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Abstract—Post-combustion CO, capture by aqueous amine solvent is one of the most promising methods for mitigat-
ing the presence of CO, in the environment. In this work, a novel amine blend of Diethylenetriamine and 3-Dimethyl
amino-1-propanol was selected. Experiments were performed in the temperature range of 293.15-323.25 K, mole frac-
tion of diethylenetriamine in the range of 0.05-0.2, partial pressure of CO, in the range of 10.13-25.33 kPa and solution
concentration in the range of 1-3 mol-L . Effects of these parameters on equilibrium CO, loading were judged at vari-
ous operating conditions. An empirical model was developed for the calculation of equilibrium CO, loading in the
aqueous amine blend. The heat of absorption of CO, for this amine blend was found to be —65.22 kJ-mol . Response
surface methodology (RSM) was used for optimization and a quadratic model was selected. The analysis of variance
was used to prove the significance of the selected model. Three-dimensional diagrams and contour plots of indepen-
dent variables were also shown. Optimum CO, loading by RSM was found to be 1.068 mol CO,-mol amine ™ at tem-
perature 294.15 K, mole fraction of diethylenetriamine 0.20, solution concentration 1.3 mol/l, and partial pressure of
CO, 24.22 kPa.

Keywords: CO, Loading, Diethylenetriamine and 3-Dimethylamino-1-Propanol Blend, Empirical Model, Heat of Absorp-
tion and Desorption Heat Duty, RSM for Optimization and ANOVA

INTRODUCTION

It is quite known that greenhouse gas emissions like CO,, CH,,
N,O, SOy, NOy, and HFCS are responsible for global warming and
climate issues. Among all of these gases, CO, gas emissions due to
various human activities, like the burning of conventional fossil
tuels, play a major role in the greenhouse effect [1,2]. In this chain,
coal-fired thermal power plants contribute one-third of overall CO,
emissions worldwide [2,3-7] and are a problematic concern in the
present scenario. Cement industries [8], food industries [9], iron
and steel industries [10], petrochemical industries [11], and petro-
leum refineries [12] are the major sectors responsible for CO, emis-
sions. Approximately 80% of CO, emissions have increased from
21 to 38 gigatons (Gt) from the years 1970 to 2004.

Carbon capture & storage (CCS) is an important key solution to
overcoming these CO, emission challenges. There are three tech-
niques especially available for this task: pre, post, and oxy-combus-
tion. Any of these techniques is adopted by using numerous available
methodologies, ie., absorption (either physical or chemical), ad-
sorption, membrane technology, cryogenic separation, and chemi-
cal looping combustion (CLC) [13-19] for CO, capture. Out of all,
post-combustion CO, capture by the chemical method using ab-
sorption is a highly mature technique [1,20-22]. Amines have been
used widely for capturing CO,, i.e,, a single alkanolamine-based sol-
vent, i.e., monoethanolamine (MEA), has been used as a chemical
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solvent to capture CO, for many decades. But there have been some
drawbacks with MEA: Limited CO, loading and high regeneration
costs, which has attracted researchers to work on the different
amines and amine blends to mitigate these problems. It was found
that regeneration costs for amines are 70-80% of the overall opera-
tional cost [2,22-25], and this made researchers to think about other
options, such as different amines and amine blends. Various amine
blends are prepared by mixing high-kinetics solvents (Activators)
with low-kinetics solvents (Promoters). Primary and secondary
amines are classified as activators (AH,,,~80 k] molcy,), while ter-
tiary or hindered amines are known as promoters (AH,,~60Kk]
mol,). Amine solvent blends are necessary because of their fast
kinetics, high absorption capacity; low regeneration costs, high ther-
mal stability, less corrosion risk, and low environmental impact
[6]. Cyclic polyamines (Piperazine and piperazine derivatives) and
non-cyclic polyamines (1,6-hexamethyldiamine and 1,3-diamino-
2-propanol) were also tested for removal of CO, for different gas
streams under different operating conditions [26,53].

A linear polyamine, diethylenetriamine (DETA) contains three
amino groups present in its structure and has a fast absorption rate,
high mass transfer, large cyclic capacity. It requires lower regenera-
tion energy towards CO, as compared with conventional mon-
oethanolamine (MEA) solvents [2,20,22,27-31]. 3-DMA-1-P is a
tertiary amine, it has higher CO, loading and a higher reaction rate
as compared with conventional MDEA and TEA [32,33]. Many
researchers have experimented with DETA and 3-DMA-1-P sepa-
rately and obtained promising results against conventional amines.

Gao et al. [2] performed an absorption and desorption experi-
ment using DETA solvent in a pilot plant and compared its per-
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formance with MEA solvent [22,23]. Operating parameters were
solvent and flue gas flow rate, DETA concentration, and regenera-
tion temperature and, finally, their consequences were investigated.
Liu et al. [31] further examined the absorption capacity, absorption
rate, absorption heat, and regeneration energy consumption of six
different amine blends, and lee et al. found these for the blend of
DEEA and DETA [55]. The various mass ratios of the PZ/DETA
amine blend (superior properties) were prepared, and among them,
the most appropriate ratio was reported. Initially, Hartono et al.
[27] and Yu et al [1] revealed the chemistry and properties of
DETA amine and reported that DETA has higher CO, reactivity,
absorption capacity, and boiling point but lower vapor pressure as
compared with MEA solvent. The apparatus modification was done
by Yu et al. [1] and Wu et al. [34], who performed a CO, absorp-
tion experiment in the rotating packed-bed reactor.

3-DMA-1-P had more CO, loading and had the potential to
replace conventional tertiary amines. Li et al. [15] and Afkhami-
pour et al. [17] calculated the equilibrium CO, loading in 3-DMA-
1-P and other amine solvents and also developed a thermodynamic
model, which was the most promising model related to their experi-
mental work. Kadiwala et al. [35], Bernhardsen et al. [36], and Nath
et al. [37] calculated the kinetics of CO, with density; viscosity; reac-
tion mechanism, etc. of 3-DMA-1-P and other amine solvents by
using stopped-flow techniques. Singh et al. [38] selected 3-DMA-
1-P and 1,5-Diamino-2-methyl pentane amine blend and calcu-
lated the CO, loading, absorption enthalpy; and also developed the
empirical model. Belabbaci et al. [39] calculated the vapor-liquid
equilibrium (VLE) data of 2-amino-2-methyl-1-propanol (AMP)+
H,O, 3-dimethylamino-1-propanol (3-DMA-1-P)+H,0 at different
operating temperatures. So the individual fine properties of DETA
and 3-DMA-1-P amine solvents can be more advantageous in their
blend of DETA+3-DMA-1-P.

To use optimization software of response surface methodology
(RSM), the experimental work is correlated either with the first- or
second-order regression models [40], and optimization [41,42] is
done either by using central composite design (CCD) or Box-
Behnken design (BBD) methods.

BBD analysis was used to create a first-order regression model,
and also used to assess the model's fitness by generating the sam-
ple points [40]. Most of the model designs used in RSM software
are represented in quadratic equations because they are a highly
trusted analysis method and involve all the independent variables.
The superior acceptable accuracy with the low number of experi-
ments in BBD design sets it apart from the other design methods
available in RSM software [43,44]. Many engineering problems have
been solved using optimization by BBD design, and Nuchitprasitti-
chai and Cremaschi [45] used it to optimize the CO, capture process
with aqueous amine as one of the examples. In the same manner,
CCD is also one of the statistical design tools used in optimiza-
tion techniques. It provides the run samples in the form of 2" fac-
torial consisting of 2n axial runs with some central runs as well
[46]. The response of CCD can be analyzed with the help of anal-
ysis of variance (ANOVA). The factors like the degree of freedom
(df), P value, and F value were analyzed in the ANOVA to judge
the models significance [47,48]. The majority of the literature has
optimized with the CCD design [46-51]. In the last decade, only a

May, 2023

few kinds of research have been done with the help of the RSM
method in the field of CO, capture.

In this present work, with the help of available literature and by
keeping in mind the marvelous effects and properties of each amine
on CO, loading, a novel aqueous amine blend of DETA+3-DMA-
1-P was prepared for the estimation of CO, loading. The reaction
chemistry of the amine blend system is being suggested in order
to get an idea about equilibrium CO, loading in aqueous amine
blend. The equilibrium CO, loading in the aqueous amine blend
solution of DETA+3-DMA-1-P was measured at various operating
conditions, such as solution concentration varied from 1-3 mol/,
DETA (Activator) mole fraction in the amine solution changed
from 0.05-0.2, partial pressure of CO, ranging from 10.13-25.33
kPa, temperature range of 293.15-323.15K, and the entire experi-
ment was performed for up to 10 hours to get complete satura-
tion. An empirical model was developed for the estimation of CO,
loading to authenticate the theoretical and experimental results. The
heat of absorption of this selected amine blend was estimated with
the help of the Gibbs-Helmholtz equation, and it was found to be
—65.22 kJ-mol ', which is less than that of conventional monoetha-
nolamine (—85.13 kJ-mol ). Therefore, this amine blend was selected
for further experimental work. The experimental equilibrium CO,
loading data for this work was collated with the available literature.
Response surface methodology (RSM) was finally used, and the
CCD technique was employed to get optimized results of indepen-
dent variable used in the experimental work.

EXPERIMENTAL DESCRIPTION

1. Chemicals Used

DETA and 3-DMA-1-P amines were collectively used as their
amine blend for calculating equilibrium CO, loading for experi-
mental purposes. Various other chemicals like monoethanolamine
(MEA), hydrochloric acid (HCL), CO,, H,O, and N, with their
important specifications like CAS No., molecular structure, boil-
ing point, density, purity, and supplier are shown in Table 1. DETA
(CHy;3N;) and MEA (CH,NO) chemicals were purchased from
Sigma-Aldrich St. Louis, (USA); 3-DMA-1-P (CsH;;NO) chemi-
cal was purchased from Tokyo Chemical Industry Co. Ltd, Tokyo,
(Japan).
2. Characterization

Initially, the amine blends of DETA+3-DMA-1-P were prepared
with the help of double-distilled water which was prepared in the
laboratory by using a double distillation process. The pH of the
solution so formed was analyzed with a digital pH meter (model
Systronics-335 with an accuracy of +0.01) after being calibrated
with a standard buffer solution. The CO, and N, gases were sup-
plied by Linde India Ltd. The flow rate of gases was controlled by
using a digital gas flow controller (MC-500SCCM-D, Alicat Scien-
tific, New Delhi, India, accuracy +0.6%). A laboratory-scale boro-
silicate absorption column was used for absorbing CO, in amine
solution during the entire experiment. A portable infrared-based
flue gas analyzer (Gasboard-3800P, Wuhan, China, CO, range 0-
100% V/V) was used to check the concentration of CO, in the
gaseous mixture of pre- and post-absorption column with +0.1%
accuracy. The absorber column was placed inside the water bath,
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Table 1. The different specifications of chemicals used in this specific work

Chemical used CAS No. Structure BP(°C) p(Kg/m’) Molecular Purity (1'n mass Make
weight (g/mol) fraction)
Diethylenetriamine (DETA) 11140-0 BN 09000 0550 103.17 0.99 Sigma-
H Aldrich
_ . . 1. CH3
3-(Dimethylamino)-1-propanol 5,79 ¢33 | w1590 8860 103.17 0.99 TCL Tokyo,
(3-DMA-1-P) e’ NSNS Japan
Monoethanolamine (MEA) 141-43-5 NH; 1,011.7 61.08 0.99 Sigma-
HO™ O ' ' Aldrich
Hydrochloric acid (HCL) 7647-01-0 H-Cl —85.05 1200 36.46 0.37 Merck
Carbon dioxide (CO,) 124-38-9 0=C=0 ~78.46 1.98 44,01 0.99 Linde India
Limited
Nitrogen (N,) 7727-379 N =N  -1958 125 14.00 0.99 Linde India
Limited
isti 18- o Prepared at
Distilled Water (H,0) 85 ON 9982 18.02 0.99 e

having an incubator shaker and temperature controller to obtain
the desired temperature within the least variation of +0.1%. Finally,
the total desired concentration of the amine blend solution was
checked and analyzed with titration by HCI solution. The titration
apparatus uses magnetic beads for stirring purposes; ultimately, the
amount of CO, was calculated.

3. Description of Experimental Setup

The complete description of the experimental setup can be seen
under the supporting data section with the figure of the experi-
mental setup Fig. S1.

4. Equilibrium CO, Loading Estimation

The equilibrium CO, loading in the amine blend of DETA and
3-DMA-1-P solution was performed with slight modifications to
the setup proposed by Singh et al. [38]; its schematic representa-
tion is shown in Fig. S1. The high potential of 3-DMA-1-P amine
to capture CO, was shown in the literature by many authors [15,
17,32,35-39]. This work is mainly divided into three main catego-
ries: feed gas stream, absorber section, and CO, estimation.

Feed gas stream under controlled flow rate and pressure passed
through the mixing chamber and bubbled continuously into the
absorption column (Fig. S1) until complete saturation of amine
blend solution occurred. This saturation occurs when inlet and
outlet concentrations of CO, gas become equal. The absorption ex-
periment was performed at a temperature range of 293.1-323.25K
and atmospheric pressure. The CO,-loaded amine blend solution
was taken out from the absorption column and directly titrated
with 1 M HCI solution, and methyl orange (0.1 wt%) was used as
an indicator. Since the CO,-loaded solution is carbamate-saturated,
therefore, the water displaced during titration helps evaluate equi-
librium CO, loading [38]. A fixed, known volume of saturated solu-
tion at room temperature and pressure was used to perform this
task, and the whole titration setup is known as the Chittick appa-
ratus. Ultimately, CO, loading was calculated in moles of CO, per
mole of amine blend used. To attain accuracy, the experiments were
conducted thrice, and the average value of the equilibrium CO, load-
ing was finally reported.

5. Reaction Chemistry of the CO,+DETA +3-DMA-1-P System

When the DETA and 3-DMA-1-P amine blend reacts with the
CO,, the following set of chemical reactions take place in the liq-
uid phase. Chemical equilibrium is shown by the equilibrium con-
stants. The individual sets of chemical reactions are also shown in
detail by the authors [15,22,27,28,32,38].

Physical solubility:
CO,(g) <> CO0,(aq.) (R1)
H,O dissociation:
H,0 < >H'+OH" (R2)

Bicarbonate ion formation:

CO,+H,0 <> HCO; +H" (R3)
Carbonate ion formation:

HCO, «2>CO; +H" (R4)

DETA intermediate reactions:

CO,+DETA+H,0«~-DETACOO +H,0" (R5)
CO,+DETA+OH «=>DETACOO +H,0 (R6)
CO,+DETA+HCO; <> DETACOO +H,CO, (R7)

Bicarbonate and DETA ion formation:

CO,+DETA+CO? «X>DETACOO +HCO, (R8)
DETA and CO, overall reaction:
CO,+2DETA <X DETACOO +DETAH" (R9)

3-DMA-1-P reaction:

3-DMA-1-PH'«2>3-DMA-1-P+H" (R10)
CO,+3-DMA-1-P+H,0<X%>3.DMA-1-PH' +HCO; (R11)

where Hy, is Henry’s law constant, K,-K;, represents equilibrium
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Table 2. Resemblance of CO, loading data obtained from experiments and literature in aqueous MEA solution of 4.91 mol-kg ' at specified

A.K. Gupta et al.

conditions of temperature, pressure and relative deviation between experimental and literature data”

}/exp 711’ 0,
T &) Peo, (KPa) (mol CO,-mol amine™") (mol CO,-mol amine™") RD% Reference
313.15 8.09 0.546 0.557 2.01 Jou et al. [52]
313.15 19.12 0.603 0.585 2.98 Tong et al. [53]
313.15 12.80 0.535 0.512 4.30 Shen et al. [54]

“Standard uncertainty u for the total MEA solution molality, u(C)=0.001 mol-kg ', for the CO, partial pressure in the inlet gas stream,

u(peo,)=0.05 kPa, for temperature u(T)=1K, for CO, loading u(»)=0.002 mol CO,-mol amine .

Table 3. Experimental CO, loading (..,) and calculated CO, loading (y.,) data of aqueous 3-DMA-1-P and DETA absorbent blend at differ-
ent operating conditions, such as CO, partial pressure p¢,, (in kPa), weight fraction of DETA in the amine mixture my,, total

amine blend concentration C (in mol-L "), and temperature T (in K)

R Operating parameters Yo Yeal

un . . RD%

T (K) My C (mol/L) Peo, (kPa) (mol co,/mol amine) (mol co,/mol amine)
1 293.15 0.05 1 20.27 0.935 0.894 4.40
2 293.15 0.10 1 20.27 0.977 0.978 0.10
3 293.15 0.15 1 20.27 1.019 1.035 1.60
4 293.15 0.20 1 20.27 1.060 1.066 0.60
5 303.15 0.20 1 20.27 0.993 1.006 1.35
6 313.15 0.20 1 20.27 0.934 0.927 0.75
7 323.15 0.20 1 20.27 0.815 0.828 1.60
8 313.15 0.05 1 20.27 0.751 0.756 0.70
9 313.15 0.10 1 20.27 0.837 0.839 0.24
10 303.15 0.10 1 20.27 0.898 0918 223
11 323.15 0.10 1 20.27 0.729 0.740 1.51
12 313.15 0.15 1 20.27 0.903 0.896 0.80
13 313.15 0.20 1 10.13 0.798 0.794 0.50
14 313.15 0.20 1 15.20 0.891 0.862 3.25
15 313.15 0.20 1 25.33 0.973 0.988 1.54
16 293.15 0.20 2 20.27 1.003 1.021 1.80
17 303.15 0.20 2 20.27 0.956 0.961 0.52
18 313.15 0.20 2 10.13 0.739 0.749 1.35
19 313.15 0.20 2 15.20 0.841 0.817 2.85
20 313.15 0.20 2 20.27 0.905 0.882 2.54
21 313.15 0.20 2 25.33 0.959 0.943 1.70
22 323.15 0.20 2 20.27 0.746 0.784 5.10
23 313.15 0.05 2 20.27 0.717 0.711 0.84
24 313.15 0.10 2 20.27 0.798 0.794 0.50
25 313.15 0.15 2 20.27 0.874 0.851 2.64
26 293.15 0.20 3 20.27 0.939 0.970 3.30
27 303.15 0.20 3 20.27 0.905 0.910 0.55
28 313.15 0.20 3 20.27 0.876 0.831 5.15
29 323.15 0.20 3 20.27 0.697 0.732 5.02
30 313.15 0.05 3 20.27 0.631 0.660 4.60
31 313.15 0.10 3 20.27 0.733 0.743 1.40
32 313.15 0.15 3 20.27 0.824 0.800 291
33 313.15 0.20 3 10.13 0.680 0.698 2.65
34 313.15 0.20 3 15.20 0.789 0.766 292
35 313.15 0.20 3 25.33 0917 0.892 2.75
AAD%= 2.10
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constant, and R1-R11 shows the equation labels of each of the chemi-
cal reactions.

RESULTS AND DISCUSSION

1. Equilibrium CO, Loading in the Amine Blend of 3-DMA-
1-P+DETA

The equilibrium CO, loading in an aqueous amine absorbent
blend of 3-DMA-1-P and DETA was measured at a CO, partial
pressure (pco,) ranging from 10.13-25.33 kPa, the total concentra-
tion of aqueous amine blend (C) ranging from 1-3mol-L™', tem-
perature range of 293.15-323.15 K, and the weight fraction of activator
DETA (mp;y,) ranging from 0.05-0.20. All experiments were con-
ducted within the specified conditions, as stated above, at atmo-
spheric pressure. The experimental data for CO, loading (.,) is
listed in Table 3. The CO, loading in these experimental runs is
expressed as moles of CO, absorbed in the absorbent blend per mol
of total amine blend (mol CO,-mol amine™'). To authenticate the
CO, loading data, the experimental setup was corroborated by mea-
suring the equilibrium CO, loading in MEA solution at the specific
given conditions provided in the literature, and a relative deviation
was also calculated between the present experimental data and the
data available in the literature.

Table 2 shows that the experimental and literature data point
analyses agree with each other. It means that the experimental setup
is good enough to carry out the CO, loading measurement for our
present amine blend of 3-DMA-1-P+DETA.

In this work, the equilibrium CO, loading in 3-DMA-1-P+DETA
was measured at different operating parameters (T, pco,, C, mpgza),
and the effect of the change in operating conditions on CO, load-
ing is well listed in Table 3. The reason for the change in CO, load-
ing on changing operating conditions is discussed in the next
segments.

1-1. Effect of Weight Fraction of Activator DETA in the Amine
Blend of DETA+3-DMA-1-P on Equilibrium CO, Loading
Fig. 1 depicts the effect of the weight fraction of activator DETA
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Fig. 1. Effect of weight fraction of DETA (myy,) in the solution of
3-DMA-1-P+DETA+H,O on the equilibrium CO, loading
in the liquid phase (3) at 1, 2, and 3 molar concentration of
total amine blend at T 313.15 K, p¢o, 20.27 kPa.

in the absorbent blend (3-DMA-1-P+DETA) on equilibrium CO,
loading (mol CO,-mol amine ") at different total blend concentra-
tions (i.e,, 1, 2, and 3 mol-L™"). In this consideration, other operat-
ing parameters, like temperature (313.15K), and partial pressure
of CO, (20.27 kPa) were kept constant.

It is evident from the plot that on increasing the concentration
of DETA in the amine blend (3-DMA-1-P+DETA), the equilib-
rium CO, loading in the amine blend increases, and the maximum
loading was obtained at 0.20 weight fraction of DETA. It is well
known from the literature [55] that more amino groups contribute
to enhancing the equilibrium CO, loading in the chemical mixture.
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Fig. 2. Effect of (a) partial pressure of CO, in inlet gas stream (pco,)
on equilibrium CO, loading in amine solution () at 1, 2, and
3 molar concentration of total amine blend at T 313.15K,
myry 0.20, (b) temperature on equilibrium CO, loading at
different concentrations of total amine blend (1, 2 and 3 mol-
L") over the temperature range of 293.15-323.15 K at a fixed
Pco, 20.27 kPa and my;, 0.20, (c) temperature on CO, load-
ing at DETA weight fraction of 0.10 and 0.20 at constant pc,,
20.27kPa and C 1 mol-L".
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Therefore, mostly primary and secondary amines exhibit equilib-
rium CO, loading up to 0.5 mol CO,-mol amine ™" and that of ter-
tiary amines up to 1 mol CO,-mol amine . DETA consists of two
primaries and one secondary amine group attached to its chemi-
cal structure, which provides more reactive sites for the acid gas
(CO,). To further promote CO, dissolution in the amine blend,
DETA in addition to 3-DMA-1-P (tertiary amine), works as a prom-
ising absorbent blend for capturing CO,. The greater the concen-
tration of DETA in the amine mixture, the more equilibrium CO,
loading is achieved in the amine blend, and it can be seen from
the plot that as the weight fraction of DETA increases, equilib-
rium CO, loading also increases.

1-2. Effect of Partial Pressure of CO, and Temperature of the Amine
Blend of DETA+3-DMA-1-P on Equilibrium CO, Loading

Fig. 2(a) shows the effect of partial pressure of CO, in the simu-
lated flue gas stream on the equilibrium CO, loading at different
concentrations of total amine blend (ie., 1, 2, and 3mol-L ™) at a
fixed temperature of 313.15K and a fixed DETA weight fraction
of 0.20. Gas absorption in a liquid mixture is well-supported at in-
creased pressure and reduced temperature. Liquids and solids show
practically no change in solubility with changes in pressure, but
gases do. According to Henry’s law, gas solubility in any liquid is
directly proportional to the partial pressure of that gas lying above
the surface of the solution or liquid at a constant temperature. As
the partial pressure of CO, gas increases, more gas molecules are
forced from the bulk gas phase into the aqueous amine solution,
thus increasing the number of gas molecules that dissolve in the
solution, and greater amounts of bicarbonates, carbonates, and car-
bamates form. It can be seen from the plot that by increasing the
partial pressure of CO, in the gas stream, there is an increase in
the equilibrium CO, loading in the amine blend because of an in-
crease in gas phase mass-transfer increase due to driving force rise
from the bulk gas phase to the gas-liquid interface.

Fig. 2(b) shows the effect of temperature on equilibrium CO,
loading at the different values of total blend concentration over a
wide range of temperatures (293.15-323.15K) and keeping the par-
tial pressure of CO, and DETA weight fraction to be constant at
20.27 kPa and 0.20, respectively. This decrease in equilibrium CO,
loading with increasing temperature is in agreement with infor-
mation reported by Kundu et al. [56] and Bajpai et al. [57]. As
equilibrium CO, loading increases, dynamic equilibrium is estab-
lished in the dissolution process, and Le Chatelier stated that in the
exothermic dissolution process, gas solubility declines as the tem-
perature increases. Because of increased temperature, the gas-lig-
uid equilibrium shifts in the reverse direction; also, gas solubility
in the solution is favored at reduced temperature and increased
pressure. At high temperature, chemical bonds are weakened and
ultimately broken off, which reduces the equilibrium CO, loading.
From the plot, it can be seen that up to 313.15K, there is a mod-
erate decrease in CO, loading, and after this, a sharp decrease in
equilibrium CO, loading. Also, it is evident from the graph that as
the concentration of the total amine blend is increased, equilib-
rium CO, loading declines over a wide range of temperatures.

Fig. 2(c) shows the variation in equilibrium CO, loading in an
aqueous amine mixture with a change in temperature over the range
of 293.15-323.15K at DETA weight fractions of 0.10 and 0.20 while
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perature ranges of 293.15-323.15 K at constant p,, 20.27 kPa
and mygp, 0.20.

keeping the other operating parameters, such as total amine blend
concentration (1 mol-L") and partial pressure of CO, (20.27 kPa)
to be constant.

1-3. Effect of Total Amine Blend (DETA+3-DMA-1-P) Concen-
tration on Equilibrium CO, Loading

Fig. 3 indicates that there is a continuous decrease in equilib-
rium CO, loading with increasing concentration of amine blend
from 1-3mol-L" at various temperatures (293.15, 303.15, 313.15,
and 323.15K) by keeping the fixed partial pressure of CO, at 20.27
kPa and the fixed weight fraction of DETA at 0.20. At high values
of concentration, liquid phase resistance increases, and conversion
of carbamate to bicarbonate occurs to a very small extent; for this
reason, equilibrium CO, loading decreases on increasing the total
amine blend concentration.

2. Effect of Time on CO, Absorption for the Amine Blend
DETA+3-DMA-1-P

Fig. 4(a) shows the variation in concentration of CO, in the lig-
uid phase with respect to the time consumed in absorption for a
specific range of weight fraction of activator (DETA), from 0.05-
0.20 at a fixed temperature of 313.15K, CO, partial pressure of
20.27 kPa and total amine blend concentration of 1 mol-L™". The
change in moles of CO, absorbed was analyzed at the different com-
positions of the absorbent blend (different values of DETA and 3-
DMA-1-P) at a fixed blend concentration of 1 mol-L™". Tt is evi-
dent from the graph that moles of CO, absorbed in amine solution
first increases with time and tends to be constant after some time.
It shows that the CO, gas is no more soluble in the amine blend,
and total amine mixture tends to attain saturation stage for final
gas-liquid equilibrium.

Fig. 4(b) shows the increase in CO, loading with time at dis-
tinct values of partial pressure of CO, in the simulated gas stream,
ie, 10.13-25.33 kPa at a constant weight fraction of DETA 0.20 in
the amine mixture, the temperature of 313.15K, and a total amine
blend concentration of 1 mol-L™". It can be seen from the plot that
CO, loading is decreased as the partial pressure of CO, is reduced
from 25.33-10.13 kPa.

Fig. 4(c) shows the change in CO, loading with respect to time
at different values of total amine blend concentration (1, 2, and 3
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mol-L") and keeping the other operating parameters constant, such
as temperature at 313.15K, partial pressure of CO, at 20.27 kPa
and weight fraction of DETA in the absorbent blend at 0.20. This
plot shows a decreasing pattern in CO, loading with increasing
total amine blend concentration.

Fig. 4(d) shows the change in CO, loading with respect to ab-
sorption time at different values of temperature ranging from 293.15-
323.15K; in this regard, the other parameters were kept constant,
such as total amine blend concentration of 1 mol-L™', partial pres-
sure of CO, in the simulated gas stream at 20.27 kPa and weight
fraction of DETA in the amine blend at 0.20. It can be concluded
from the graph that as the temperature is enhanced, the CO, load-
ing decreases. At the start of every experimental run, the dissolved
gas increases for a while, and then it becomes constant as the aque-
ous amine mixture becomes saturated.

3. Development of an Empirical Model for Calculating Equi-
librium CO, Loading in the Aqueous Amine Blend

To verify the experimental equilibrium CO, loading for the 3-
DMA-1-P+DETA absorbent blend, an empirical model for calcu-
lating the equilibrium CO, loading in the amine solution was de-
veloped and is represented by Eq. (1). This equation consists of all
the operating parameters which were used during the entire experi-
ment. These factors include total amine blend concentration, CO,
partial pressure in the simulated gas stream, activator DETA weight
fraction, and temperature. All these parameters were used within a

specified span, such as temperature in a span of 293.15-323.15K,
partial pressure of CO, in a span of 10.13-25.33 kPa, DETA weight
fraction in a span of 0.05-0.20, and total concentration of amine
blend in a span of 1-3 mol-L™".

Y= A+BMpery +Cmppr +Dpco, +Epeo, +FX+GX+HT+IT 1)

where yis the equilibrium CO, loading in the aqueous 3-DMA-1-
P+DETA solution (mol CO,-mol amine "), pc, is the partial pres-
sure of CO, in the simulated gas stream (kPa), X is the total con-
centration of amine solution (mol-L™"), T is the blend operating
temperature (K), mpgp, is the DETA weight fraction in the amine
blend of 3-DMA-1-P+DETA and A, B, C, D, E, E G, H, I are the
coefficients of the theoretical model. To find the equilibrium CO,
loading by this model, coefficients were calculated with Excel Solver
by using the experimental values under specified operating condi-
tions. Calculated values of coefficients are listed in Table 4.

On using these coefficient values, along with other operating
parameters, equilibrium CO, loading values were calculated, and
final calculated values, along with the relative deviation between
experimental and calculated values, are reported in Table 3. To cal-
culate the percentage relative deviation (RD %) and percentage abso-
lute average deviation (AAD %), the following formulas were used:

%RD = V—"-"y_—%“l' %100 @)
exp

Korean J. Chem. Eng.(Vol. 40, No. 5)
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Table 4. Theoretical model coefficients and their corresponding values

Coefficient Values Coefficient Values
A —6.331733 F —0.035059
B 2.444190 G —0.003226
C —5.210175 H 0.051914
D 0.015074 I —0.000097
E —0.000065
1.2
1.1
y =0.957x+0.036 ¢
R?=0.962 S/
m 1
E
© 09
£
)
% 0.8
£
>= 0.7
0.6
0.5
0.5 0.6 0.7 0.8 0.9 1 11 1.2

Yeal (Mol CO,/mol amine)

Fig. 5. Experimental CO, loading (}.,) versus calculated CO, load-
ing (.;) at equilibrium under specified operating condition.

%AAD:I%IxzﬁlV—”P_—%“Axmo 3)

exp

where, ., represents the experimental equilibrium CO, loading,
%a is the equilibrium CO, loading calculated by the theoretical
model and N is the number of experimental data points. To check
the agreement of calculated values with experimental values, a plot
for calculating the R® value was drawn between 7, and . Fig. 5
depicts the R’ value of 0.962, which shows that the developed model
is reliable within identified operating conditions and is in agree-
ment with the AAD of 2.10%, which is acceptable.

Table 5. Comparison of loading values for different amine mixtures

It is evident from Table 5 that equilibrium CO, loading in the
amine blend of 3-DMA-1-P+DETA is higher in comparison with
the other amine mixtures. So, it can be concluded that this amine
blend gives promising results and can be used to capture CO, from
coal-fired thermal power plants and other allied industries.

4. Calculation of Heat of Absorption for CO,

Solvent selection for capturing CO, is mostly dependent upon
the solvent regeneration cost, which is about 70-80% of the entire
operating cost. Primary or secondary amines require a large amount
of energy for the desorption step since it releases carbamate while
reacting with CO,, which takes high energy to break-down such
species. Therefore, amine blends consisting of both types of amine
solvents are in trend due to their fast kinetics, high CO, loading,
low absorption capacity, low regeneration energy, and high ther-
mal stability [6]. To reduce the overall operating cost, the solvent
regeneration energy needs to be minimized, and it can be done by
lowering the absorption heat of CO, because it is the main factor
that impacts the solvent regeneration cost. Experimentally, the ab-
sorption heat of CO, can be estimated by using a calorimeter, and
theoretically, it can be found by using the most popular Gibbs-
Helmholtz equation, as shown below by Eq. (4):

d(Inpe,) AH,p,
1 R
()

where AH,, is the heat of absorption of CO, or CO, absorption
enthalpy in kJ-mol ™", p, is the partial pressure of CO, in the sim-
ulated gas stream in kPa, T is the system temperature in K, R is
the universal gas constant (R=8.314J-mol 'K™"). The above equa-
tion is in good agreement with the experimental results for ab-
sorption enthalpy and is shown by different researchers for differ-
ent amine blends [55,60-62]. So it can be concluded from their
work that the Gibbs-Helmholtz equation is quite good for calcu-
lating the heat of absorption of CO,. To calculate the absorption
enthalpy of CO, in the present amine blend of 3-DMA-1-P+DETA
with the Gibbs-Helmholtz equation, a plot of In(pc,,) versus 1/T
was drawn for constant values of CO, loading within the given
conditions, as shown in Fig. 6. The value of the slope obtained from
the graph was multiplied by the universal gas constant (R) to esti-
mate the heat of absorption of CO.,.

@

C T

pCOz

Yco,

Amine blend (mol-L™") (K) (kPa) (mol CO,-mol amine™") Reference
3-DMA-1-P+DETA 1 313.15 20.27 0.934 Present work
3-DMA-1-P+DETA 2 303.15 20.27 0.956 Present work
3-DMA-1-P+DETA 3 313.15 20.27 0.876 Present work
3-DMA-1-P+DETA 1 313.15 15.20 0.891 Present work
MDEA+DEA 2 313 20 0.696 Kundu et al. [56]
DEEA+MEA 2.58 313 20 0.531 Luo et al. [58]
DEA+AEEA 2 303.15 20.27 0.740 Bajpai et al. [57]
MEA+3-DMA-1-P 1 313.15 15 0.547 Gao et al. [59]
MEA+MDEA 1 313.15 15 0.533 Gao et al. [59]
DEEA+AEEA 1 313.14 20.27 0.843 Shailesh et al. [25]

May, 2023
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Fig. 6. Plot of In(pc,,) versus 1/T at different CO, loading values for calculating the heat of absorption of CO, at constant concentration of
amine solution, C1 mol-L ' and weight fraction of activator (mp,) 0.20.

The heat of absorption of CO, for different CO, loading values
of 0.951 mol CO,-mol amine ™, 0.901 mol CO,-mol amine ', and
0.833 mol CO,-mol amine ' was —59.90 kJ-mol ", —66.55 kJ-mol ",
and —69.23 kJ-mol ", respectively. It can be seen from the above plot
that as CO, loading is increasing, the CO, absorption enthalpy value
is slightly decreasing. The average value of heat of absorption of
CO, is estimated to be —65.22 kJ-mol " for the present amine blend
of 3-DMA-1-P+DETA, which is on the lower side as compared to
the widely used benchmark amine MEA (—84.3 kJ-mol™") [75].

This absorption heat of CO, does not show the total heat cost,
so to find the entire energy requirement for the present blend, the
heat of vaporization and sensible heat need to be considered. The
desorption step is opposite to that of the absorption process, so the
value of heat of CO, desorption is the same as the heat of absorp-
tion of CO, with the opposite sign. So the value of heat of desorp-
tion for the present blend of 3-DMA-1-P+DETA is +65.22 kJ-mol ',
which is lower than that of the conventional MEA (+84.3 kJ-mol ).
For regeneration of the solvent, the heat duty for the desorption
column (Qy,,;) depends on the desorption heat of CO, (AH,,), sen-
sible heat (Q,), and heat of vaporization (Q,,,). This dependency
is represented by the equation:

Quoia=AH e Qi+ Quens ®)

Opyenekan et al. [63] concluded that Q,,, is small as compared to
Q. and Q,,;, is mostly the same for all amine mixtures, so heat
duty for desorption column depends on desorption heat of CO,.
So, a lower value of heat of absorption of CO, results in a lower
value of heat duty. It means the energy required will be less because
of the lower value of absorption heat of CO..
5. Response Surface Methodology (RSM) for Statistical Anal-
ysis-A Software-based Approach

RSM is a multivariable statistical approach for optimizing nearly
all types of processes [41-43]. The goal of this method is to opti-
mize the levels of the studied variables at the same time to achieve
the best process performance [41]. It is widely used for modeling

purposes and ultimately analyzes numerous problems [48].

In RSM, the objective function is dependent upon the regres-
sion model, and that function may be either first or second-order
[40,45]. The regression model works as a tool for relating experi-
mental work that establishes the relationship between two or more
independent variables with the response as the dependent vari-
able. In this present work, the objective function is the CO, load-
ing that depends upon the four variables: temperature, the mole
fraction of DETA, solution concentration, and partial pressure of
CO.. All these four variables are considered to be input variables,
while the final response (CO, loading) is known as an output vari-
able. It is crucial to select an experimental design that can be applied
to the experimental set of data points before using RSM in opera-
tion [46].

The mathematical model used in RSM mostly relies on a qua-
dratic type equation, in which the model selection, model equation,
and their coefficient estimation are done by this mathematical tool.
A quadratic model can be suggested as:

Y=g+ 5, piXi+ I, pliXi + 32, pliXiX; ®6)

where Y is the final response, ¢, is the constant coefficient, ¢i is
the linear constant coefficient, ¢ii is the quadratic constant coeffi-
cient, and g¢jj is the interaction coefficient. Furthermore, Xi and Xj
are the independent encoded variables used during the entire
experimental process. Eq. (6) predicts the behavior of the response
in the experimental set of data points, which is described as a
function of independent variables. All the results analysis of this
model or model fitness is carried out by using analysis of variance
(ANOVA) and lack-of-fit test [41].
5-1. Study of Equilibrium CO, Loading with Response Surface
Methodology (RSM) and its Model Validation

Different experimental sets were created with RSM software of
version Design Expert-8.0.7.1. In this software, quadratic mode
and the central composite design type with 35 runs were under
consideration. Table 6 indicates all four independent variables along
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Table 6. Experimental independent variables and their coded levels used for central composite design

Coded Levels
Independent variable Symbol
—-a -1 0 +1 +o
Temperature A 278.15 293.15 308.15 323.15 338.15
Mole fraction of DETA B —-0.025 0.05 0.13 0.20 0.275
Solution concentration C 0 1.00 2 3.00 4
Partial pressure of CO, D 2.53 10.13 17.73 25.33 32.93
Table 7. Results of multiple regression analysis by ANOVA for the estimation of equilibrium CO, loading
p-Value
Source Sum of squares df Mean square F value Prob>F
Model 0.39 12 0.033 85.94 <0.0001 Significant
A-Temperature 0.071 1 0.071 186.96 <0.0001
B-Mole fraction of DETA 0.091 1 0.091 239.51 <0.0001
C-Solution concentration 0.029 1 0.029 77.68 <0.0001
D-Partial pressure of CO, 0.070 1 0.070 184.41 <0.0001
AB 1.023E-003 1 1.023E-003 2.70 0.1148
AC 1.715E-005 1 1.715E-005 0.045 0.8336
AD 0.000 0
BC 7.602E-004 1 7.602E-004 2.00 0.1710
BD 0.000 0
CD 9.339E-004 1 9.339E-004 246 0.1310
A 0.012 1 0.012 31.02 <0.0001
B’ 3.470E-003 1 3.470E-003 9.14 0.0062
c 2.836E-004 1 2.836E-004 0.75 0.3967
D’ 8.256E-004 1 8.256E-004 2.18 0.1544
Residual 8.349E-003 22 3.795E-004
Cor total 0.40 34
Lack of fit 22
Pure error 0

with their corresponding coded levels, as shown in the design
summary.

The ANOVA indicates different factors like the degree of free-
dom (df) value, mean square value, F-value, P-value, etc. Model F-
value, P-value, and values of A, B, C, D, A% and B? of the ANOVA
suggest whether the chosen system model is significant or not.
Table 7 indicates ANOVA analysis of equilibrium CO, loading as
final response, and it also includes the results of fitting Eq. (6) with
the experimental data. The model F-value from Table 7 was found
to be 85.94, which implies that the model is significant. Similarly,
values of Prob>F for all the independent variables should be less
than 0.0500 for the model to be significant. If values are greater
than 0.1000 in the case of A, B, C, D, A% and B? show the insignif-
icance of the model, but in our case, all such values are less than
0.0001. Finally, from Eq. (6) on putting all the values of constants
obtained from the ANOVA, then this final equation in terms of
coded factors can be re-written as:

Equilibrium CO, loading=0.85—-0.13A+0.089B—0.057C+0.10D

+0.016AB+1.813E-003AC+8.802E-003BC+0.014 CD
—0.053A%-0.029B°~ 6.457E-003 C*—0.017 D* 7

May, 2023

Table 8. Statistical parameters obtained from the analysis of vari-
ance (ANOVA) for the model of equilibrium CO, loading

as a final response
Std. Dev. 0.019
Mean 0.86
CV. % 2.27
PRESS 0.026
R-squared 0.9791
Adjusted R-squared 0.9677
Predicted R-square 0.9342
Adequate precision 33.476

The ANOVA analysis also provided statistical parameters like R-
square value, adjusted R-square value, predicted R-square value,
etc., and all are listed in Table 8. The R-square value is 0.9791, the
adjusted R-square value is 0.9677, and the predicted R-square value
is 0.9342. Adequate precision measures the signal-to-noise ratio,
and if its ratio is greater than 4, then it is desirable, and in our case,
it was found to be 33.476, which indicates an adequate signal, so the
model can be used to navigate the design space. The model consists
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Fig. 7. (a) The actual versus predicted plot of equilibrium CO, loading, (b) The studentized residuals and normal percentage probability plot
of equilibrium CO, loading, (c) The predicted equilibrium CO, loading and studentized residuals’ plot, (d) Internally studentized

residuals versus the run number for the equilibrium CO, loading.

of a coefficient of variation (CV %) of 2.27%, which simply means
that there is a small standard deviation (SD) relative to the mean.
The predicted R-square value (0.9342) is in proper deal with the
adjusted R-square value (0.9677), so these values validate the model.
The actual calculated experimental data versus predicted data for
the equilibrium CO, loading plot is shown in Fig. 7(a). The values
obtained from the actual experiment were very much close to the
predicted value, which is a clear indication that the developed model
was successful in the calculation of equilibrium CO, loading. The
normal % probability plot of residual is shown in Fig. 7(b). The
residuals were generally distributed along a straight line, indicating
a normal distribution of errors. The relationship between inter-
nally studentized residuals versus predicted equilibrium CO, load-
ing is shown in Fig. 7(c). The randomly scattered plot indicates
that the variance of original observations is constant for all the
responses so obtained [48,51]. Fig. 7(d) indicates the internally stu-
dentized residuals versus the run number for the equilibrium CO,
loading. This plot indicates that there was no proper relationship
between the observed outputs and the order of the experimental

set of data points. The plot of studentized residuals with tempera-
ture, mole fraction of DETA, solution concentration, and partial
pressure of CO, is shown in Figs. 8(a), 8(b), 8(c), and 8(d), respec-
tively. On analyzing all the various parameters, it is quite clear that
CCD successfully passed all the statistical tests.
5-2. 3-D Surfaces and Contour Graphs Analysis

3-D surfaces and contour graphs are general representations of
the chosen model for the study. It gives a clear idea of the effec-
tiveness of independent variables and the final output response
within the selected domain used for the entire analysis. Fig. 10(a)
and (b) are the 3-D surface diagram and contour plot, respectively,
that correlate the mole fraction of DETA (B), operating tempera-
ture (A), and final response (R1). It can be easily seen from the 3-D
diagram that the response (R1-equilibrium CO, loading) increases
with an increase in the mole fraction of DETA. Similarly; the response
(R1) slightly increases with an increase in temperature, but after
that it starts to decrease gradually by further increasing the tem-
perature. Their reasons have also been discussed in the previous
sections. Fig. 10(c) and (d) are the 3-D surface diagram and con-
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tour plot, respectively, that correlates solution concentration (C),
temperature (A), and final response (R1). When the solution con-
centration is increased, the CO, loading as a final response in-
creases to a certain limit, after which it begins to decrease. Like-
wise, the effect of temperature on the final response remains the
same throughout the process that is discussed above. Fig. 11(a)
and (b) are the 3-D surface diagram and contour plot, respectively,
that show the relationship between partial pressure of CO, (D),
temperature (A), and final response (R1). From the 3-D diagram
and contour plot, it is evident that the response increases with an
increase in partial pressure of CO, from the lower range to the
higher range, and their reasons have been discussed in the previ-
ous sections. The effect of temperature remains constant through-
out. Fig. 11(c) and (d) are the 3-D diagram and contour plot,
respectively, that represent the correlations between mole fraction
of DETA (B), solution concentration (C), and final response (R1).
Similarly, Figs. 12 (a) and (b) show the 3-D surface and contour
plot, respectively, and give the relationship between partial pres-
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sure of CO, (D), the mole fraction of DETA (B), and final response
(R1). Finally, the 3-D surface and the contour plot of partial pres-
sure of CO, (D), solution concentration (C), and final response
(R1) are shown in Figs. 12(c) and (d), respectively. The reasons for
the increase or decrease in values have also been discussed in the
previous sections.
5-3. Prediction of the Optimum Value and its Verification by the
RSM Software

The software-based approach is used to achieve the optimum
values of different independent variables present in the entire experi-
ment to maximize the equilibrium CO, loading. Table 9 shows the
desired goal of all the input independent variables with respect to
the final response (R1), and when all such variables and responses
are combined, they create an overall desirability function that must
be optimized. As shown in Fig. 9, the optimum condition at which
the best equilibrium CO, loading was found to be at 294.15K, the
mole fraction of DETA (mypgr,) of 0.20, solution concentration (C)
of 1.3, and partial pressure of CO, (p¢o,) of 24.22 kPa. Under these
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R1=1.06122

Fig. 9. Desirability ramp for the ultimate process response optimization.
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Fig. 10. (a) 3-D surface of mole fraction of DETA, temperature and final response, (b) Contour plots showing the effect of mole fraction of
DETA, temperature and final response, (c) 3-D surfaces of solution concentration, temperature and final response, (d) Contour plots
showing the effect of solution concentration, temperature and final response.
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Fig. 11. (a) 3-D surface of partial pressure of CO,, temperature and final response, (b) Contour plot showing the effect of partial pressure of
CO,, temperature and final response, (c) 3-D surface of mole fraction of DETA, solution concentration and final response, (d) Con-
tour plot showing the effect of mole fraction of DETA, solution concentration and final response.

Table 9. Optimization of individual desirability responses in order to calculate the overall desirability response

Name Goal Lower limit Upper limit Lower weight Upper weight Importance
A: Temperature Is in range 293.15 323.15 1 1 3
B: Mole fraction of DETA Is in range 0.05 0.2 1 1 3
C: Solution concentration Is in range 1 3 1 1 3
D: Partial pressure of CO, Is in range 10.13 25.33 1 1 3
R1 Maximize 0.631 1.06 1 1 3

optimum conditions, the final equilibrium CO, loading is predicted
to be 1.068 as a final output. To verify the applicability of the selected
model for the optimum equilibrium CO, loading, two solution con-
centrations close to the optimum value were examined. Two ex-
periments were performed by changing solution concentration while
keeping all other parameters to be constant. An average value of
1.0631 of equilibrium CO, loading was obtained, which is greater
than 1% than that of the predicted value. This is a clear indication
that our experiment performed satisfactorily with the predicted
value by RSM software. Table 10 indicates the results of optimiza-

May, 2023

tion of predicted values and actual values. Hence, it is a verifica-
tion test to compare results between them.

CONCLUSION

The absorption performance of a novel aqueous amine blend of
3-DMA-1-P+DETA was studied to prove this as a potential solvent
for CO, capture. The performance of this blend to capture CO,
was checked experimentally in a bubble absorption column at var-
ious operating conditions. CO, loading with different concentra-
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pressure of CO,, mole fraction of DETA and final response, (c) 3-D surface of partial pressure of CO,, solution concentration and
final response, (d) Contour plot showing the effect of partial pressure of CO,, solution concentration and final response.

Table 10. Results of optimization based on the predicted value (RSM analysis) and actual value

Temperature Mole fraction Solution concentration Partial pressure Equilibrium CO,
(K) of DETA (mol-L™) of CO, (kPa) loading (R1)
Predicted value 29447 0.2 1.40 2422 1.061
Actual value 294.15 0.2 1.50 2422 1.059
Actual value 294.15 0.2 1.30 2422 1.068

tions of amine mixture, partial pressure of CO,, weight fraction of
activator, and system temperature, was checked to obtain the opti-
mum operating conditions. Also, the variation in CO, loading with
absorption time was studied with the help of various plots.

As the weight fraction of DETA in the amine blend was in-
creased from 0.05-0.20, there was an increase in the CO, loading.
The change in the total concentration of the amine mixture from
1-3mol-L™" showed a sharp decrease in the value of equilibrium
CO, loading. The equilibrium CO, loading started decreasing as the
system temperature increased from 293.15-323.15 K. The increase
in the partial pressure of CO, in the simulated gas mixture depicted
a sharp rise in the value of CO, loading. At the best optimum oper-
ating condition of C=1 mol-L™", mp,=0.20, T=313.15K, pe,,=2027

kPa, the value of CO, loading (j.,,) was found to be 0.934 mol
CO,-mol amine™". A theoretical model to estimate CO, loading was
developed to check the accuracy between the experimental and
calculated values, and this model showed good agreement with
the experimental data with a relative deviation of 2.10% (RD%),
which is quite acceptable. The average value of heat of absorption
of CO, was obtained to be -65.22 kJ-mol ', which is lower in com-
parison to the standard MEA (—84.3kJ-mol"). To optimize the
results, response surface methodology (RSM) was also used in the
same ranges of parameters for temperature, mole fraction of DETA,
partial pressure of CO,, and solution concentration, as discussed
above. Analysis of variance (ANOVA) was used to check the sig-
nificance of the model chosen for the study. A second-order poly-

Korean J. Chem. Eng.(Vol. 40, No. 5)
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nomial model was used to obtain the optimized value of inde-
pendent variables. Optimum equilibrium CO, loading was found
to be 1.068 mol CO,-mol amine " at T 294.15 K, mpz4 020, C 1.3
mol/], and pp, 24.22 kPa. The comparison of equilibrium CO, load-
ing values of this blend with other blends showed the ability of this
blend to capture CO, through post-combustion technology.
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NOMENCLATURE

AAD  :absolute average deviation
ANOVA :analysis of variance

BBD : Box-Behnken design

C :amine blend concentration [mol/L]
CAS : chemical abstracts service
CCS : carbon capture & storage
CCD  :central composite design
CO, : carbon dioxide

CH, : methane

DETA  :diethylenetriamine

DMAP  :3-dimethylamino-1-propanol
HCL  :hydrochloric acid

HTU  :height of transfer unit

HFCs  :hydro fluorocarbons

MDEA  : methyldiethanolamine

MEA  :monoethanolamine

N :No. of data points

N, :nitrogen

N,O : nitrous oxide

NOy :nitrogen oxide

Pz : piperazine

R : universal gas constant [J/mol-K]
RD : relative deviation

RSM  :response surface methodology
SOx : sulphur oxide

TEA : Triethanolamine

VLE : vapor-liquid equilibrium

Peo, : partial pressure of CO, [kPa]
mpey - weight fraction of DETA

Yop :experimental equilibrium CO, loading [molCO,/mol-
amine]
Yl : theoretical equilibrium CO, loading [molCO,/molamine]
G : excess Gibbs energy
AH,,,  :heat of reaction [KJ/mol]
T : temperature [K]
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