.1 1.096 —374
1.242 —36.7 1.242 —37.6
1.493 —384 1.493 —38.9

mass fraction increased from 0.10 to 0.20 or 0.30. In most
previous experimental determinations, the enthalpy of absorption
for a given amine solution at infinite dilution has been shown
to change appreciably with temperature and very slightly with
amine concentration or pressure. For instance, Mathonat et al.5”
used a flow calorimeter to measure AH for methyldiethanola-
mine and monoethanolamine solutions of 0.30 mass fraction at
temperatures of (313.15, 353.15, and 393.15) K and pressures
of (2.0, 5.0, and 10.0) MPa and found coincident values at a
given temperature within the experimental errors. In this study,
a value for the pressure similar to those used by Mathonat et
al. was chosen.

Experimental Section

The materials employed were CO, (Air Liquide, 0.9998 purity
in mole fraction) and SG (Sigma-Aldrich, purity > 0.99 in mole
fraction). Commercial materials were used without further
purification. SG solutions of 0.10 in mass fraction were prepared
gravimetrically using deionized distilled water and preventing
contamination by atmospheric CO,. To this end, the previously
deionized distilled water was boiled for 20 min in a flask
connected to areflux refrigerant and a CO,-absorbing sol ution.
After boiling, the flask was sealed using a septum under nitrogen
atmosphere. Water was then transferred using aneedletoal L
bottle containing the required amount of SG under nitrogen
atmosphere. The solution was kept in the sealed bottle and was
transferred to the pump used in the calorimetric measurements
without exposure to the surroundings.

Figure 1 is a schematic diagram of the isothermal high-
pressure flow calorimeter (Hart Scientific model 7501) used to
perform the enthal py of absorption measurements. More details
about the calorimeter and the procedure used in the measure-
ments are described elsewhere.*® The reactants were pumped
into the calorimetric cell by two thermostatted pumps (1SCO,
model LC-2600) at constant flow rates. The temperature of the
pumps was controlled within 4 0.02 K. All runs were made in
the steady-state fixed composition mode. The volume flow rates
were converted to molar flow rates using the densities and molar
masses of CO,*° and SG agueous solutions.™® The mole fraction
and CO; loading (o) values were derived from the molar flow
rate values of each pump. Measurements were carried out at
total volume flow rates of (0.0028 and 0.0056) cm3-s™. The
CO, loading range is covered by combining adequate values
for the flow rates of the two pumps at these total volume flow
rates. Also, the coincidence within the experimental error of
results obtained using different total flow ratesis an indication
of equilibrium conditions in the calorimeter. Measurements at
different oo values were carried out until saturation is reached,

and approximately constant values are obtained for AH. The
calorimetric cell was located into a silicon bath in which
temperature was controlled to within & 0.001 K. A Peltier
cooling device and a pulsed heater kept the cell under isothermal
conditions. A back-pressure regulator situated outside the
calorimeter kept the pressure to within + 0.01 MPa. A constant
pressure of 12.00 MPa was maintained during the experiment.
Since densities are affected by temperature and pressure changes,
the error in molar flow rates was derived taking into account
contributions from variations in volume flow rates, pressure,
and pump temperature. The mole fraction and CO, loading
precision are based on the error in molar flow rates and were
estimated to be better than + 0.001. The error in AH in previous
heat of mixing measurements using this calorimeter was
obtained taking into account contributions from molar flow rates,
pulse energy, and frequency and was estimated to be &+ 1 % or
at least & 1 J-mol 1. The estimation of errors is described in
detail by Cabafias.?* Following a similar procedure, the error
in A\H of present measurements was calculated for each
experimental point, and a value of at least 4= 0.3 kJ-mol~* was
obtained; the mean relative error was £+ 3 %.

Results and Discussion

Very exothermic absorption enthalpies are obtained at the
two temperatures studied. Table 1 lists the a and AH values
obtained. Figures 2 and 3 show the A/H values versus o plots
at temperatures of (313.15 and 323.15) K, respectively. AH
values decrease very fast as CO, loading increases until
saturation is reached; from this point, afairly constant or slowly
decreasing value is obtained for the absorption enthalpy. This
behavior is similar to that previously reported for the absorption
of CO, in primary and secondary amine solutions.®> 3

The calorimetric data provide a means to determine the
saturated loading point of CO, in the solution. A{H data for
low o values were adjusted to an exponential curve; data for
high o values were adjusted to a first-degree polynomial in a.
From the intersection of both functions, values of (0.90 and
0.86) mol CO,/mol SG were estimated for this magnitude at
temperatures of (313.15 and 323.15) K, respectively. The
decrease in . values with temperature has been aready observed
for other amine solutions.®” On the other hand, these o. values
are lower than those previously reported by Song et al.*” from
direct solubility measurements at the same temperatures and
lower pressures. Values for the saturated loading point of CO,
in the solution are compared in Table 2 to those previously
obtained by a calorimetric procedure for solutions of other
amines at the same or similar amine mola concentration and
temperature. Table 2 lists mass fraction values since thisis the
usual unit to express the amine concentration. The saturated
loading point of CO, for SG solutions adopts values similar to
those observed for other amine solutions. Only those reported
by Arcis et a. for N-methyldiethanolamine™ and for 2-amino-
2-methyl-1-propanol® are significantly larger.

The enthal pies of solution of CO, were also calculated. These
enthal pies become more exothermic as o. decreases until alimit
value characteristic of each amine is observed for low CO,
loading. The region where the enthalpy is independent of CO,
loading is limited to a lower than 0.4. For a given amine, this
limit value changes appreciably with temperature and very
dightly with the amine concentration in the aqueous solution
and in most cases does not depend on pressure. Limit values of
(—72.5 and —59.5) kJ-mol~* are obtained for SG solutions of
0.10 in mass fraction at temperatures of (313.15 and 323.15)
K, respectively. The limit values can be regarded as the enthal py
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Figure 1. Schematic diagrams of (a) the isothermal flow calorimeter and (b) the flow cell used to perform the enthalpy of absorption measurements.

Table 2. Comparison of Enthalpies of Solution, AH, at Infinite Dilution and the Saturated Loading Point, a, of Carbon Dioxide in Aqueous
Amine Solutions Obtained in This Study with Those from the Literature®

-AH T
amine kJ-mol~* 10%+0 a K amine mass fraction source

monoethanolamine 81.0 0.8 298.15 0.10 8
diethanolamine 68.8 0.6 299.82 0.10 8

69.1 5 0.87 299.82 0.20 5

74.7 5 349.82 0.20 5
N-methyldiethanolamine 50.3 0.6 298.15 0.10 8

49.1 5 313.15 0.10 4

50.3 5 1.0° 323.15 0.10 4

50.3 2.6 1.07 313.15 0.10 11

55.7 29 0.95 333.15 0.10 11

49.6° 2.8 1.26 322.5 0.15 12
diglycolamine 82.7 3 288.71, 333.15 0.10 3
2-amino-2-methyl-1-propanol 70.49 13 1.32¢ 3225 0.15 9
SG 725 4 0.90 313.15 0.10 this paper

59.5 4 0.86 323.15 0.10 this paper

a9 is the estimated relative uncertainty for A;H. ® The o value was taken at a temperature of 333.15 K. ¢ Value obtained at pressure of 5.17 MPa.
4 Value obtained at pressure of 5.20 MPa. The AH at infinite dilution and o values reported in refs 9 and 12 exhibit a slight pressure dependence.

0,5

Figure 2. Carbon dioxide absorption enthalpies, AH, in agueous SG
solutions of 0.10 in mass fraction vs CO, loading expressed as mol CO,/
mol amine, o, a a temperature of 313.15 K.

of solution at infinite dilution. The relative uncertainty o for
these extrapolated values is estimated to be + 4 %. Table 2
includes a comparison of the enthalpy of solution at infinite
dilution values obtained in this paper and those previously
reported for solutions of other amines at the same or similar
amine molal concentration and temperature. The estimated
relative uncertainty is expressed using one or two digits as
reported by the authors. Values for 6 range from less than 1 %
for the measurements of Carson et a.® made by isothermal
displacement calorimetry to 5 % for some flow calorimetry
measurements.*® It may be observed that both SG solution
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Figure 3. Carbon dioxide absorption enthalpies, AH, in agueous SG
solutions of 0.10 in mass fraction vs CO, loading expressed as mol CO,/
mol amine, o, a a temperature of 323.15 K.

enthalpies at infinite dilution and SG saturated loading points
are of similar magnitude than those of other amines. Thisimplies
a moderate energetic cost to reverse reaction 1 and makes SG
solutions a good absorbent alternative. On the other hand,
the similarity of solution enthalpy values also indicates that the
reaction 1 energetics is not affected by the presence of the
zwitterion. In spite of the complex mechanism involved in this
reaction, the acid—base interaction of carbon dioxide and the
glycinate is essentially similar to that of carbon dioxide and a
primary amine.
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