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A B S T R A C T   

In this research the carbon dioxide absorption using Monoethanolamine (MEA), Piperazine (PZ) and N-Metil-2- 
pirolidon (NMP) solvents and their different blends (MEA/NMP, PZ/NMP, MEA/PZ) in packed column reactor 
filled with Raschig rings was investigated and compared for efficient carbon dioxide absorption. The process was 
followed in a countercurrent regime under a liquid flow rate of 200 mL/min, gas flow rate of 2.5 L/min, and CO2 
concentration of 50,000 ppm. Carbon dioxide removal efficiency (%), absorption capacity (mol CO2/mol sol
vent), overall mass transfer coefficient (1/min) and absorption rate (mol/l.s) were monitored. The highest ob
tained values for carbon dioxide removal efficiency, absorption capacity and overall mass transfer coefficient 
were 57.5%, 0.148 mol CO2/mol solvent and 2.178 min− 1 respectivelly when 0.03 M MEA/0.07 M PZ in a hybrid 
system was used. It was concluded that PZ blends with MEA were successful absorbent as the organic physical 
solvent whereas NMP didn’t show improving effect in blends with MEA on the absorption efficiency.   

1. Introduction 

Nowadays, the increasing demand for energy is being mainly sup
plied from fossil resources, which is the major cause of the increase in 
carbon levels in the atmosphere. Statistical data published by Mauna Loa 
Observatory show that the carbon dioxide concentration in the Earth’s 
atmosphere peaked at 418.51 ppm in September 2023 (Mauna Loa, 
2023). Carbon dioxide has attracted attention because it is the main 
greenhouse gas affecting global warming. CO2 removal is essential for 
carbon capture and storage, reducing emissions from industrial factories 
and power plants (Karlsson et al, 2020). Pre-combustion, post-
combustion, and oxy-fuel combustion are the three main methods of 
reducing CO2 emissions (He et. al., 2023). Various methods have been 
studied to reduce post-combustion CO2 emissions, such as chemical 
absorption (Shen et. al., 2023; Zhao et al., 2011), membrane separation 
(Fu et. al., 2022), adsorption (Qie et. al., 2022), cryogenic separation 
(G. De Guido, 2023) and algal system (Smerigan et. al., 2023). 

Chemical post-combustion CO2 capture using aqueous alkanol
amines is considered the most practical approach to control CO2 emis
sions from industrial flue gases, where the amine-based chemical 

absorption process is considered the most mature method for post- 
combustion CO2 capture (Zhang et. al., 2023-c). During the chemical 
process, carbon dioxide is removed from the flue gas through a chemical 
reaction with a solvent. High absorption efficiency, low energy con
sumption, high economic value, easy operation and mature technology 
are all advantages of this method (Peng et. al., 2012). The technologies 
rapid development is considered essential for preventing global warm
ing and associated climatic changes (Chen et. al., 2022; Zhang et. al., 
2023-a). 

The use of aqueous MEA has some significant disadvantages, 
including the energy-intensive regeneration of the sorbent, which ac
counts for over 70% of the total operating costs and must be reduced to 
achieve commercial viability, as well as the high degradation rate of the 
sorbent amine solution and equipment corrosion (Chen et. al., 2022; Li 
et al., 2023). 

Alkanolamines have the potential to be combined in such a way that 
their benefits are maximized, resulting in highly efficient sorbents for 
CO2 capture. These sorbents demonstrate superior performance 
compared to aqueous MEA under similar operating conditions (Chen et. 
al., 2022). Searching for higher solvent performances for CO2 capture 
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are followed by introduction of new formulas by combining different 
amines. Several researchers have focused their research in this area with 
the aim of developing and testing new sorbents with lower energy re
quirements, such as new synthetic solvents and aqueous amine mixtures 
for CO2 capture (Zhong et . al., 2023; Zhang et. al., 2023-b), including 
N-methyl-2-pyrrolidone (NMP), monoethanolamine (MEA) (Yuan and 
Rochelle, 2018; Yeh et. al., 2001) Triethanolamine (TEA) (Rubia et. al., 
2010), methyldiethanolamine (MDEA) and piperazine (PZ) (Ali and 
Aroua, 2004; Pashaei,et, al., 2017), diethylethanolamine (DEEA) and 
ethylethanolamine (EEA) (Vaidya and Kenig, 2009; Chen, et. al., 2014), 
alkaline solutions (Chen, et. al., 2014; Tippayawong and Tha
nompongchart, 2010) and ammonia solution (Ma, et al, 2016). 

Recently, research on hybrid solvents increased where combination 
of MEA and NMP (Tan et. al., 2015) in packed absorption column; MEA 
and NMP in wetted wall column (Yuan and Rochelle, 2018); AMP and 
NMP in a static-synthetic apparatus (Pakzad et. al., 2018); PZ and AMP 
in packed absorption column (Halim et. al., 2015); NMP and six different 
chemical solvents in a bubble column (Eskandari et. al., 2022) were 
studied. 

To date, only a few experimental studies on the absorption capabil
ities of NMP in packed countercurrent columns have been published 
(Tan et. al., 2015; Qi et. al., 2023; Liu et. al., 2023; Wang et. al., 2021). 
Tan et al., investigated MEA/NMP hybrid solution on CO2 removal ef
ficiency in a countercurrent packed column (Tan et. al., 2015). Qi et al., 
used EMEA/NMP hybrid solution on CO2 removal efficiency and 
regeneration energy in a countercurrent packed column (Qi et. al., 2023; 
Liu et. al., 2023). Wang et al., investigated carbon dioxide capture by 
non-aqueous blend in rotating packed bed reactor. AMP/AEEA/NMP 
tri-solvent blend is used for determining CO2 capture efficiency and 
overall volumetric mass transfer coefficient (Wang et. al., 2021). A 
challenge in the post-combustion CO2 capture from natural gas power 
plants is the large flow of flue gas with low CO2 content (~3-4%vol.) 
(Diego et. al., 2017; Jiang et. al., 2019), and low pressure which is not 
sufficient to overcome the pressure drop inside absorbers. In this work, a 
CO2 concentration of 50,000 ppm in a packed bed counter current 
absorber is tested. 

Primary amine MEA has a high reaction rate, but on the other hand, 
its absorption capacity is low. In this study, aiming the increase of ab
sorption capacity, dual systems with PZ solvent and NMP solvent, which 
are activators, were prepared. Two single amines including PZ, MEA and 
three amine mixtures such as MEA+NMP, PZ+NMP, MEA+PZ were 
proposed and their performance was compared. Specifically, low 

concentration of these absorbents (< 0.1 M) where used to maintain low 
pressure drop and well mixing in the reactor. Carbon dioxide absorption 
experiments performed at atmospheric pressure and room temperature. 
NMP was chosen as an organic physical solvent due to its low viscosity, 
being completely miscible in water, and capability of mixing completely 
with other solvents in this study. This feature would make pumping 
easier and use less power during the process. 

1.1. Absorption Capacity Calculations 

The area over the CO2-time profile graph (Fig. 1) corresponds to the 
total absorbed CO2. The input flow rate of CO2 was known from the total 
flow rate and the inlet concentration. The outlet flow rate of CO2 was 
calculated based on the fixed flow rate of N2 that was an inert compound 
and the read CO2 concentration. The following equation was used to 
calculate the CO2 outlet flow. 

QCO2out
= Qtotalin × yN2in

(
yCO2out

yN2out

)

(1) 

In this equation, QCO2out 
is the outlet carbon dioxide flow rate (l/min); 

Qtotalin is the total flow rate (l/min); yN2in 
is N2 mole fraction in the gas 

inlet; yCO2out is CO2 mole fraction in the gas outlet; yN2out is N2 mole 
fraction in the gas outlet. 

Using conversion factors and the assumption that each mole at a 
standard temperature and pressure (STP) of 1 atm and 273 K occupies 
22.4 liters, the volumetric flow rates were converted to molar mass flow 
rates. This volumetric flow rates were corrected for adjusted tempera
ture. Then, the concentration (ppm)-time graph was replotted for mass 
flow rate vs time. 

The rate of absorbed CO2 at each reading interval was then calcu
lated using the following equation; 

RCO2 = ṀCO2in
− ṀCO2out (2) 

Where; Rco2 is the rate of absorbed CO2 (l/min); ṀCO2in 
and ṀCO2out 

are the mass flow rate of CO2 in the gas inlet and outlet respectively. 
The amount of absorbed CO2 for each time period was determined 

using the equation below: 

MCO2ab
= RCO2 × (t2 − t1) (3) 

Where; 
MCO2 is the mass of absorbed CO2 (mol CO2); Rco2 is the rate of 

Fig. 1. A sample of the CO2 concentration profile at the output (Gül et. al., 2023).  
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absorbed CO2 (l/min). 
The absorption capacity of the absorbent was calculated using 

equation given below; 

Ab.Cap =
∑n

1MCO2ab

MMEA
(4) 

Where n is the number of time intervals, MCO2 is the mass of absorbed 
CO2 and MMEA is the mass of MEA in the solution. 

Spreadsheets in MS Excel were used for calculation procedures. 

1.2. Overall Mass Transfer (KGa) calculation 

In many separation processes, the material diffuses from one phase to 
the other (Fig. 2). It is assumed that the two-film model is used to 
determine the mass transfer coefficient and to define the mass transfer of 
CO2. Two-film model assumes equilibrium at interface. According to two 
film models, the local absorption rate, expressed as total mass transfer 
coefficients, on both the gas and liquid side at a local point, can be 
written as follows; 

rA = (KGa)
(
Cg − HCL

)
(5) 

We assume a plug flow for the gas phase and well-mixed flow for 
liquid phase, steady state, mass equilibrium with z; 

Mass balance over ΔZ: 
(
UgCg

)S
z −

(
UgCg

)S
z+Δz = rAΔV (6)  

ΔV = ΔZ.S (7) 

Where S is the column cross-sectional area 
Combining Eq 5 & Eq 6; 

(
UgCg

)

z.S −
(
UgCg

)

z+Δz.S = KGa.
(
Cg − HCL

)
(ΔZ.S) (8)  

S.U
(
Cgz − Cgz+Δz

)

Δz
= KGa.

(
Cg − HCL

)
.S (9)  

HCL ≃ 0  

S.U
dC
dz
= S.KGa.

(
Cg
)

(10)  

Q
dC
C
= S.KGa.dz (11)  

Q
∫Cout

Cin

dC
C
=

∫L

0

S.KGa.dz (12)  

KGa =
Qgln C0

C
L.S

(13) 

Where Cg, CO2 gas concentration in gas phase(mol/L), CL, CO2 gas 
concentration in liquid phase(mol/L), rA is absorption rate (mol/L.min), 
KGa is overall mass-transfer coefficient (1/min), S is the column cross 
section area (cm2), U is gas superficial velocity (m/s) and Q is the gas 
flowrate (l/min). 

1.3. Chemical reaction mechanism 

The reaction mechanism in a ternary system of H2O-CO2-amine 
differs based on the number of amine functionality. These reactions, 
which are equilibrium reactions have been suggested for single amine 
functionality as for MEA (Aronu, et. al., 2011): 

Water dissociation: 

2H2O⇌H3O+ + OH− (14) 

Carbon dioxide dissociation: 

2H2O+ CO2⇌H3O+ +HCO−3 (15) 

Bicarbonate dissociation: 

H2O+HCO−3 ⇌H3O+ + CO2−
3 (16) 

Dissociation of protonated MEA: 

H2O+ RNH+3 ⇌H3O+ + RNH2 (17) 

Carbamate reversion to bicarbonate: 

H2O+ RNHCOO− ⇌RNH2 +HCO−3 (18) 

Reactions for PZ that occur in the liquid phase are given below 
(Ramezani et. al., 2017). Reaction mechanism for PZ-CO2-H2O system; 

Piperazine protonation: 

PZ + H2O ↔ PZH+ + OH − (19)  

PZH+ + H2O ↔ PZ + H3O+ (20) 

Piperazine deprotonation: 

PZH+2 + H2O ↔ PZH+ + H3O+ (21) 

Carbamate formation: 

Fig. 2. The schematic of two film theory for CO2 absorption in MEA.  
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PZ + CO2 + H2O ↔ PZCOO− + H3O+ (22)  

PZH+ + H2O+ CO2 ↔ H+PZCOO− + H3O+ (23)  

PZCOO− + CO2 + H2O ↔ PZ(COO− )2 + H3O+ (24) 

Manocarbamate protonation: 

H+PZCOO− + H2O ↔ PZCOO− + H3O+ (25)  

1.4. Chemical reaction mechanism for mixtures 

Natural gas, synthetic gas, and hydrogen can all be processed using 
monoethanolamine (MEA), a reasonably strong base with a quick re
action rate. Its high capacity for CO2 absorption results from its low 
molecular weight. High energy consumption and heat generation are 
disadvantages of solvent regeneration in boilers due to exothermic 
carbon dioxide absorption in MEA solutions. A diamine molecule known 
as piperazine (PZ) has two nitrogen atoms in its structure, allowing it to 
absorb two moles of CO2 per mole. When interacting with CO2, PZ 
produces less heat than MEA. Mixing two solvents improves the MEA’s 
fast reaction kinetics, higher CO2 capacity, and lower PZ reaction heat. 
The amount of packing required in the absorber may be reduced by 
faster solvents. 

CO2 absorption in aqueous MEA-PZ blended amine solution triggers 
numerous chemical reactions. The chemical reactions are listed below 
(Mirzaei and Ghaemi, 2018). 

Ionization of water : 2H2O ̅→←̅K1 H3O+ + OH− (26)  

Dissociation of carbon dioxide : 2H2O+ CO2 ̅→←̅
K2 H3O+ + HCO−3 (27)  

Dissociation of bicarbonate : H2O+ HCO−3 ̅→←̅
K3 H3O+ + CO2−

3 (28)  

Dissociation of protonated MEA : H2O+MEAH+ ̅→←̅K4 H3O+ +MEA
(29) 

The reactions shown above occur very fast and are assumed instan
taneous with respect to mass transfer. MEA reacts directly with CO2 to 
form a stable carbamate. Zwitterion formation is the first step in the 
amines’ zwitterion mechanism for absorbing CO2. 

Formation of MEA carbamate : H2O+MEA+ CO2 ̅→←̅
K5 H3O+

+MEACOO− (30)  

Dissociation of protonated PZ : H2O+ PZH+ ̅→←̅K6 H3O+ + PZ (31)  

Formation of PZ carbamate : H2O+ PZ + CO2 ̅→←̅
K7 H3O+ + PZCOO−

(32)  

Formation of PZ dicarbamate : H2O+ PZCOO− + CO2 ̅→←̅
K8 H3O+

+ PZCOO− (33)  

Di − protonation of PZ : PZH+ + H3O+ ̅→←̅K9 PZH2+
2 + H2O (34)  

Protonation of PZ carbamate : PZCOO− + H3O ̅̅→←̅̅K10 PZH+COO− + H2O
(35) 

PZ solutions containing tertiary or hindered amines absorb CO2 more 
quickly than MEA and have a higher CO2 cycle capacity (Zhang et al., 
2018; Gordesli and Alper.,2011). When compared to MEA, CO2 reaction 
rates for PZ are approximately 2-3 times faster (Dugas and Rochelle, 
2009). It was thought desirable to look into PZ derivatives such NMP 
given that the PZ has a fast reaction rate (Gordesli and Alper., 2011). 

2. Materials and Method 

2.1. Chemicals 

Three solvents were employed in this investigation. MEA (≥98%), 
NMP (99.5%) and PZ (99%) were supplied by Sigma (Germany). 
Deionized water was supplied using a Thermo Scientific, German unit 
with ultra-pure filters. N2 (> 99.99 %, 200 bar) and CO2 (> 99.95%, 150 
bar) gas cylinders were purchased from Oksangas, Turkey. 

3. Experiment 

In this study, monoethanolamine (MEA), piperazine (PZ) and N- 
methyl-2-pirolidone (NMP) as solvents and their different blends (MEA/ 
NMP, PZ/NMP, MEA/PZ) were used in a Raschig ring filled packed 
column reactor and the efficiency of CO2 removal (%), the absorption 
capacity (mol CO2 / mol solvent), the total mass transfer coefficient (1/ 
min) and the absorption rate (mol/l.s) were calculated and compared 
with regard to efficient carbon dioxide absorption . The solvents and 
mixture concentrations are given in Table 1. Specifically low concen
tration of solvents where used for mainly two reasons; First, to maintain 
a low viscosity solution with well wetting property on the fillings surface 
and second, high concentrations of solvents result in almost full 
absorbtion and zero output concentration in gas phase which halts 
calculation of KGa at different concentrations of absorbent. 

The absorption column of this study is shown in Fig. 3. It was made of 
a 100-cm-high Plexiglas cylinder with a 5.0-cm diameter that was 
equipped with a jacket for temperature control. The gas absorption 
column was randomly packed with ceramic Raschig rings (0.4 mm×0.4 
mm) at 70 cm height. The gas/liquid interaction in the absorption col
umn was significantly enabled by packing. 

The process run in a countercurrent flow mode (Fig. 2 & 3). Desired 
solvent was prepared in a feed tank with 2.5 L volume and replenished 
during process when needed. A micro gear liquid pump (LP-WT3000) 
was used to obtain a smooth 200 ml/min flow rate. Experiments were 
conducted at room temperature. The gas mixture was supplied using two 
separate mass flow controllers (ALICAT Scientific Mass Flow Controller, 
Range:0-10 L/min, accuracy % 0.2 of full-scale) for nitrogen and carbon 
dioxide. The gas mixture was first sent directly to CO2 analyzer to ensure 
initial 50000 ppm concentration then the main line valves were opened 
and gas mixture directed to the column filled with MEA solution. The gas 
mixture was bubbled first in a humidifier where its temperature was 
controlled/adjusted by a heat exchanger in a closed loop. A dry gas flow 
would change the concentration of the amine solution by evaporation 
from liquid to gas phase and humidification minimizes this effect. The 
humidified/saturated gas mixture was bubbled using diffuser in the 
column and the carbon dioxide concentration in the gas phase in the 
output was monitored using a Vernier CO2 gas sensor (USA). The process 
continued until there was no change in the output CO2 gas concentra
tion. This process was confirmed by the concentration/time profile as 
shown in Fig. 1 for a specific run. 

4. Results and Discussion 

The absorption performance of CO2 gas in aqueous solvent (MEA, 

Table 1 
Solvent concentrations.  

Solvent and Mixtures Solvent Concentration (M) 

MEA 0.025, 0.05, 0.1 
PZ 0.025, 0.05, 0.1 
MEA-NMP 0.05-0.05 
PZ-NMP 0.05-0.05 
MEA-PZ 0.05-0.05 

0.07-0.03 
0.03-0.07  
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PZ) and three binary solvent (MEA+NMP; PZ+ NMP; MEA+PZ) is 
evaluated based on CO2 removal efficiency, absorption capacity (mol 
CO2 / mole solvent), mass transfer coefficient and absorption rate. 

4.1. CO2 Removal Efficiency 

Fig. 4 shows the effect of the MEA, PZ and MEA+NMP; PZ+ NMP; 
MEA+PZ blends (Table 1) at different concentrations on CO2 removal 
efficiency (%). As can be seen from the figure, when the MEA solvent 
increases from 0.025 to 0.1M, the carbon dioxide removal efficiency 
increase by 20%, the carbon dioxide removal efficiency increased by 
38.5% with the PZ solvent. CO2 reaction rates for PZ were 2–3 times 

faster than MEA solutions showing that PZ is very effective solvent for 
CO2 absorption (Dugas and Rochelle, 2009). 

While 0.05 M MEA absorb 25% carbon dioxide, the removal effi
ciency was 28% when 0.05 NMP was added. Contrary to this Tan et al, 
reported that at 0.1 MPa and 1 MPa working pressures, MEA aqueous 
solution had better CO2 removal performance compared to MEA hybrid 
solution (Tan et.al., 2015). The reaction rate of MEA was not affected by 
the addition of physical solvent as reported in (Gordesli and Alper, 
2011). While the carbon dioxide removal efficiency of 0.05 M PZ solvent 
was 36%, when 0.05 M NMP was added, the removal efficiency 
remained almost the same as 37%. 

The highest carbon dioxide removal efficiency of 57.5% was 

Fig. 3. The experimental setup: 1: CO2 cylinder, 2: N2 cylinder, 3: Mass flow controller, 4: Humidifier, 5: Heat exchanger, 6: Column, 7: Waste tank, 8: Solvent tank, 
9: Dehumidifier gas regulator, 10: Dehumidifier, 11: CO2 Analyzer (10.000-100.000ppm), 12: Relief valve. 

Fig. 4. The effect of solvent concentrations on carbon dioxide removal efficiency (2.5 L.min− 1 gas flow rate, 200 mL.min− 1solvent concentration, 5% CO2 ppm).  
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obtained with 0.03 M MEA / 0.07 M PZ solvent in hybrid systems. When 
the PZ solvent is increased from 0.03 M to 0.07 M, it has been observed 
that PZ increases the carbon dioxide removal efficiency which can be 
related to its high absorption rate. PZ solvent has twice the absorption 
capacity and absorption rate than MEA, and it is mixed with other amine 
solvents due to its higher regeneration efficiency with an average of 15% 
lower energy requirement. 

Considering the synergistic effects of the mixed solvents; while the 
expected value of single 0.05 M MEA and 0.05 M PZ solvents (Fig. 4 left) 
were 25 and 36 % respectivelly, the carbon dioxide removal efficiency of 
44% was obtained when used together in a hybrid system (Fig. 4 right). 
It confirms that the hybrid solution has a synergistic effect. 

4.2. Absorption Capacity 

A packed column’s capacity to remove CO2 while using an aqueous 
amine blend depends on its CO2 absorption capacity, which may be 
expressed as the amount of CO2 that is absorbed per mole of amine so
lution. Fig. 5 represents the experimental outcome of CO2 loading 
characteristics of three different aqueous amine blends (MEA+NMP; 
PZ+ NMP; MEA+PZ) and two different single absorbents (MEA; PZ). 
The absorption process has been executed with constant process vari
ables including liquid flow rate of 200 mL min− 1, gas flow rate of 2.5 L 
min− 1. The highest absorption capacity achieved was 0.217 mol of CO2 
per mole of aqueous 0.05 M PZ in single system. The highest absorption 
capacity is obtained as 0.148 mol CO2/mol 0.03 M MEA/ 0.07 M PZ in 
hybrid system. The absorption capacity decreases per unit mole of 
absorbent for both MEA and PZ. It may be related to higher amount of 
unreacted molecules at higher concentrations probably for being trap
ped in dead zones inside the reactor. 

4.3. Overall Mass Transfer 

Understanding mass-transfer characteristics like the interfacial area 
and mass-transfer coefficient thoroughly is necessary to comprehend the 
processes connected to gas-liquid absorption with chemical reactions. 
Because there are more solvent molecules per unit volume available to 
absorb more CO2 at the gas-liquid interface and more opportunities for 
CO2 to come into contact and interact with the active absorbent, a high 
absorbent concentration enhances the mass transfer coefficient (Tan et. 
al., 2012). Dugas et al. indicated that overall mass transfer incorporates 
terms that are strongly amine concentration dependent. MEA or PZ as a 
promoter has no effect on the solvent’s inherent capacity, but it does 
improve the rate of CO2 absorption. According to their findings, PZ 

reacted with CO2 about ten times faster than MEA (Dugas et al, 2009). 
Fig. 6 shows the effect of solvents on overall mass transfer coeffi

cient. The highest overall mass transfer coefficient is achieved to be 
2.004 min− 1 with 0.1 M PZ in single system. The highest overall mass 
transfer coefficient is obtained to be 2.178 min− 1 with 0.03 M MEA/ 
0.07 M PZ in hybrid system. In comparison, Lin Chang et al., obtained 
0.008 min− 1 overall mass transfer coefficient at 4.4 L/min gas flow rate, 
42 ml/min liquid flow rate and 2M MEA using rotate-packed bed reactor 
(Lin Chang et. al., 2003). 

4.4. Absorption Rate 

One of the most important factors in calculating the capital cost and 
energy cost of an amine solvent for CO2 capture is CO2 absorption rate. 
Faster absorption rates require less packing to remove the same amount 
of CO2, which lowers the cost of the absorber. 

According to the results in Fig. 7, while the absorption rate of 0.1 M 
MEA is 0.156 mol.l− 1.s− 1, absorption rate of hybrid 0.05 M MEA/0.05 M 
PZ solution is 0.185 mol.l− 1.s− 1. According to Zhang et al., blends of 
primary/secondary and tertiary amines can react with CO2 faster than 
single tertiary amines and consume less energy than single primary/ 
secondary amines (Zhang et al., 2017). Bishnoi et al. (Bishnoi et al., 
2000) reported the rate constant of PZ with CO2 is one order of 
magnitude larger than that of MEA with CO2. Therefore, a mixture of 
MEA and PZ should absorb CO2 more quickly than MEA alone. (Fig. 7). A 
high removal capacity (mol CO2/mol absorbent) along with high rate 
means that for the same amount of CO2 load, lower volume of absorbent 
will be required, therefore, regeneration phase will demand less amount 
of energy where stripping happens upon heating. 

5. Conclusion 

Chemical absorption is highly effective method for CO2 capture. 
Historically, amines have been used in single or blended form due to 
their high absorption/desorption efficiency. In this study, carbon diox
ide absorption using MEA, PZ and NMP and binary solvents 
(MEA+NMP, PZ+NMP, MEA+PZ) in packed column reactor filled with 
Raschig ring was investigated. The experiment was operating under 
counter current regime that had a higher conversion than the co-current 
operation. NMP was selected as the organic physical solvent because of 
its low viscosity, being completely miscible in water, and capable to 
completely mix with different solvents. 

The result shows that compared with the single absorbents, blended 
solvents show better absorption performance because of their synergic 

Fig. 5. The effect of solvent concentrations on absorption capacity (2.5 L.min− 1 gas flow rate, 200 mL.min− 1 liquid flow rate, 5% CO2 ppm).  
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enhancement effect which could be related to the availability of more 
than two pathways that can happen in the case of hybrid systems. It was 
concluded that mixing MEA solvent with PZ solvent improves absorp
tion performance, whereas NMP organic solvent has no effect. The 
highest absorption capacity with 0.148 mol CO2/mol solvent, the 
highest mass transfer coefficient with 2.178 1/min, and the highest 
absorption rate with 0.247 mol/Ls is obtained with using 0.03 M MEA/ 
0.07 M PZ in hybrid system. The effectiveness of the blends for removal 
of CO2 in low concentrations would facilitate low cost capture processes. 
A packed bed reactor generally causes lower pressure drop comparing 
with a bubble column reactor where the gas phase needs to overcome a 
static pressure. 

Contribution to the literature can be made by studying the cost 
analysis of the mixture of PZ and NMP, experimental studies under 
higher pressure, and its effects on the environment. 
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Fig. 6. The effect of solvent concentrations on overall mass transfer coefficient (KGa) at (2.5 L.min− 1 gas flow rate, 200 mL.min− 1 liquid flow rate, 5% CO2 ppm).  

Fig. 7. The effect of solvent concentrations on absorption rate (2.5 L.min− 1 gas flow rate, 200 mL.min− 1 solvent concentration, 5% CO2 ppm).  
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Additionally, PZ and NMP mixture experiment has not been presented in 
the literature. The outcomes are very interesting for researchers in the 
field of carbon dioxide capturing and clean energy. 
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