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ABSTRACT: The influence of the sodium glycinate (SG) on the solubility of carbon dioxide (CO2) in monoethanolamine (MEA)
was investigated. The equilibrium solubilities of CO2 into blend solutions of SG and MEA were measured experimentally with a
stirred batch reactor for the molar ratio of SG between 0.2 and 0.8 in total blend concentration (CT) 2.5 mol 3 dm

�3 (M) over the
temperature and CO2 partial pressure ranging from (298 to 313) K and (0 to 35) kPa, respectively. The results of the CO2 solubility
are expressed as CO2 loading (mol CO2/mol blend solution) as a function of partial pressure of CO2 for all experimental runs. The
densities and viscosities of the blend solutions were measured at the same conditions of the solubility measurement. Some corrosion
rate tests were also performed on carbon steel at a temperature of 308 K. Experimental results showed that, with increasing themolar
ratio of SG in total blend concentration, the viscosity and corrosion rate of blend solutions increase.

’ INTRODUCTION

The removal of CO2 from gas streams for a number of technical
and economical reasons is an important operation inmany industrial
processes. The presence of CO2 in natural gas reduces the heating
value and as an acidic gas can cause corrosion in process
equipment. In liquefied natural gas (LNG) plants (natural gas
that has been converted temporarily to liquid form for ease of
storage or transport), CO2 will freeze if not removed in the low-
temperature chillers and also poisons the catalysts in the ammo-
nia synthesis process.1 According to the Intergovernmental Panel
on Climate Change (IPCC), increasing emissions of greenhouse
gases (GHG) will rise the average global temperature by (1.1 to
6.4) �C by the end of the 21st century.2 Climate models
established by the IPCC show that dramatic climate effects will
take place if the average of global temperature increases by more
than 2 �C. To avoid such a high temperature increase, global
GHG emissions should be reduced by (50 to 80) % by 2050.3

CO2 is the largest component of GHG being emitted to the
atmosphere and currently responsible for over 60 % of the
enhanced greenhouse effect, so it is regarded as most important
greenhouse gas.4 Hence, the reduction of CO2 emissions should
be considered urgently to slow down the trend of Earth's surface
temperature. There are several technologies available for remov-
ing CO2 from gas streams. These include chemical and physical
absorption, cryogenic separation, physical adsorption, mem-
brane separation, and biological fixation.5,6 Among these tech-
niques, chemical absorption by alkanolamines is an effective and
reliable method for capturing CO2 from process gas. Aqueous
MEA solution is the most common solvent proposed for CO2

capture which has been widely used as an industrial absorbent
because of high absorption rate, low solvent cost, high resistance
to thermal degradation, low molecular weight, and low solubility

for hydrocarbons.7 However, it has some disadvantages including
low CO2 loading, high energy requirements for regeneration,
degradation through oxidation of the amine, vaporization losses
because of high vapor pressure, and high viscosity, and also it can
cause operational problems such as corrosion, foaming, and
fouling of the process equipment.8�10

Recently, for eliminating these problems the use of mixtures of
chemical solvents in varying concentrations has been receiving a
great deal of interest because it combines the favorable features of
different chemical absorbents while suppressing the unfavorable,
therefore producing absorbents with excellent characteristics.

Because the equilibrium solubility data have a very important
role in the design and optimization of industrial gas absorption
units, many researchers have been interested in this field. For
example, Li and Chang11 presented the equilibrium solubility of
CO2 in aqueous of MEA with 2-amino-2-methyl-1-propanol
(AMP) at partial pressures ranging from (0.1 to 200) kPa and
temperatures between (40 and 100) �C. Li and Lee12 measured
the solubility and diffusivity of CO2 and N2O in diethanol-
amine (DEA) with N-methyldiethanolamine (MDEA) and with
AMP in the temperature range of (30 to 40) �C. Kundu and

Figure 1. Molecular structure of glycine.
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Bandyopadhyay13 presented new experimental results for the
CO2 solubility in aqueous blends of DEA with AMP in the tem-
perature range of (303 to 323) K and CO2 partial pressure from
(1 to 100) kPa. Mondal14 determined the solubility of CO2 in
aqueous blends of DEA and piperazine (PZ) for temperatures and
CO2 partial pressures ranging from (303.14 to 353.14) K and
(10.133 to 20.265) kPa, respectively. Cheng et al.15 experimentally
examined the solubility of CO2 in the aqueous blends of MEA and
triethanolamine (TEA) at temperatures of (313.2, 333.2, 353.2,
and 373.2) K and CO2 partial pressure from (0.1 to 120) kPa.

Amino-acid salts provide several interesting properties such
as high absorbing capacity, favorable binding energy, good
stability to oxidative degradation, and low vapor pressures and
viscosities.16,17 Song et al.18 measured the solubilities of CO2 in
aqueous (0.10, 0.20, and 0.30) mass fraction sodium glycinate
(SG) solutions at (303.15, 313.15, and 323.15) K over the partial
pressure of carbon dioxide ranging from (0.1 to 200) kPa in an
equilibrium cell. Portugal et al.19 measured the solubility of CO2

in aqueous solution of potassium glycinate (PG) at tempera-
tures from (293 to 351) K for concentrations ranging between
(0.1 and 3) M and CO2 partial pressures up to 0.6 bar. They
concluded that amino acid salt solutions can be very interesting
for CO2 absorption since they have high absorption capacities.
Because of these advantages, amino acid salts are an option for the
combination with industrial gas-treating solvents such as MEA.

In this work, the effect of SG addition on the solubility of CO2

in MEA solutions has been investigated. (Glycine is the simplest
member of the amino acid family. The molecular structure of
glycine has been shown in Figure 1.) New experimental data on
equilibrium solubility of CO2 in aqueous blend solutions of MEA
and SG have been obtained at temperatures of (298, 308, and
313) K over the CO2 partial pressure range (0 to 35) kPa for
molar ratio of SG from 0.2 to 0.8 in a total blend concentration of
2.5 M. Also, the experimental values of the densities, viscosities,
and corrosion rates of the solutions are presented.

’EXPERIMENTAL SECTION

Materials.Glycine (purity > 99.5 %), MEA (purity > 99.5 %),
and sodium hydroxide (NaOH) (purity > 99 %) were obtained
from Merck Chemical Company. CO2 with a purity of > 99.9 %
was supplied from commercial cylinders. The aqueous solutions
of the amino acid salts were prepared by adding to the amino acid
an equimolar amount of NaOH in a volumetric flask filled with
deionized water.
Solubility. The apparatus used to measure the solubility of

CO2 is a modification of the one applied by Derks et al.1 The
schematic diagram of the experimental setup has been shown in
Figure 2, and conditions used in this work are presented in
Table 1. The batch reactor (round-bottomed flask) with an
internal volume (∼2000 mL) was made of Pyrex. Both the
reactor and the syringe gas were equipped with a temperature
and pressure indicator.
In a typical experiment, when the apparatus was brought to the

desired temperature, a known volume of fresh solution was
transferred into the reactor vessel, and nitrogen gas was purged
into cell to remove remaining air. Then, the syringe gas was filled
with pure CO2, and the initial pressure in the syringe was
measured. When the vapor�liquid equilibrium is established, a
certain amount of CO2 was transferred into the reactor. The
solution was continuously stirred with the magnetic stirrer to

Figure 2. Schematic diagram of the experimental setup: 1, syringe gas; 2, temperature indicator; 3, pressure indicator; 4, data logger; 5, equilibrium cell;
6, water bath.

Table 1. Experimental Conditions Used in This Work

partial pressure of CO2 (kPa) 0 to 35

temperature of the liquid (T)/K 298 to 313

mole ratio of SG in total blend concentration 0.2 to 0.8

total blend concentration (CT)/mol 3 dm
�3 2.5

pH of the deionized water 6.95

Figure 3. Solubility of CO2 in aqueous 2.5 M MEA solution at 313 K.
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increase the mass transfer rate and achieve equilibrium quickly.
The contents of the reactor were allowed to reach equilibrium at
the desired temperature. As the carbon dioxide is absorbed, the
total pressure decreases. During the experiment, the pressure of
system was measured with time by a gauge pressure transmitter
sensor (GEFRAN) with an accuracy of ( 0.1 kPa, and the
temperature was controlled by means of a thermostatic water
bath with a precision of( 0.1 �C. The measured data were sent
to computer via a data logger and recorded by Lab View software.
When the total pressure of the cell remained steady-state for 2 h,
the equilibrium was assumed to be reached. The partial pressure
of CO2 was calculated from the difference between initial and

Figure 4. Solubility of carbon dioxide into blends of MEA and SG
solutions in different molar ratios of SG in total blend concentration
(CT) = 2.5 M at (a) 298 K, (b) 308 K, and (c) 313 K.

Figure 5. Solubility of CO2 into blends of MEA and SG solutions in
different temperatures at (a) 2 M MEA + 0.5 M SG, (b) 1.5 M MEA +
1 M SG, (c) 1 M MEA + 1.5 M SG, and (d) 0.5 M MEA + 2 M SG.
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final (equilibrium) vessel pressure corrected for the vapor pressure of
the fresh solution. The CO2 loading of solution at a certain CO2

partial pressure was calculated by ideal gas law. In different tests,
several known volumes of pureCO2were transferred into the reactor.
Density and Viscosity. The densities of blend solutions were

measured by using of calibrated pycnometers. To determine
volumes of pycnometers at various temperatures from (298 to
313) K, triple-distilled water was used as a standard substance.
The tests were carried out in a temperature water bath with a
precision of 0.01 �C. An analytical balance (A&D, D0001) with

accuracy of 0.0001 g was used for weighing the amounts of
solution. The uncertainty of measurement was 0.0001 g 3 cm

�3.
To determine the kinematic viscosities of the mixtures solu-

tions, several Ubbelohde viscometers with various capillary sizes
were used. An appropriate viscometer was selected in considera-
tion of the estimated values of kinematic viscosity. Kinematic
viscosities were calculated from the efflux times measured by
means of a chronometer with an accuracy of 0.01 s in a water bath
with the precision of 0.01 �C (JULABO, ME). The kinematic
viscosity values were reproducible within ( 1 %. The dynamic

Table 2. Solubilities (r = mol CO2/mol Blend Solution) of CO2 in MEA + SG Solutions

2 M MEA + 0.5 M SG 1.5 M MEA + 1 M SG 1 M MEA + 1.5 M SG 0.5 M MEA + 2 M SG

PCO2
(kPa) R PCO2

(kPa) R PCO2
(kPa) R PCO2

(kPa) R

T = 298 K

2.7 0.451 0.7 0.409 0.4 0.419 3.0 0.431

4.5 0.502 1.2 0.508 1.9 0.482 5.1 0.587

6.5 0.547 7.9 0.651 3.4 0.544 15.4 0.664

17.3 0.609 15.4 0.684 5.1 0.601 21.9 0.729

22.9 0.716 22.3 0.739 14.6 0.713 31.5 0.776

31 0.816 30.6 0.847 21.6 0.764

30.1 0.882

T = 308 K

6.2 0.327 2.2 0.357 3.5 0.307 6.0 0.334

8.3 0.369 4.4 0.395 5.0 0.370 8.9 0.464

9.8 0.432 12.4 0.494 6.5 0.434 18.3 0.594

18.8 0.579 18.6 0.583 6.9 0.538 26.0 0.630

26.4 0.616 24.8 0.674 17.8 0.614 34.0 0.671

33.3 0.716 32.9 0.751 23.7 0.715

32.3 0.790

T = 313 K

7.8 0.273 4.3 0.281 3.8 0.297 8.0 0.265

9.6 0.327 6.1 0.333 6.4 0.324 12.3 0.349

11.8 0.367 14 0.443 8.0 0.386 21.7 0.483

21.4 0.494 20.9 0.512 10.3 0.419 29.1 0.533

28.4 0.557 28.3 0.560 19.7 0.557 35.3 0.612

34.9 0.644 34.3 0.689 27.1 0.603

33.6 0.737

Table 3. Densities (G/g 3 cm
�3; part a) and Viscosities (μ/mPa 3 s; part b) of MEA + SG Solutions

(a) F/g 3 cm
�3

T (K) 2 M MEA + 0.5 M SG 1.5 M MEA + 1 M SG 1 M MEA + 1.5 M SG 0.5 M MEA + 2 M SG

298 1.0292 1.0519 1.0752 1.0987

308 1.0267 1.0493 1.0724 1.0967

313 1.0244 1.0474 1.0702 1.0945

(b)μ/mPa 3 s

T (K) 2MMEA+ 0.5MSG 1.5MMEA+ 1MSG 1MMEA+ 1.5M SG 0.5MMEA+ 2MSG

298 1.461 1.620 1.768 1.962

308 1.218 1.323 1.447 1.553

313 1.087 1.194 1.303 1.385
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viscosities were calculated by multiplying the kinematic viscos-
ities with the measured density values of the same solutions.
Corrosion Rate. The electrochemical technique was used to

study the corrosion rates of aqueous blends of MEA and SG.
Corrosion rate experiments were conducted using a potentiostat
unit (AUTO LAB, 302N) at a corrosion temperature of 308 K.
The reference electrode is Ag/AgCl (3 M KCl), and the counter
electrode is a rod of Pt. The tested specimens were carbon steel
with spherical shape having a surface area of 1.13 cm2 (6 mm �
6 mm). Before the tests, the specimens were wet ground with
silicon carbide paper (grade 400) and water, then wet polished
with silicon carbide paper (grade 600) to obtain a homogeneous
surface, rinsed with deionized water and finally with acetone,
then dried with air, and kept in a desiccator. After the tests, the
specimens were washed and dried again. The entire corrosion
rate tests were performed in accordance with ASTM G5-94.20

’RESULTS AND DISCUSSION

The experimental setup and procedure were tested by mea-
suring the solubility of CO2 in aqueous 2.5 M MEA solution at
313 K and compared with the previously reported data in
literature as shown in Figure 3.21,22

For studying the effect of SG on the CO2 loading of MEA, the
equilibrium solubility of CO2 in aqueous blends of MEA and SG
was measured for molar ratios of SG between 0.2 and 0.8 in total
blend concentration at temperatures of (298, 308, and 313) K as
shown graphically in Figure 4a�c and listed in Table 2. The
maximumCO2 loading occurred at a 0.6 (1MMEA + 1.5M SG)
molar ratio of SG in total blend concentration. It can be seen that,
at CO2 partial pressures higher than 20 kPa, aqueous solutions of
MEA + SG have better CO2 loading than pure MEA solution in
the order 1 M MEA + 1.5 M SG > 1.5 M MEA + 1 M SG > 2 M
MEA + 0.5 M SG > 0.5 M MEA + 2 M SG > MEA. At optimum
molar ratio (0.6), the binary interaction between MEA and SG
has its minimum value. On the other hand, far from the optimum
molar ratio, the hydrogen bond of solution is stronger which
leads to the reduction of CO2 loading.

Figure 5a�d shows the effect of temperature on the solubility
of CO2 into aqueous blends of MEA and SG where temperature
was varied from (298 to 313) K. It is clear that, while temperature
increases, the CO2 loading of blend solutions decreases at a
particular total concentration. The absorption of CO2 by chemi-
cal solvents is an exothermic reaction in nature, thus in accor-
dance with Le Chatelier's principle that an increase in temperature
results in decreasing the extent of CO2 absorption.

The experimental values of densities and viscosities of aqueous
blends of MEA + SG solutions at temperatures of (298, 308, and
313) K are presented in Table 3 and illustrated in Figure 6. The
results show that, with the increasing molar ratio of SG in total
blend concentration, the viscosities of blend solutions increase
because SG is an ionic compound; it can enhance the ionic
strength of the solution which results in increased viscosity of the
solution.

The experimental results of corrosion rate tests which were
performed at 308 K are tabulated in Table 4 and plotted in
Figure 7. In these tests, the corrosion rates of solutions mixtures
were studied on carbon steel coupons in the absence of dissolved
CO2. The results indicate that corrosion rates of blend solutions
increase with increasing molar ratio of SG in total blend
concentration; since SG behaves as a base, it produces OH in

Figure 6. Densities (F/g 3 cm
�3; part a) and viscosities (μ/mPa 3 s; part b)

of MEA + SG solutions.

Table 4. Corrosion Rates (mmpy = Millimeter per Year) of
MEA + SG Solutions at 308 K

corrosion rate (mmpy)

2 M MEA + 0.5 M SG 1.0 3 10
�3

1.5 M MEA + 1 M SG 1.3 3 10
�3

1 M MEA + 1.5 M SG 1.6 3 10
�3

0.5 M MEA + 2 M SG 2.4 3 10
�3

Figure 7. Corrosion rates (mmpy = millimeter per year) of MEA + SG
solutions at 308 K.
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the solution causing it to increase the PH, and as a result the
corrosion will be accelerated.

’CONCLUSION

In this work, SG as a potential CO2 absorbent (high CO2

loading) was blended with MEA (high reaction rate with CO2).
The solubility of CO2 into solutions of MEA + SG was measured
over aCO2partial pressure range of (0 to 35) kPa and a temperature
range of (298 to 313) K. The densities and viscosities of solutions
were determined at temperatures between (298 and 313) K. The
corrosion rates of solutions were also measured at a temperature of
308 K. Experimental results showed that the influence of SG on the
solubility ofCO2 inMEA solutions is considerable.However, it has a
negative effect on the viscosity and corrosion rate of solutions. It is
interesting to note here that, at CO2 partial pressures higher than
20 kPa, the CO2 loading of MEA + SG aqueous solutions were
higher than that of aqueousMEA solution. Themixed solventMEA
+ SG demonstrate a potential in the absorption of CO2 at relatively
low partial pressures. The actual possibility of these mixed solvents
absorbing CO2 will be justified with the kinetic data measured later.
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