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ABSTRACT: Carbon capture and storage (CCS) using post-combustion technology is the most mature CO,
capture technology. Post-combustion process reference is based on the absorption/desorption process with a
solution of monoethanolamine (MEA) 30wt% in water. However, this benchmark molecule has some drawbacks
and especially the high regeneration energy which is around 4 GJ/ton CO,. For this reason, there is a need to
innovate and optimize solvents for CO, capture in order to minimize the regeneration energy and to improve the
solvent capture efficiency. The choice of the promising molecules depends on many physical and chemical
characteristics (like absorption capacity, kinetics reaction between amine, reaction enthalpy and solvent stability
and toxicity). This work focuses on the absorption capacity and the reaction rates of single and blended amines.
Five commercially available amines with 30wt% and 50wt% concentrations in water (monoethanolamine
(MEA), diethanolamine (DEA), methyldiethanolamine (MDEA), 2-amino-2-methylpropanol (AMP) and
piperazine (PZ)) were screened experimentally based on equilibrium CO, absorption capacity and CO,
absorption rate data; the results show that experimental data for single amines are in good agreement with
literature values. From the solvent combinations, four piperazine-based blends show strong indication of better
performance than 30wt% MEA reference. These are:

- 10wt%-MEA/20wt%-PZ

- 10wt%-DEA/20wt%-PZ

- 10wWt%-AMP/20wWt%-PZ

- 10wt%-MDEA/20wt%-PZ

10wt%-DEA/20wWt%-PZ system shows the highest rate of 1.68mmol/mol-s with 0.88molco,/MOlamine
capacity while 10wWt%-AMP/20wWt%-PZ blend recorded the highest CO, absorption capacity of
0.99Molcoo/MOlmine. 10Wt%-DEA/20wWt%-PZ and 10wt%-AMP/20wt%-PZ blends are respectively75% and
98% higher than CO, absorption capacity of 0.50molco/mol,mine for 30wt% MEA. Also, these blends are
respectively 54% and 34% higher than CO, absorption rate of 1.09mmol/mol-s for 30wt% MEA. Equilibrium
solubility data for 10wt%-AMP/20wt%-PZ blend is higher twice than the cyclic loading capacity reported for
30wt% MEA reference under CO, partial pressure of 12kPa. This experimental work showed that solvents with
high performance can be obtained through amine blends. This will be of importance towards improving the
post-combustion capture technology.
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l. INTRODUCTION

Carbon dioxide (CO,) is the most principal greenhouse gases emitted in comparison with the other
greenhouse gases. In the future, the concentration in the atmosphere will increase and CO, will continue to pose
significant danger to the climatic system [1]. Many solutions are realized or investigated to trap carbon dioxide.
Post-combustion CO2capture technology is the most mature solution. It is based on absorption through chemical
absorbents. Chemical absorption is suitable to capture CO, from gases which are highly diluted (~ 10-15%).
Absorption with amine-based solvents has been extensively studied and regarded as the most effective
technology for CO2 capture [2, 3]. Amine-CO; reaction can be reversed by increasing the temperature. CO2
capture is based on wusing various alkanolamines solutions like monoethanolamine (MEA), N-
methyldiethanolamine (MDEA), Diethanolamine (DEA) or 2-amino-2-methyl-1-propanol (AMP). Primary, like
MEA, and secondary amines, like DEA, have a high kinetics reaction with CO, and high regeneration energy.
Tertiary amines, like MDEA, have a high CO, loading capacity, a low regeneration cost and low reaction
kinetics with CO,. There is another kind of amine which is called sterically hindered amine, like AMP, which
has the same characteristics than tertiary amine (high CO, loading capacity). The benchmark amine, 30wt%
MEA solution, has a good characteristics reaction with CO,. Indeed, this amine reacts rapidly with CO, and has
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a high CO, absorption capacity. However, its commercial deployment is still limited by a number of techno-
economic factors as discussed elsewhere [4-8].

The high energy requirement for the MEA solvent regeneration is the main drawback of this technique.
Many alternatives to MEA have been reported in literature like the use of physical absorbents, membranes,
cryogenic. Also, the main challenge for post-combustion capture technology is to prospect new amine solvents
performance. Many characteristics should to be evaluated to look for an optimal solvent. Ideal solvent will have
a high absorption capacity and low regeneration energy (especially low absorption enthalpy). Research should
be directed towards development and characterization of new solvents based on these key properties. In our
study, we focus on amine blends where the combination of amine with high CO, loading capacity and amine
with high reactivity with CO, will be a solution to decrease the drawbacks of MEA reference. These will
provide better absorption characteristics than monoethanolamine (MEA). Blending amines belonging to various
classes such as tertiary, primary, secondary amines, sterically hindered and cyclic amines have been shown to
have better absorption properties than MEA alone [9-14]. For example, absorption capacity of MEA and 2-
amino, 2-methylpropanol (AMP) blend is significantly higher than the stoichiometric limit of 0.5 mole of CO,
per mole of MEA. This improvement observed in absorption properties for such amine blends has been
attributed to the synergistic effect of high CO, reaction kinetics of primary amine and the high CO, absorption
capacities of sterically hindered amines [10-12, 15].Also, another amine, piperazine (PZ) which contains two
primary nitrogen, has been reported as a new reference solvent of prime importance for amine blends. The rate
of piperazine is raised twice than 30wt% MEA under similar experimental conditions with negligible amine
volatility, suitable carbamate stability constant and significantly lowers thermal degradation [16-18]. It is also
expected to have good absorption capacity in addition to its CO, absorption rate.

Specifically, the subjects of many research works on amine blends are aimed at understanding the
enhancement rate of lower MEA and low PZ concentrations in relatively higher concentrations of other classes
of amines(usually at 30% total mass concentrations) [6, 19-23]. However, this study extends the above
experiments by considering low, equal and high concentrations of two solvents involved in the blends using
30% and 50% total mass concentration. The objective is to identify promising blends based on the equilibrium
CO, absorption capacities and CO, initial absorption rates using solvent screening approach.

I MATERIALS AND EXPERIMENTAL METHODS

2.1Chemical and solvent preparation

Monoethanolamine (MEA>99%), diethanolamine (DEA=99%), methyldiethanolamine (MDEA>99%),
2-amino-2-methylpropanol (AMP>99%) and Piperazine (PZ=99%) were all purchased from Sigma Aldrich.
Amines are used based on the given purity values by the supplier. Amine blends are prepared without any
purification or further validations of the amine blends concentrations. The solvents evaluated through
experiments are listed in Table 1 with their respective concentrations. All amines were chosen to represent
various classes of amine. 30wt% concentration basis was used for all Piperazine blends due to observed
precipitation at higher concentration. Other classes of amines were evaluated at 50wt% concentrations in order
to benefit from their low corrosivity, low volatility and to enhance their performance. 30wt% MEA
concentration was used as reference for comparing the experimental results. Each sample was prepared by using
Cole Parmer mass balance with +0.01% accuracy using the corresponding weight. CO, (>99.5%) and N,
(>299%) were used to simulate the flue gas at specific CO, partial pressure for the experimental works.

Table 1: Amines and their concentrations

Solvent Concentration (wt. %)
MEA 30

DEA 50

MDEA 50

Piperazine 30

MEA/MDEA 10/40; 25/25; 40/10
MEA/AMP 10/40; 25/25; 40/10
MEA/Piperazine 10/20; 15/15; 20/10
DEA/MDEA 10/40; 25/25; 40/10
DEA/AMP 10/40; 25/25; 40/10
DEA/Piperazine 10/20; 15/15; 20/10
AMP/MDEA 10/40; 25/25; 40/10

AMP/Piperazine
MDEA/Piperazine

10/20; 15/15; 20/10
10/20; 15/15; 20/10
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2.2  Experimental set-up
2.2.1  Solvent screening experimental set-up

Figure 1 shows the schematic illustration of the experimental set-up. The solvent screening set-up is
bench-scale laboratory equipment which is made up of six batch process reactors, enabling multiple
investigations of solvents at the same time. Carbon dioxide and nitrogen gases are mixed and humidified to
simulate gas stream of desired partial pressure. The CO, inlet partial pressures are measured by a pressure
sensor calibrated at 100 kPa and working in the CO, pressure range of 0-20kPa with +2% accuracy. The
absorption characteristics are estimated based on time and CO, outlet partial pressures. A desktop computer
equipped with signal processing capability automatically acquires the electrical data from the sensors. It
converts the electrical data to CO, outlet pressure and generates time-pressure data. Due to the capacity limit of
20% CO, partial pressure of the sensors and the desire to work at flue gas stream pressure of 100kPafor a typical
coal-fired power plant, the maximum CO, pressure evaluated in the experiments is 20kPa.

Vent

Safety
Vessel

Humidifier

e

Reactor1 Reactor2 Reactor 3 Reactor 4 Reactor 6

Figure 1: Schematic representation of solvent screening experimental set-up

2.2.2  CO;equilibrium solubility experimental set-up.

The CO, equilibrium solubility experimental set-up is used to obtain vapour-liquid equilibrium (VLE)
data. It is essentially similar to the solvent screening apparatus but with a larger solvent capacity and higher
operational for temperature and gas pressure. The volumetric size is 500ml with a 3000 rpm mixing capacity. Its
temperature range is from 20°C to 200°C and operational pressure range of 10kPa to 1000kPa. This wider range
of operation conditions allow for solubility data generation and absorption capacity evaluation at different
temperatures and CO, partial pressures.

2.3 Procedure
2.3.1 Solvent screening and vapor-liquid equilibrium methods

Preparation of 100g of solution for every single amine and amine blend was transferred into the batch
reactors using deionized water. Each reactor has an oil bath coupled with a 1200+10rpm magnetic stirrer. The
magnetic stirrer is used to maintain perfect mixing of solution by creating a uniform central vortex. Each reactor
has a volumetric capacity of 250ml, with a temperature limit of 150+1°C and a pressure limit of 600+10kPa. A
continuous stream of pure nitrogen gas was passed through each reactor to strip off any CO, or oxygen that
might be present in the air space above the solvent. The temperature of the oil bath was set at higher temperature
than the reaction set point. The higher oil bath temperature ensures sufficient heat transfer to maintain the
reactor at the set experimental conditions. The oil bath has a temperature accuracy of +1.0°C.Humidified inlet
simulated flue gas stream is bubbled through the solvent by a stainless steel gas distributor with 0.5mm internal
diameter. Only CO, (>99.5%) and N2 (>99%) pure gas streams are used for the flue gas simulation (i.e. no air or
sulfur dioxide gas streams in the flue gas). The CO, gas flow rate is kept at 12kPa using flow rate of 12.0+0.1
L/hr, with N, gas flow rate of 88.0+0.1 L/hr with a total gas stream pressure of 100kPa. All sensors provide real-
time measurements.
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Also, sufficient gas pressure must be built in the make-up vessel to ensure equal and continuous flow
of gas streams into all reactors. Depending on the absorption properties of the solvents, gas stream leaving the
solvent after reaction with amine solution will have lower CO, concentration compared to the inlet gas stream.
The outlet gas stream flowed through a condenser operating at 8°C in order to prevent solvent loss. Real time
experimental data were logged on the computer. The solvent absorption process is said to reach equilibrium
when the outlet CO, partial pressure equals the inlet CO, partial pressure and the pressure maintained constant
over a time period. This pressure is taken as the gas phase CO, partial pressure which is in equilibrium with the
liquid state. The VLE experimental method is similar to the solvent screening procedure.300g of solvent was
prepared and transferred into the reactor. Gas stream consisting of carbon dioxide with partial pressure of
10kPa, 12kPa and 20kPa in nitrogen was used. The experiment was repeated for 40°C and 120°C,
corresponding to absorption column and stripper temperature in a typical post-combustion capture.

2.3.2  Phosphoric acid titration methods

Liquid phase loaded with CO, at partial pressure equilibrium obtained from solvent screening and CO,
equilibrium solubility experimental set-ups is analyzed to determine absorption capacity value. Titration method
with 85% phosphoric acid concentration is used. The phosphoric acid titration set-up is illustrated schematically
in Figure 2. It consists of a round-bottom reactor flask which is filled with 350ml of 85% phosphoric acid
solution and placed in a heating mantle fitted with temperature regulator. At a constant heating mantle
temperature of 240+2°C, the phosphoric acid in the round bottom flask can be maintained at 150+2°C. This
supplies the needed heat for the endothermic desorption process of carbonated amines with phosphoric acid
towards CO,. Nitrogen is needed for dilution and as a sweeping gas for analyzing CO,concentration in the
carbonated amine from either the solvent screening or vapor-liquid equilibrium set-ups. The top-central opening
of the set-up is fitted with a condenser, kept at 8°C to remove water vapor content before carbon dioxide gets to
the CO2 infrared analyzer.

‘‘‘‘‘‘‘
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CO2 Sensor

CO, +N, Stream

Sample Inlet
Low Temp Circular Bath

N, gas

iquid Traj Cold Trap
Heating Mantle with Round Bottom Flask
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Figure 2: Schematic diagram of phosphoric acid titration set-up

The CO, concentration obtained from the infrared gas analyzer and gas flow rate are then logged on the
computer system for analysis. Samples from solvent screening and vapor-liquid equilibrium experiments are
introduced into the set-up. CO, desorption from the amine is as a result of the esterification reaction between
boiling phosphoric acid and amine, forming either phosphoric ester complexes at elevated temperature. This is
illustrated in the general chemical reaction as given in equation 1 where R1 and R2 can be any alkyl groups. The
CO; evolved is carried in a nitrogen stream through a condenser to an infrared CO, analyzer which detects and
records changes in voltage. The resulting voltage peaks are correlated automatically to CO, partial pressure. The
CO, mole dissolved is obtained using the CO, partial pressure data that are logged automatically on the
computer system using ideal gas equation. With the mass of carbonated amine sample, Mamine, introduced into
the phosphoric acid solution, the molecular weight of the amine blend, My blend, the volume of the CO,
desorbed logged on the computer, Vcoy, and the molar volume of ideal gas, Mya:S, the absorption capacity of
the solvent under equilibrium condition is obtained by dividing the obtained CO, mole with the mole of amine
used as given in equation 2.

POZ + n(R,R,N*CO07) + N, — [(R,R,N*),POF~ +nCO, + N; (1)
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1. RESULTS AND DISCUSSION

3.1 Individual solvent

Solvent screening experiments were performed for blends containing MEA, DEA, MDEA, AMP and
piperazine. Performance output parameters evaluated are the CO, equilibrium absorption capacities and the CO,
initial absorption rates. This work considered blending systems of two amines solvent. The concentration of
each amine was expected to be critical parameters in determining the absorption rate and capacity. Other
parameters that might influence the absorption characteristics are reaction temperature, total gas pressure and
CO, partial pressure. In this case, these different parameters were kept constant. Therefore, performance in the
CO, absorption capacities and the CO, initial absorption rates will be affected by the variation of concentrations
of the blends amines systems. Reactor temperature was kept at 40°C with total gas pressure of 100kPa (CO,
partial pressure was 12kPa). Results for single amines evaluated are presented in Table 2. The absorption
capacity data are found to be of £0.05 in experimental error. AMP was not studied because of coagulation at
concentrations equal or above 30wt% under the experimental conditions.

The mentioned single amines are considered as reference data to compare the performance of the
solvent blends. Value of absorption capacity of MEA is consistent with literature where it is between 0.5
molCO,/mol amine and 0.6 molCO,/mol amine for 12kPa CO, partial pressure [24-26]. Experimental data for
Piperazine and MDEA also are in good accordance with literature as mentioned in Table 3. For all amines
presented in Table 2, 30wt% Piperazine showed the highest CO, absorption capacity with 1.06molCO,/mol
amine. This is about 66% higher than 30wt% MEA reference. Piperazine is a diamine with two nitrogen atoms
per molecule. The presence of these two nitrogen atoms was found to double its CO, uptake in comparison to
MEA with one nitrogen atom per molecule. Absorption capacity of 50wt% DEA-based solvent, which is a
secondary amine, outperformed 30wt% MEA. This result can be explained by the difference of amine
concentration and structural effect. MDEA showed the lowest CO, absorption capacity for CO, partial pressure
applied here. Since there is no hydrogen atom attached to the amino group on MDEA, there cannot be a direct
reaction between MDEA and CO,. This structural property reduces the function of MDEA to a base catalyst,
which enhances the formation of bicarbonate through hydration reaction of water and CO, [25]. Also, the lower
absorption capacity is due to the fact that CO, absorption in MDEA is greatly influenced by the CO, partial
pressure in the stream. Significant CO, absorption will only be obtained in a gas stream with high CO, partial
pressure [25]. It is also noted that the breakthrough curve for 50wt% MDEA deviated from the maximum value
of 1 for the CO, output/CO, input pressure ratio. This observation implied that the desorption rate is faster than
the absorption rate as the equilibrium state is approached at constant CO, partial pressure and temperature.

Table 2: Solvent screening results for amines at 40°C and 12kPa CO, pressure

Solvent Concentration Absorption Capacity Absorption Rate
MOl co2/MOlamine mmol/mol.s

MEA 30wt% 0.50 1.09

DEA 50wt% 0.63 0.74

MDEA 50wt% 0.38 0.04

PZ 30wt% 1.06 1.81

Table 3: Equilibrium absorption capacity results in comparison with literature

Solvent Concentration This work literature
MOl coa/MOlamine MOl co2/MOlamine reference
MEA 30wt% 0.50 0.50-0.60 [25]
MDEA 50wt% 0.38 0.30-0.40 [33]
Pz 30wt% 1.06 0.90-1.00 [34]

CO, output/input concentration profile is believed to give good indications of solvent reactivity [27]
and was used to evaluate the initial absorption rate of the amines. CO, absorption rate was evaluated using the
slope of the absorption curve from the CO, output/input concentration profile. The slope of the breakthrough
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curve gives the initial CO, absorption rate as established in literature [28, 29]. The absorption curves from the
solvent screening data for the amines at 40°C and CO, partial pressure of 12kPa are plotted in Figure 3. The
absorption rate data are found to be of +0.5 in experimental error. From Figure 3, MDEA have the lowest
reaction rate in comparison with the others amines and his absorption curve is almost horizontal. For 50wt%
MDEA absorption curve, the CO, partial pressure in the output stream was very high at the beginning of the
experiment. This implied that less amount of CO, was absorbed by MDEA. As a result of its poor reaction
kinetics and the dependence of its performance on high CO, partial pressure in the inlet gas stream. The CO,
absorption rate value is 0.04 mmol/mol-s. In comparison, 50wt% MDEA rate is 28.59 times slower than 30wt%
MEA and 47.50 times slower than 30wt% Piperazine. However, 30wt% Piperazine shows complete absorption
of all CO; in the inlet gas stream at the start of the experiment. It also produced a consistently steep and smooth
absorption curve. From Table 2, 30wt% Piperazine has the highest rate with value of 1.81mmol/mol-s. It is 1.66
times higher than 30wt% MEA. However, 30wt% MEA, a primary amine, was found to be 1.47 times more
reactive than DEA, a secondary amine, as expected.
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Figure 3: Absorption curve for amines at 40°C and 12 kPa CO, pressure

3.2 Amine blend
Table 4 provides data on the equilibrium absorption capacities of all blends evaluated at 40°C and 12kPa

CO, partial pressure. Results of the experiments for blends with 40wt% AMP could not be obtained due to the
coagulation of AMP under the experimental conditions. It is found that blends involving Piperazine at 20wt%
concentration have better absorption capacities than other evaluated combinations. This shows that Piperazine
are benefiting because of the presence of two nitrogen atoms in the molecule which increase the CO, loading.
AMP, as a sterically hindered amine, and MDEA, as a tertiary amine, in combination with Piperazine shows the
highest absorption capacities among all the blends. This is consistent with expectations with respect to the
sterically hindered amine and tertiary amines which involve bicarbonate formation.

Table 4: Equilibrium absorption experiment results for amine blends at 40°C and 12kPa CO, pressure

Amine blend Concentration Absorption Capacity
mOICOZ/mOIamine
DEA/MDEA 10wt%/40wt% 0.52
DEA/MDEA 25wt%/25wt% 0.50
DEA/MDEA 40wWt%/10wWt% 0.61
MDEA/PZ 10wt%/20wt% 0.92
MDEA/PZ 15wt%/15wt% 0.92
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MDEA/PZ 20Wt%/10Wt% 0.74
DEA/PZ 10Wt%/20Wt% 0.88
DEA/PZ 15Wt%/15wt% 0.85
DEA/PZ 20Wt%/10Wt% 0.79
MEA/PZ 10Wt%/20Wt% 0.75
MEA/PZ 15Wt%/15wt% 0.73
MEA/PZ 20Wt%/10Wt% 0.69
MEA/MDEA 10Wt%/40wWt% 0.69
MEA/MDEA 25Wt%/25Wt% 0.73
MEA/MDEA A0WL%/10Wt% 0.69
MEA/AMP 10Wt%/40Wt% 0.57
MEA/AMP 25Wt%/25Wt% 0.59
MEA/AMP A0WL%/10Wt% 0.74
DEA/AMP 10Wt%/40Wt% -

DEA/AMP 25Wt%/25Wt% 0.66
DEA/AMP A0WL%/10Wt% 0.60
AMP/PZ 10Wt%/20wWt% 0.99
AMP/PZ 15Wt%/15wt% 0.90
AMP/PZ 20Wt%/10Wt% 0.92
AMP/MDEA 10Wt%/40Wt% 0.65
AMP/MDEA 25Wt%6/25Wt% -

AMP/MDEA A0WL%/10Wt% -

Results from solvent screening absorption rate are evaluated for all blends involving MEA, DEA and
MDEA. Data are compared with 30wt% MEA reference. Figure 4, Figure 5 and Figure 6 present the absorption
rate results based on performance of all blends. MEA/piperazine blends performed better than 30wt% MEA as
shown in Figure 4. However, MEA/AMP and MEA/MDEA blends have lower rates than 30wt% MEA under all
concentrations considered. This is essentially due to the less reactive nature of AMP and MDEA with CO,.
Therefore, the combination of MEA with AMP and MDEA leads to a trade-off between the reaction rate and
absorption capacity when compared to MEA at equal concentration. MEA will give higher CO, absorption
reaction rate and lower CO, absorption capacity than MEA/AMP and MEA/MDEA blends.

From Figure 5, DEA/PZ blend has the highest kinetics among all blends involving DEA. 30wt% MEA
is found to outperform 50wt% DEA. CO, absorption rate is dependent on the chemical nature of a solvent as
well as its concentration. 30wt% MEA shows higher rate than all other blends except for DEA/PZ blend.
Piperazine is able to kinetically activate DEA as evident in the reaction rate. However, kinetic activation by
DEA in DEA/MDEA and DEA/AMP blends is not of significant impacts on reaction rate. The authors also
found that higher rate is measured for DEA/AMP blends in comparison to DEA/MDEA blends, except at
40wt% DEA in 10wt% MDEA. This is attributed to the higher reactivity of AMP. For all MDEA-containing
blends, 30wt% MEA is better in terms of CO, absorption reaction rate. Though MDEA/Piperazine blends shows
better reactivity at 15wt% and 20wt% Piperazine composition, the poor reactivity of MDEA led to MDEA
20wt%/piperazine-10wt% blend having lower rate value of 1.04mol/mol-s while 30wt% MEA recorded
1.09mol/mol-s.

With a focus on both absorption rate and capacity, four promising blends amines have been selected:
10wt%-MEA/20wt%-PZ
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10wt%-DEA/20wt%-PZ
10wt%-AMP/20wt%-PZ
10wt%-MDEA/20wt%-PZ

10wt%-DEA/20wt%-PZ blend showed the highest rate of 1.68mmol/mol-s with 0.88mol/mol capacity.
However, its CO, absorption capacity is significantly lower than MEA/PZ blend with a value of 0.75. In terms
of absorption rate, there is no significant difference between 10wt%-MEA/20wt%-PZ and 10wt%-DEA/20wt%-
PZ blends.10wWt%-AMP/20wt%-PZ blend has the highest CO, absorption capacity of 0.99mol/mol and a
relatively high rate of 1.47mmol/mol-s which is 87.3% of DEA-10wt%/PZ-20wt% blend (the blend with the
highest overall rates). Therefore, 10wt%-AMP/20wt%-PZ blend could be regarded as the most promising blend
among the Piperazine-containing blends evaluated.
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Figure 4: Plot of absorption rates for all MEA blends
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Figure 6: Plot of absorption rates for all MDEA blends

Figure 7 shows a comparison of the absorption capacity results of 30wt% Piperazine with the four
promising blends and the single amines is done and a comparison of absorption rate results are shown in Figure
8. Absorption capacity results shows that 30wt% piperazine have the better performance with rate of
1.81mmol/mol-s which is about 8% faster than DEA-10wt%/PZ-20wt% blend (which have the highest rates
among the blend evaluated). In addition, stand-alone 30wt% piperazine has CO, absorption capacity of
1.06mol/mol. This value is also higher than that of 10wt%-AMP/20wt%-PZ blend (the blend with the highest
capacity among the solvent list evaluated). Though 30wt% piperazine outperformed all single amines studied
here, the promising blends of 20wt% piperazine with 10wt% MEA, 10wt% DEA or 10wt% AMP can be good
substitutes for the 30wt% piperazine based on their relatively high rates and capacities. This is due to
precipitation in high concentration of piperazine.

Also, the proportion of MEA, DEA or AMP can be increased to 20wt% composition with 20wt%
piperazine to obtain 40wt% total amine concentration. Such increase of the second amine concentration in
blends with piperazine is expected to give improved results. However, increasing piperazine concentration to
40wWt% poses precipitation challenges at the experimental conditions.

Furthermore, the CO, solubility data for 10wt%-AMP/20wt%-PZ blend (taken as the most promising
system) at total gas pressure of 100kPa with CO, partial pressure between 10 and 20 kPa is measured. The result
is presented in Table 5 with rich loadings obtained at 40°C and lean loadings at 120°C. As expected, lean and
rich loading increased with higher CO, pressure, rising by about 112% and 56% for 20kPa in comparison with
10kPa respectively. Also, another important thermodynamics property is the cyclic capacity. It is the difference
between the rich and lean loading (mole of CO,/mole of amine) and provides the performance of amine solution
for CO, capture. Results show that cyclic capacities of 10wt%-AMP/20wt%-PZ blend at 12 and 20kPa partial
pressures are twice the average reported value of 0.24molCO,/molamine for 30wt% monoethanolamine at
similar CO, partial pressure [30-32]. So, within the range of CO, partial pressure for coal-fired power plants,
10wt%-AMP/20wt%-PZ blend is a promising system for CO, capture. Further works on enthalpy and excess
enthalpy characterizations, thermal solvent regeneration requirement and degradation are ongoing. The
conclusions of such further experimental works will determine the suitability of the 10wt%-AMP/20wt%-PZ
blend for post-combustion capture applications.
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Figure 7: Absorption capacity values of the four promising blends in comparison to single amines
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Figure 8: Initial absorption rates of the four promising blends in comparison to single amines

Table 5: Vapour liquid equilibrium data for AMP/PZ (10/20wt%) blends

CO, Partial Pressure  Rich Loading (at 40°C)  Lean Loading (at 120°C) Cyclic Loading

kPa MOl co2/MOlamina MOlco2/MOlamine MOlco2/MOlamine
10 0.78 0.34 0.44
12 0.99 0.51 0.48
20 1.22 0.72 0.50
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1IV. CONCLUSION

This research work considered the evaluation and characterization of amine blends-CO,-H,0Osystems
for CO, post-combustion capture. The objective was to evaluate amine blends as potential sorbent to finding the
most promising systems for CO, post-combustion capture. Five solvents covering various and relevant classes
of amine (MEA, DEA, AMP, MDEA and piperazine) are blended. Then, they were screened experimentally
using CO2 absorption capacity and CO2 absorption rate as the output parameters under total gas pressure of
100kPa (with CO2 partial pressure of 12kPa) and temperature of 40°C (temperature in the absorber). Through
the results, four promising blends were identified which outperformed other blends and 30wt% MEA reference:

10wt%-MEA/20wt%-PZ
10wt%-DEA/20wt%-PZ
10wt%-AMP/20wt%-PZ
10wt%-MDEA/20wt%-PZ

10wt%-DEA/20wWt%-PZ blend showed the highest rate of 1.68mmol/mol-s with 0.88 molco,/MOlymine
capacity while 10wt%-AMP/20wt%-PZ blend recorded the highest absorption capacity of 0.99 molcoa/mMol,mine
with rate of 1.47mmol/mol-s. As indication, absorption capacity for 30wt% MEA reference is
0.50molcoo/mol,mine and absorption rate is 1.09mmol/mol-s. Furthermore, equilibrium solubility data for 10wt%-
AMP/20wt%-PZ blend is twice higher than the cyclic loading capacity reported for 30wt% MEA reference
under CO, partial pressure of 10kPa to 20kPa. This portends that there are great potentials in piperazine-
containing blends. In summary, these experimental results have shown that novel solvent development through
amine blends can play significantly role towards the deployment of post-combustion capture technology.
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