
14

INTRODUCTION

Due to the adverse ecological impacts of 
greenhouse gases (GHG), such as global warm-
ing and climate change; thus, the emission and 
synthesis of GHGs have become a severe prob-
lem worldwide [1, 2, 3]. One of the most signifi-
cant gases among GHGs is carbon dioxide [4]; 
the conventional carbon dioxide concentration 
in the stream of flue gases from different sources 
is listed in Table 1; carbon dioxide accounts for 
76% of all GHGs globally [5]. The greenhouse 
gases absorb infrared light, which traps heat and 
causes the Earth’s surface to warm; the term 
“greenhouse effect” refers to this phenomenon 
[6]; above this, in sour-gas production, the pri-
mary corrosion-causing species is carbon dioxide 
since the corrosion rate dramatically increases 

with the existence of carbon dioxide gas [7, 8, 9]. 
In order to control the environmental effects of 
greenhouse gas emissions and overcome the cor-
rosion problems in downstream gas processing, 
it requires advancing effective technologies for 
carbon dioxide capturing produced by large sta-
tionary sources. Emissions of carbon dioxide can 
be reduced through the use of post-combustion, 
oxy-fuel, and pre-combustion, combustion tech-
nologies [10]; Synthesis gas, a reformed fossil 
fuel gas stream that primarily contains carbon 
dioxide and hydrogen, is retained during pre-
combustion operations [11]. Post-combustion in-
volves separating carbon dioxide from a stream 
of nitrogen-rich exhaust gases in order to remove 
carbon dioxide from already-existing flue gas 
[12]. Oxy-fuel combustion involves burning fuels 
in the recycled exhaust gas and oxygen, resulting 
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in a significant carbon dioxide concentration in 
the exit stream [13]. Although oxy-fuel combus-
tion technology is still being developed, the pre-
and post-combustion are well-established tech-
nologies used in many commercial facilities [14]. 
Accordingly, new methods and materials for cap-
turing and storing carbon dioxide have received 
significant attention during the last decade, such 
as membrane separation, adsorption,  cryogen-
ics, and chemical and physical absorption, which 
have been suggested to capture carbon dioxide 
[15]. The best post-combustion capture tech-
nique that can be used to capture carbon dioxide 
in fossil fuel power plants is chemical absorption 
[16], amine-based chemical absorption has been 
identified as a potential mitigation alternative for 
reducing emissions of carbon dioxide in other 
energy-intensive sectors, like the production of 
cement, oil refineries, and steel and iron industry 
[17], due to their commercial maturity, chemical 
absorption utilizing amine solutions is common-
ly regarded as a useful technique for industrial-
scale development [18]; absorption scrubbers, 
commonly packed bed structures, contact gas 
mixtures with amine solution counter currently 
to selectively removal of  carbon dioxide, these 
separation techniques can remove carbon dioxide 
because of its high reaction rate with carbon di-
oxide [1]. However, low carbon dioxide capturing 
capability, equipment corrosion, high volatility, 
and environmental issues were only a few of the 
downsides of first-generation solvents like mono-
ethanolamine [19]; to overcome these problems, 

New solvents are being sought after by research-
ers to use instead of conventional ones. Poly al-
kanol amines are a type of amine absorbent with 
promising properties in terms of thermodynamic 
capabilities as well as kinetics as carbon dioxide 
absorbents because of their distinctive structure 
consisting of two or more groups of amine with-
in a single molecule like DETA and TETA [20].
To our knowledge, a few studies have looked at 
the impact of poly alkanol amines and operating 
factors on carbon dioxide capturing in a packed 
bed absorption scrubber. In the present study, a 
lab-scale packed bed scrubber  was used to as-
sess the removal of carbon dioxide efficiency and 
volumetric mass transfer coefficient based on the 
gas side; the absorption performance was pre-
sented of three different types of  alkanol amine 
solvent, based on the two-film concept, the ef-
fects of the operating  variables, absorbent flow 
rate, absorbent concentration, gas flow rate, lean 
amine temperature, inlet carbon dioxide concen-
tration, absorbent type,  and solvent flow rate, 
have been investigated. Experimental findings 
showed that poly alkanol amine solution had the 
best performance of mass transfer; these findings 
show that poly amine absorbent would be an ef-
fective  carbon dioxide chemical  absorbent in a 
packed scrubber.

Reaction mechanism

Many researchers provided extensive infor-
mation on the carbon dioxide and alkanol amines 

Table 1. Typical concentration of carbon dioxide exhausted from a different source

Industry The concentration of carbon dioxide  
exhausted (v/v %) Ref

Power generation 13–15 [21]

Natural gas processing 0–70 [22]

Iron, steel 20–30 [23]

Glass 35–45 [24]

Refineries 10–15 [25]

Cement 20–30 [23]

Quicklime 20–28 [24]

Hydrogen production 20–25 [22]

Oil-fired boilers 11–13 [26]

Pulp and paper ~13 [22]

petrochemical 5–10 [23]

Natural gas-fired boilers 7–10 [26]

Aluminum production 1–2 [26]

Gas turbine 3–4 [26]
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reaction kinetics; Saha et al. and Vaidya & Kenig 
Provided a useful description of the specifics of 
the reactions mentioned [27, 28]. The reaction 
between a variety of secondary  and primary 
alkanol amines with carbon dioxide can be de-
scribed by the zwitterion mechanism. Initially, 
Caplow [29] proposed the zwitterion mechanism 
by Danckwerts, who then reintroduced it; this 
mechanism can be simplified using either sec-
ondary or primary alkanol amines (mentioned 
as R1R2NH) in a two-step reaction with carbon 
dioxide, which reacts reversibly with secondary 
or primary amine and a zwitterion intermediate 
(R1R2NH+COO-) where formed in the first step, 
carbamate (R1R2NCOO-) is formed in the second 
step, through the deprotonation of the intermedi-
ate zwitterion through the base (identified by B) 
according to the Eqs. 1 and 2 [30]. 

	 CO2 + R1R2NH ↔ R1R2NH+COO -	 (1)

where: R1 – alkyl, R2 – H for primary amine, and 
alkyl is for secondary amine.

	 R1R2NH+COO- + B ↔ BH+ + R1R2NCOO-	 (2)

Equation 2, B refers to the base and may in-
volve R1R2NH, H2O, or OH- [27]. If R1R2NH is 
the most significant contribution in Eq. (3), as 
proposed by Saha et al. [27], so the following 
equation will describe the complete reaction of 
carbon dioxide with amine:

	 CO2 + 2R1R2NH ↔ R1R2NCOO - + R1R2NH2
+	 (3) 

According to Eq. 3, The maximum amount 
of carbon dioxide that can be loaded into equilib-
rium with primary or secondary amine is 0.5 (CO2 
mol/amine mol). However, only relatively stable 
carbamate species (like DEA and MEA) qualify 
for this statement [29].

Determination of carbon dioxide 
removal efficiency 

The carbon dioxide removal efficiency (ƞ), 
one of the most critical responses in this study, 
is defined as the quantity of carbon dioxide cap-
tured by an alkanol amine absorbent under stan-
dard conditions of use. The equation for this is as 
follows. It is derived by estimating the change in 
carbon dioxide content between the feed and the 
treated gas [31]:
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where:	yCO2,in and yCO2,out – denote mole fractions 
of carbon dioxide gas phase feeding and 
releasing the packed scrubber.

Determination of the overall coefficient 
of mass transfer based on the gas 
side per unit volume (KG*av)

The classic two-film concept

The two-film concept states that there is a very 
thin film of gaseous and liquid on both sides of the 
interface, with the diffusion of molecules through 
each of the two films acting as the controlling 
factor; the total mass transfer coefficient (KG) for 
chemical absorption according to the distinct gas 
(kg) and liquid-phase (kl) mass transfer coefficients, 
as well as the factors of enhancement (β) [30].
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The effective liquid-gas interfacial area (av), 
in addition to the coefficients of mass transfer, is 
regarded as an essential variable in the process 
of mass transfer in a gas-absorption device like 
a packed scrubber; designing absorption scrub-
bers has traditionally depended on the transfer 
unit principle, and it is within this notion that the 
KG*av arises in the process of engineering design. 
Therefore, calculating the KG*av is more practical:
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Obviously, Eq. 6 can be used to directly cal-
culate the overall coefficient; however, due to 
the complicated methodologies required for ex-
perimental determination of the individual coeffi-
cients of mass transfer; thus, this methodology is 
not commonly used. The mass transfer coefficient 
KG*av can be determined by the measured carbon 
dioxide concentrations in experiments at the sour 
and sweet pipelines.

Determination of KG*av from experimental 
carbon dioxide concentrations at 
the sour and sweet pipelines

Three primary factors influence the mass 
transfer coefficient: the wetting area between 
gases and liquids, liquid phase resistance, and gas 
phase resistance [32]. Equation 7 is used to com-
pute the KG*av kmol/m3·h·kPa, an equation com-
parable to Eq. 7 has been described in preceding 
investigations [33–37]:
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where: yCO2,in, yCO2,out – represent the feed and 
treated gas stream molar carbon dioxide 
concentration through the packed tower, 
Z – the packed height of the scrubber, G 
– represents the total inert gas molar flow, 
P – the operational pressure.

MATERIALS AND METHODS

Distilled water; Monoethanolamine (MEA, 
Thomas Baker, >98%); Diethylenetriamine 
(DETA, Fluka, >97%); Triethylenetetramine 
(TETA, Fluka, >60%), Four amines are used to 
make this product: two cyclical, one with branch-
ing, and one linear, Only 60% of the total is rep-
resented by the linear form; CO2 gas cylinder 
(>99.6 vol.% (and N2 gas cylinder) >99.8 vol.% 
(were purchased from Albilal Gas Company lo-
cated in Baghdad; the supplies material were 
utilized in the same condition as when they were 
first received, all amine solutions were prepared 
using distilled water and volumetric glassware. 

METHODOLOGY AND EXPERIMENTAL
SETUP

In this study, a lab-scale carbon dioxide capture 
unit was used to evaluate the mass transfer perfor-
mance of the carbon dioxide capture system for a 
simulated exhaust gas of a comparable cement fac-
tory with a comparable composition and alkanol 
amine solution as absorbent. The experimental 
setup’s schematic diagram of the absorption lab 
unit is shown in Figure 1. The packed scrubber was 
made of acrylic with a 2 m total height and 40 mm 
inner diameter, the packing scrubber height was 
1.8 m, and the packed material was a glass Rash-
ing ring with a size of 6 mm diameter, and with 
0.8 mm of a wall thickness which is dumped to the 
scrubbed randomly, the percentage of free space in 
the packing section is 62%, and the contact surface 
area is about 794 m2/m3. To control the lean alkanol 
amine solution temperature, it stores in a 1000 ml 
glass flask; the 1000 ml glass flask was kept at a 
constant temperature set by an electric heater with 
a stirrer and temperature controller (Dragon Lab, 
MS-H-Pro, China). The simulated exhaust gas is 

provided using a two-gas flow meter that mixes the 
desired concentration of carbon dioxide balanced 
with nitrogen; the feed pressure of gases pipeline 
is set to 1.2 atm, which is controlled via pressure 
regulator valves which then flow controlled with 
a flow meter; after that, fed two streams to a gas 
mixing T shape connection to mix both gases 
before feeding them to the packed scrubber. The 
simulated gas passed through the scrubber from its 
base to the top. The lean amine absorbent is pro-
vided into the scrubber at the top of the scrubber; 
it is pumped to the column top at a specific flow 
rate via a diaphragm pump (Diaphragm pump, 
TYP-2500NH, China); the rotameter and bypass 
valve are installed on the lean amine pipeline to 
control the liquid flow rate and the head of the 
pump. Thus, the simulated gas and alkanol amine 
solvent were in a counter-current flow pattern; it 
is beneficial to make simulated gas and aqueous 
alkanol amine solution contact and react effec-
tively. When the scrubber top outlet concentration 
of carbon dioxide is constant (0.1 vol.%), a steady 
state is reached, which was approximately reached 
after 10 minutes of operation, IR gas analyzer 
(Geotechnical Instruments, BIOGAS 5000, United 
Kingdom) by dual wavelength infrared sensor with 
reference channel 0–100% vol, with an accuracy 
±0.5% vol for the range 0–60%, and 60–100% is 
1.5%, response time for measuring carbon diox-
ide gas ≤10 seconds, pump with a flow of 550 ml/
min [38], gas analyzer typically was used during 
the tests to purge samples and measure the carbon 
dioxide concentrations. All tests were performed 
at the ambient pressure (1 atm). Table 2 provides 
further information on the operational conditions. 

RESULTS AND DISCUSSION

Effect of liquid flow rate

As indicated in Figure 2 and Figure 3 with 
all types of alkanol amine absorbent, the values 
of both carbon dioxide removal efficiency (ƞ) and 
the overall volumetric mass transfer coefficients 
based on the gas phase (KGav) follow a rising trend 
with increasing the alkanol amine flow rate. An 
increase in alkanol amine flow rate from 0.9549 
m3/m2·h to 1.9099 m3/m2·h yielded the follow-
ing: in the case of DETA, the ƞ increased from 
72.65% to 99.59%, in case of TETA, ƞ increased 
from 58.49% to 96.37% and, in case of MEA, ƞ 
increased from 42.33% to 93.90%. In term of KGav 
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Figure 1. Experimental schematic for carbon dioxide capture in a packed bed absorber

Table 2. Range of experimental operating conditions
Parameters Range

Gas flow rate 3.8408, 7.6817,11.5225 (kmol/m2·h)

Lean amine flow rate 0.9549, 1.4324,1.9099 (m3/m2·h)

Lean amine loading 0, 0.15, 0.30 (mol CO2/molamine)

Inlet lean amine temperature 298.15–323.15 K

Average inlet simulated gas temperature 298.15 K

Total amine concentrations 10, 20, 30 wt.%

Carbon dioxide  inlet concentration 20, 30, 40 v/v.%

Amine type MEA, DETA, TETA

Operating pressure 101.325 kPa

Figure 2. Liquid flow rate’s impact on KGav at T = 298.15 K, Popp = 101.325 kPa, 
unloaded. Lean amine, CO2 inlet = 20% v/v, G = 7.6817 kmol/m2·h, wt. = 30%



19

Journal of Ecological Engineering 2023, 24(11), 14–29

and with the increasing of alkanol amine flow rate 
from 0.9549 m3/m2·h to1.9099 m3/m2·h yielded 
the following; in the case of DETA, the KGav in-
creased from 0.0498 to 0.194 kmol/m3·h·kPa, in 
case of TETA, KGav risen from 0.0346 to 0.1198 
kmol/m3·h·kPa and, in case of MEA, KGav in-
creased from 0.0221 to 0.102 kmol/m3·h·kPa. The 
enhancement of both KGav and ƞ, which may result 
from a rise in the liquid flow rate, could lead to 
an increase in the alkanol amine flow that covers 
the packing elements’ outer surface; this is based 
on our observations. According to Vaewhongs et 
al. (2020), a packed column with a higher liquid 
flow rate could additionally encounter turbulent 
mixing of the liquid inside that case, a reduction 
in the liquid film thickness [36]; another possible 
explanation is that the chemical enhancement in 
the absorbent, which is related to KGav values, in-
creased as a result of the greater number of chemi-
cal molecules accessible to react with carbon 
dioxide during absorption processes [39]. These 
findings were in line with research on carbon di-
oxide absorption via alkanol amine [36, 39, 40]. 
However, a rise in the liquid flow rate has a nega-
tive impact on the system’s energy and costs [42]. 
In conclusion, the mass transfer performance of 
carbon dioxide capturing via alkanol amine is sig-
nificantly influenced by the liquid flow rate. 

Effect of gas flow rate

As shown in Figure 4 and Figure 5, both Car-
bon dioxide removal efficiency (ƞ) and the over-
all volumetric mass transfer coefficients based 

on the gas phase (KGav) were strongly affected 
by changes in gas flow rate. The obtained ex-
perimental results show an increase in the total 
gas flow rate which was led to a slight increase 
in KGav value with DETA absorbent for the gas 
flow rate increased from 3.8408 kmol/m2·h to 
7.6817 kmol/m2·h then decreased as gas flow rate 
exceed 7.6817 kmol/m2·h, this slight increase can 
be due to many reasons one of them is that DETA 
is categorized as a Polyamines, a class of poten-
tial amine absorbent; due to their unique structure 
of two or more amino groups inside one molecule, 
they have been shown to have a high kinetics and, 
absorption capacity making them promising ab-
sorbents for carbon dioxide capturing [42]; How-
ever, turbulent column conditions are induced by 
a higher gas flow rate which is more favorable 
to mass transfer; although to the fact that gas’s 
detention time in the solution decreased as the 
gas flow rate increased; thus, the KGav increases 
as the driving force between carbon dioxide and 
the amine is increased, where as there are more 
molecules of carbon dioxide available to move 
from the gas bulk side to the gas-liquid bound-
ary layer [43]. The sharp decrease in KGav value 
over the progression of the study with DETA ab-
sorbent when the gas flow rate exceeded 7.6817 
kmol/m2·hr and both MEA and TETA take the 
same trend over the range of gas flow rate used 
in the test; this is because using a higher gas flow 
rate resulted in a lesser contact time between the 
gas and liquid [44]. In general, there are more car-
bon dioxide molecules available for absorption 
when the gas flow rate is increased while there is 

Figure 3. Liquid flow rate’s impact on carbon dioxide removal efficiency at T = 298.15 K, Popp  = 
101.325 kPa, unloaded. Lean amine, CO2 inlet = 20% v/v, wt. = 30%, G = 7.6817 kmol/m2·h
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a fixed amount of free active amine; the perfor-
mance of mass transfer is controlled by the liquid 
flow rate and the reactive amine availability in 
the liquid phase when the gas flow rate exceeds 
7.6817 kmol/m2·h with DETA absorbent and with 
using MEA and TETA over the range of gas load 
used in test; thus, the overall gas coefficient is not 
just dependent on the gas flow rate [45]. On the 
other hand, in terms of carbon dioxide removal 
efficiency (ƞ), it followed a reduction trend for all 
types of amine: in the case of DETA, the ƞ de-
creased from 99.59% to 72.19%, in the case of 
TETA, ƞ decreased from 99.59% to 57.52%, and 
in the case of MEA, ƞ decreased from 99.59% to 
45.45%; this is due to a higher gas flow rates re-
sulted in more molecules of carbon dioxide fed 
to  the column, while constant  amine molecules 

in the liquid; furthermore, the increased gas flow 
rate further reduces the gas’s residence  time in 
the absorption scrubber and lessens the possibil-
ity of  the  carbon dioxide and amine molecules 
reacting [46]. These findings were in line with 
research on carbon dioxide absorption via alkanol 
amine [39, 40]. In conclusion, the carbon diox-
ide removal efficiency and KGav in carbon dioxide 
and alkanol amine absorption systems are signifi-
cantly influenced by the gas flow rate.

Effect of total absorbent concentration

As indicated in Figures 6 and 7 with all types 
of alkanol amine absorbent, the values of both car-
bon dioxide removal efficiency (ƞ) and the over-
all volumetric mass transfer coefficients based on 

Figure 4. Gas flow rate’s impact on KGav at T = 298.15 K, Popp =101.325 kPa, unloaded. 
Lean amine, CO2 inlet = 20% v/v, L = 1.4324 m3/m2·h, wt. = 30%

Figure 5. Gas flow rate’s impact on carbon dioxide removal efficiency at T = 298.15 K, Popp = 
101.325 kPa, unloaded. Lean amine, CO2 inlet = 20% v/v, L = 1.4324 m3/m2·h, wt. = 30%
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the gas phase (KGav) follow a rising trend with 
increasing the total absorbent concentration. An 
increase in the total absorbent concentration from 
10% wt. to 30% wt. yielded the following: in the 
case of DETA, the ƞ increased from 43.38% to 
99.60%, in the case of TETA, ƞ rose from 40.23% 
to 91.42%, and in case of MEA, ƞ increased from 
28.3% to 87.2%; In term of KGav and with an in-
crease in the total absorbent concentration from 
10% wt. to 30% wt. yielded the following; in the 
case of DETA, the KGav increased from 0.0114 
to 0.0972 kmol/m3·h·kPa, in case of TETA, KGav 
risen from 0.0104 to 0.0452 kmol/m3·h·kPa and, 
in case of MEA, KGav increased from 0.0068 to 
0.0383 kmol/m3·h·kPa. The fundamental rea-
son for this is that higher solution concentra-
tions would result in more free active molecules 
of alkanol amine per unit volume, which could 
raise the enhancement factor and allow for faster 

carbon dioxide absorption into alkanol amine sol-
vent [47], from a chemical dynamics perspective, 
increasing the concentration of the absorbent 
is analogous to raising the concentration of the 
reactant, this leads to a positive shift in the re-
sponse, thereby enhancing the reaction rate [48]. 
However, the solution’s viscosity would rise as 
the solution concentration increased. However, it 
is difficult for carbon dioxide to diffuse from the 
gas/liquid boundary to the bulk liquid phase due 
to the high viscosity [47].

Effect of inlet absorbent temperature

As indicated in Figures 8 and 9 with all 
types of alkanol amine absorbent, the values of 
both Carbon dioxide removal efficiency (ƞ) and 
the overall volumetric mass transfer coefficients 
based on the gas phase (KGav) follow a slight 

Figure 6. Total absorbent concentration’s impact on KGav at T = 298.15 K, Popp = 101.325 kPa, 
unloaded. Lean amine, CO2 inlet =20% v/v, G = 3.8410 kmol/m2·hr), L= 0.9549 m3/m2·h

Figure 7. Total absorbent concentration’s impact on carbon dioxide removal efficiency at T = 298.15 K, Popp 
= 101.325 kPa, unloaded lean amine, CO2 inlet = 20% v/v, G = 3.8410 kmol/m2·h, L = 0.9549 m3/m2·h
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reduction trend with increasing the inlet absor-
bent temperature. An increase in inlet absorbent 
temperature from 298.15 K to 323.15 K yielded 
the following: in the case of DETA, the ƞ reduced 
from 93.90% to 90.16%; in the case of TETA, 
ƞ reduced from 92.67% to 87.63% and, in case 
of MEA, ƞ reduced from 91.84% to 85.49%; In 
term of KGav with an increase in inlet absorbent 
temperature from 298.15 K to 323.15 K yielded 
the following; in the case of DETA, the KGav de-
creased from 0.1022 to 0.0857 kmol/m3·h·kPa, 
in case of TETA, KGav decreased from 0.0959 
to 0.0778 kmol/m3·h·kPa and, in case of MEA, 
KGav decreased from 0.0922 to 0.0723 kmol/
m3·h·kPa. This was because, at high enough tem-
peratures, reverse reactions may occur in the exo-
thermic reaction of absorption of carbon dioxide 

mechanism; also, carbon dioxide’s physical solu-
bility in the absorbent decreases as the temper-
ature rises because of an increase in the carbon 
dioxide vapor pressure above the solution [49]. 
Above that, due to the fact that alkanol amine ab-
sorption capacity is temperature dependent, the 
effect of temperature on absorption capacity plays 
an important role; it drops when the temperature 
rises [43].

Effect of lean amine loading

The lean amine loading is a parameter in an 
absorption process that is an interesting dynam-
ic variable  since their  values  change with the 
packed scrubber height; while the absorbent con-
centration and liquid flow rate are static factors, 

Figure 8. Effect of inlet absorbent temperature on KGav at wt. = 20% G = 7.6817 kmol/m3·h, 
L  = 1.9099 m3/m2·h, Popp = 101.325 kPa, unloaded. Lean amine, CO2 inlet = 20% v/v

Figure 9. Effect of inlet absorbent temperature on carbon dioxide removal efficiency at G = 7.6817 kmol/
m3·h, L = 1.9099 m3/m2·h, Popp = 101.325 kPa, unloaded. Lean amine, CO2 inlet = 20% v/v, wt. = 20%
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the carbon dioxide loading rises as the liquid de-
scends from the top of the scrubber, the carbon 
dioxide molecules transferred from the gas phase 
into the liquid phase is what caused this [50]. As 
indicated in Figures 10 and 11 with all types of 
alkanol amine absorbent, the values of both car-
bon dioxide removal efficiency (ƞ) and the over-
all volumetric mass transfer coefficients based 
on the gas phase (KGav) follow a reduction trend 
with increasing the lean amine loading. In terms of 
carbon dioxide removal efficiency, an increase in 
the lean amine loading from 0 to 0.3 (CO2 moles/
moles amine) yielded the following: in the case 
of DETA, the ƞ reduced from 95.55% to 65.22%, 
in the case of TETA, ƞ reduced from 85.49% to 
56.05% and in case of MEA, ƞ reduced from 

66.6% to 37.04%; In term of KGav with an increase 
in the lean amine loading from 0 to 0.3 (CO2 moles/
moles amine); yielded the following; in the case of 
DETA, the KGav decreased from 0.1129 to 0.0411 
kmol/m3·h·kPa, in case of TETA, KGav decreased 
from 0.0723 to 0.0324 kmol/m3·h·kPa and, in case 
of MEA, KGav decreased from 0.0426 to 0.0187 
kmol/m3·h·kPa. Reasons for this when the solu-
tion is fully loaded or at its maximum capacity, 
which occurs, for example, in MEA solution when 
the carbon dioxide loading reaches a maximum 
of about 0.50 CO2 moles /moles amine, absorp-
tion stop to occur; also, the mass transfer driving 
force of steadily decreases as liquid loading grows 
throughout the column’s length. Less free alkanol 
amine molecules are accessible to interact with 

Figure 10. Effect of lean amine loading on KGav at T = 298.15 K, Popp = 101.325 kPa, 
CO2 inlet = 20% v/v, wt. = 30%, G = 7.6817 kmol/m3·h, L = 1.9099 m3/m2·h

Figure 11. Effect of lean amine loading on carbon dioxide removal efficiency at T = 298.15 K, Popp 
= 101.325 kPa, CO2 inlet = 20% v/v, G = 7.6817 kmol/m3·h, L = 1.9099 m3/m2·h, wt. = 30%



24

Journal of Ecological Engineering 2023, 24(11), 14–29

carbon dioxide molecules, which has this effect 
as a result of the mass transfer being less efficient 
due to the increased carbon dioxide lean amine 
loading, as well as the KGav value being decreased 
[50], to achieve lower lean amine loadings in the 
absorption process, significant energy is required 
to be used throughout the desorption process in 
order to release carbon dioxide; Consequently, it 
is not recommended to pursue low carbon dioxide 
loadings [47].

Effect of inlet concentration of carbon dioxide 

Investigations were also conducted on the 
impact of inlet concentration of carbon dioxide 
on KGav and ƞ. As indicated in Figures 12 and 13 

with all types of alkanol amine absorbent, the 
values of both carbon dioxide removal efficiency 
(ƞ) and the overall volumetric mass transfer co-
efficients based on the gas phase (KGav) follow 
a slight reduction trend with increasing the inlet 
concentration of carbon dioxide. In terms of car-
bon dioxide removal efficiency, an increase in 
the inlet concentration of carbon dioxide from 
20% to 40% (v/v) yielded the following: in the 
case of DETA, the ƞ reduced from 76.72% to 
65.73%, in the case of TETA, ƞ reduced from 
50.56% to 47.02% and in case of MEA, ƞ reduced 
from 41.28% to 28.76%; In term of KGav with 
an increase in the inlet concentration of carbon 
dioxide from 20% to 40% (v/v); yielded the fol-
lowing; in the case of DETA, the KGav decreased 

Figure 12. Inlet Carbon dioxide concentration effect on KGav at T = 298.15 K, Popp = 101.325 kPa, 
unloaded. Lean amine, wt. = 20%, G = 11.5225 kmol/m2·h, L = 1.4324 m3/m2·h

Figure 13. Effect of inlet carbon dioxide concentration on carbon dioxide removal efficiency at T = 298.15 K, 
Popp = 101.325 kPa, unloaded. Lean amine, wt. = 20%, G = 11.5225 kmol/m2·h, L = 1.4324 m3/m2·h
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from 0.0834 to 0.0572 kmol/m3·h·kPa, in case 
of TETA, KGav decreased from 0.0419 to 0.0359 
kmol/m3·h·kPa and, in case of MEA, KGav de-
creased from 0.0321 to 0.0201 kmol/m3·h·kPa. 
This phenomenon is caused by the restricted 
diffusion of absorbent molecules in the liquid 
phase, in which  a consistent amount of carbon 
dioxide is absorbed as a result of the restricted 
diffusion in the liquid side [51, 52].

Effect of alkanol amine type

As indicated in Figures 14 and 15, both car-
bon dioxide removal efficiency (ƞ) and the over-
all volumetric mass transfer coefficients based 
on the gas phase (KGav) are strongly affected by 
the types of alkanol amine absorbent. The better 
order ranked in terms of carbon dioxide removal 

efficiency is DETA>TETA> MEA under similar 
operating conditions. It was observed, that the 
carbon dioxide removal efficiency was 95.55% 
for DETA, 85.49% for TETA, and 66.63% for 
MEA under the same operating condition to en-
sure the objectivity of the comparison. It was 
also observed under the same condition that the 
overall mass transfer coefficient takes the same 
bitterness rank in which KGav was 0.1129 kmol/
m3·h·kPa for DETA, which is higher than the 
TETA, and MEA, by 56.3%, 165.7% respective-
ly. These results suggest that the carbon dioxide 
removal efficiency and gas side mass transfer 
coefficient within DETA was the highest com-
pared to other alkanol amines TETA and MEA. 
These consistent results would be attributed to 
the difference in the absorption capacity, which is 
limiting the absorption rate of carbon dioxide; a 

Figure 14. Effect of alkanol amine type on KGav at T = 298.15 K, Popp = 101.325 kPa, unloaded. 
Lean amine, CO2 inlet =20% v/v, wt. = 30%, G = 7.6817 kmol/m2·h, L = 1.4324 m3/m2·h

Figure 15. Effect of alkanol amine type on carbon dioxide removal efficiency at T = 298.15 K, Popp = 101.325 
kPa, unloaded. Lean amine, CO2 inlet = 20% v/v, wt. = 30%, G = 7.6817 kmol/m2·h, L = 1.4324 m3/m2·h
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comparison of DETA with other types of alkanol 
amine proved that the capacity of absorption in 
a unit of (g carbon dioxide/kg solution amine) 
was in the order of DETA (156.89 g CO2/kg solu-
tion) > TETA (130.51 g CO2/kg solution) > MEA 
(125.4 g CO2/kg solution) [53, 54], thus higher 
absorption capacity resulting in the enhancement 
of carbon dioxide mass transfer rate, However, in 
addition to the absorption capacity, performance 
of mass transfer is also an essential criteria for 
evaluating a new solvent due to its significant 
impact on packing height and operating condi-
tions, as well as direct effects on investment and 
operating costs [42]. In addition, a simulation of 
an actual carbon dioxide capture process can be 
obtained through research on mass transfer per-
formance in a packed scrubber.

CONCLUSION 

Three different absorbent solutions were used 
in this study; DETA, TETA, and MEA as a sol-
vent for carbon dioxide absorption in a randomly 
packed bed scrubber with Rashing rings pack-
ing. The impact of operating conditions, includ-
ing amine inlet concentrations, liquid flow rates, 
gas flow rate, lean amine loading, inlet carbon 
dioxide concentration, absorbent temperature, 
and alkanol amine type, were examined based 
on the two-film concept regarding  the  volumet-
ric overall mass transfer coefficient based on the 
gas side (KGav), and carbon dioxide removal ef-
ficiency (ƞ); where  the absorption performance 
was presented. The investigated outcomes dem-
onstrate that DETA and TETA could enhance 
carbon dioxide capturing performance, the more 
impressive enhancing effects from the DETA 
absorbent than conventional MEA absorbent. In 
line with the order of the absorption capacity and 
reaction rate constant, the carbon dioxide captur-
ing performance is ranked as follows: DETA > 
TETA > MEA. The other operational parameters 
significantly influence carbon dioxide absorption 
performance regardless of the type of absorbent, 
which demonstrated that the performance of ab-
sorption could be enhanced by increasing liquid 
flow rate and total amine concentration while 
decreasing with increasing gas flow rate, lean 
amine loading, inlet carbon dioxide concentra-
tion, and absorbent temperature. Additionally, 
KGav first increased and then declined with a rise 
in gas flow rate using the DETA solution. These 

investigations show that a DETA solution could 
be an effective carbon dioxide absorbent.
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