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Abstract

To improve regeneration performance and shorten desorption time in amine-based CO,
capture, this study proposes an integrated “blended-amine solvent and microwave regen-
eration” process. Triethylenetetramine (TETA) was used as the primary absorbent and
blended with diethanolamine (DEA) and 2-amino-2-methyl-1-propanol (AMP). Response
Surface Methodology (RSM, Box-Behnken design) was employed to establish formulation—
performance relationships, and an entropy-weighted TOPSIS method was further applied
for multi-objective evaluation and optimization. The optimal formulation consisted of
TETA, DEA, and AMP at a mass ratio of 6:1:2. Under the optimized conditions (20 wt%
aqueous solvent, 30 °C absorption, 95 °C microwave regeneration), the solvent achieved an
absorption capacity of 1.0 mol CO,-mol~! amine with a CO, recovery of 93.56%. Compared
with conventional heating, microwave regeneration markedly accelerated CO, desorption,
reducing regeneration time from 30 min to 4 min. The estimated total regeneration energy
was approximately 2.4 GJ-t~! CO, under microwave heating for the optimized blend.
In addition, among the water/n-butanol formulations tested, the fully aqueous system
showed the best overall absorption-regeneration performance. Overall, the data-driven
solvent design coupled with microwave regeneration offers a practical route toward more
efficient CO, capture processes.

Keywords: carbon capture; microwave desorption; blended amine; CO, desorption

1. Introduction
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single-amine systems [8,9]. By combining amines with different chemical characteris-
tics, blended systems can potentially integrate high CO, absorption capacity, favorable
regeneration behavior, and improved solvent stability [10,11]. Studies have shown that
blended-amine composition can influence CO, absorption behavior, molecular speciation,
regeneration energy, and bulk properties such as viscosity, density, effective basicity, and
dielectric response [12-14]. Nevertheless, the performance of a blended amine system is
highly sensitive to solvent composition, and inappropriate ratios may lead to suboptimal or
even deteriorated performance [15]. Therefore, rational optimization of solvent composition
is essential, rather than empirical trial-and-error approaches. Statistical and mathematical
optimization methods provide a systematic framework for solvent formulation design [16].
Among them, Response Surface Methodology (RSM) has been extensively applied to
chemical process optimization by establishing quantitative relationships between multiple
variables and response indicators [17,18]. In the context of CO, capture, RSM enables the
identification of optimal solvent compositions and operating conditions while minimizing
experimental effort [19]. In practical solvent design, multiple performance indicators, such
as CO, absorption capacity and desorption efficiency, must be considered simultaneously.
Multi-objective decision-making tools, including entropy-weighted ranking and related
methods, offer an effective means to balance competing performance criteria [20]. Integrat-
ing RSM with multi-objective evaluation therefore provides a data-driven approach for
rational solvent optimization.

In parallel with solvent development, alternative regeneration techniques have been ex-
plored to reduce the limitations of conventional thermal stripping [21]. Microwave-assisted
regeneration has attracted increasing attention due to its volumetric heating characteristics,
which can enhance heat transfer and accelerate desorption kinetics [22]. Previous studies
have demonstrated the feasibility of microwave regeneration for single amine solvents,
such as MEA, as well as for certain high-concentration or non-aqueous amine systems.
Despite these advances, existing microwave-assisted regeneration studies primarily focus
on single-solvent systems or specific non-aqueous formulations. Systematic investigations
that combine solvent formulation optimization with microwave-assisted regeneration,
particularly for aqueous blended amine systems, remain limited [23]. Moreover, many
studies emphasize regeneration kinetics without explicitly integrating solvent composition
optimization and multi-objective performance evaluation [24,25].

Building on previous microwave-regeneration studies [26-28], the present study evalu-
ates an aqueous TETA /DEA / AMP system by integrating solvent-composition optimization
with microwave-assisted regeneration. Specifically, triethylenetetramine (TETA) is em-
ployed as the primary absorbent due to its high CO, capacity [29,30], while diethanolamine
(DEA) and 2-amino-2-methyl-1-propanol (AMP) are introduced as auxiliary components
to balance regeneration behavior and solvent stability [31]. By coupling Response Surface
Methodology with multi-objective performance evaluation, this work provides a data-
driven strategy to optimize blended amine composition and systematically investigate
the effects of absorption temperature, desorption temperature, and solvent concentration.
The study further examines the role of microwave-assisted regeneration in enhancing
desorption kinetics under relatively low-temperature conditions, thereby offering new
insight into the coordinated design of solvent formulation and regeneration strategy.

2. Materials and Methods

2.1. Materials and Instruments

Monoethanolamine (MEA: >99.0%), diethanolamine (DEA: >99.0%), and n-butanol
(analytical grade), as well as triethylenetetramine (TETA: >99.0%) and 2-amino-2-methyl-
1-propanol (AMP: >99.0%) (chemical grade), were purchased from Sinopharm Chemical
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Reagent Co., Ltd. (Shanghai, China). Deionized water was prepared in the laboratory.
High-purity CO, gas (>99.99%) was supplied by Karmay Zhongke Gases Industry Co.,
Ltd. (Karamay, China).

The following diagram (Figure 1) shows the experimental setup and experimental
procedure for the absorption—desorption experiments conducted in this paper.
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Figure 1. Experimental setup and procedure diagram. The arrows indicate the direction of the
experimental workflow.

Mass measurements during CO, absorption and desorption were performed using an
analytical balance (MS304T5-02, Mettler-Toledo International Inc., Greifensee, Switzerland;
readability: 0.1 mg). Conventional thermal desorption experiments were conducted using
an intelligent electric heating mantle for round-bottom flasks (model ZNHW-500 mL,
Shanghai Yuezhong Instrument Co., Ltd., Shanghai, China). Microwave-assisted desorption
was carried out using a laboratory microwave heating furnace (model XH-100B, Xianghu
Technology Development Co., Ltd., Beijing, China) with an output power of 850 W. The
CO; gas flow rate during absorption was controlled using a glass rotameter (model LZB-2,
Beijing Silian Yinhuan Flow Instrument Co., Ltd., Beijing, China). Detailed metrological
specifications relevant to these measurements are summarized in Table S1.

2.2. Single Alkanolamine Reagent Absorption and Desorption Experiments

This work aims to develop a blended amine formulation with triethylenetetramine
(TETA) as the primary component and supplementary amines as additives. Based on a
literature review, diethanolamine (DEA) and 2-amino-2-methyl-1-propanol (AMP) were
selected as the auxiliary absorbents. To characterize the intrinsic CO, absorption behavior
of individual amines, aqueous solutions of TETA, DEA, and AMP were prepared separately
with a mass fraction of 20 wt% and a total solution mass of 40 g. CO, absorption experi-
ments were conducted at 30 °C and atmospheric pressure. The absorption vessel was placed
in a constant-temperature water bath and continuously stirred at 60 rpm. High-purity CO,
was introduced at a fixed flow rate of 1000 mL-min~!. CO, uptake was monitored using
the gravimetric method by recording the mass increase of the absorption vessel at regular
intervals. Absorption was considered complete when the mass difference between two
consecutive measurements was less than 5 mg. Mass readings were taken at 3 min intervals.
Each experiment was repeated three times, and the experimental uncertainty was within
£3%. No dispersant, surfactant, or additional solubilizer was used during absorption;
gas-liquid contact was provided by CO, bubbling and mechanical stirring.

https:/ /doi.org/10.3390/separations13090242


https://doi.org/10.3390/separations13090242

Separations 2026, 13, 242

40f17

According to reaction pathways reported for aqueous amine-CO, systems [5,32], CO,
absorption in these solutions is dominated by chemical reaction, with a smaller contribution
from physical solubility. The following reversible reactions are used to describe carbamate
formation and subsequent bicarbonate formation in primary, secondary, and sterically
hindered amines:

2RNH, + CO, = RNHCOO™ + RNHZ (1a)
RyNH +CO, + B = RyNCOO™ + BH™" (1b)
RyNH +CO, + B = RyNCOO™ + BH™" (1c)

In the first two reactions, primary and secondary amines form carbamate species;
B denotes a proton-accepting base. The third reaction represents carbamate hydrolysis
toward bicarbonate formation, which is particularly relevant for sterically hindered amines
such as AMP. These reactions provide a literature-based framework for discussing the
absorption-desorption behavior of the blended system.

2.3. Determination of Optimal Formulation Using Response Surface Methodology

Response Surface Methodology (RSM), a statistical technique for process optimization
through experimental design and model fitting, was utilized in this work. The objective was
to optimize the CO, absorption capacity and recovery rate of the amine-based absorbent.
Three formulation variables were defined as the relative mass parts of TETA (A), DEA (B)
and AMP (C). For each run, the total amine mass was fixed at 8.0 g, corresponding to a
total amine concentration of 20 wt% in a 40 g solution, while the relative proportions of
TETA, DEA, and AMP were varied according to Table 1. For example, the 6:1:2 formulation
corresponded to 5.33 g TETA, 0.89 g DEA, and 1.78 g AMP.

Table 1. Independent Variables and Their Levels for the Box-Behnken Design (BBD).

Factor Low Level Center Level High Level
TETA 2 4 6
DEA 1 3 5
AMP 1 2 3

To systematically evaluate the effects and interactions of TETA (A), DEA (B), and
AMP (C) on CO; capture performance, a three-factor, three-level Box-Behnken Design
(BBD) was employed [33]. Compared to full factorial designs, BBD is more efficient as it
requires fewer experimental runs to construct a second-order polynomial model. Design-
Expert software (v13, Stat-Ease Inc., Minneapolis, MN, USA) was used for experimental
design and statistical analysis. The relationship between the independent variables and
response variables was fitted using the following quadratic model:

k k k=1 k
Y =Bo+ Y Bixi+ ) Baxi+ Y, Y, Byxixj+e )
i=1 i=1 i=1 j=i+1
where Y is the predicted response, B represents the regression coefficient. x; and x; are
coded independent variables; ¢ is the random error; and k is the number of factors (k = 3).

The coded values for the BBD variables are listed in Table 1. Model significance was
evaluated by analysis of variance (ANOVA), with p < 0.05 considered statistically significant.
Model adequacy was assessed using the coefficient of determination (R?) and adjusted R?.
Lack-of-fit was also considered, and additional fit statistics and residual diagnostics are
provided in the Supplementary Information. The interactions among variables and the
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optimal conditions for CO, absorption capacity and CO, recovery were determined by
analyzing two-dimensional contour and three-dimensional response-surface plots.

2.4. Multi-Objective Optimization via Entropy-Weighted TOPSIS

Considering the potential trade-off between absorption capacity and CO, recovery, a
multi-objective optimization framework was established. The Entropy Weight Method was
first applied to determine the objective weights of indicators by calculating their information
entropy, thereby mitigating subjective bias in decision-making. Subsequently, the Technique
for Order of Preference by Similarity to Ideal Solution (TOPSIS) was utilized to rank the
formulations [34]. This method calculates the geometric distance of each candidate to the
positive-ideal solution (SP+) and negative-ideal solution (SP—). The closeness coefficient
(R Ci) was used as the final score to identify the optimal amine blending ratio.

2.5. Effect of Absorption Temperature on CO, Absorption Performance

Absorption experiments were conducted using the optimally formulated blended
amine solution. The absorption vessel was placed in a constant-temperature water bath,
with absorption temperatures set at 20 °C, 25 °C, 30 °C, 35 °C, and 40 °C. After reaching
saturation, the mass of the CO;-rich solution was measured using the analytical balance.
Each experiment was conducted in triplicate and the average value was used to evaluate
the influence of absorption temperature on CO; uptake.

2.6. Effect of Microwave Heating Desorption Temperature on CO, Desorption from
Alkanolamine-Rich Solution

After CO; absorption to saturation, the mass of the CO,-rich solution was recorded.
The rich solution (20 wt%) was then subjected to microwave-assisted desorption at preset
temperatures of 85, 90, 95, 100, and 105 °C using the microwave furnace. The liquid
temperature was monitored continuously using the built-in thermocouple of the XH-100B
microwave reactor (Xiangtu Technology Development Co., Ltd., Beijing, China), with the
probe positioned near the vessel center. The released gas volume was recorded every 2 min
by water displacement. The wet collected-gas pressure was corrected for saturated water-
vapor pressure at the gas-collection temperature before the desorbed CO, amount was
calculated using the ideal-gas equation and converted to mass. Desorption was terminated
after 10 min. CO; recovery was calculated according to Equation (3a—e).

Myps = Myjch — Miegn (33)
pco, = Protal — PH,0(T) (3b)
_ pco,V
Nges = RTK (3C)
Mes = ndesMCOZ (3d)
n= Mdes o 100% (3e)
Myps

Here, mye,, and my;, are the solution masses before and after CO; absorption; piotal
is the wet collected-gas pressure; pro(T) is the saturated water-vapor pressure at the
gas-collection temperature; V is the displaced gas volume; Ty is the absolute gas tempera-
ture; R is the gas constant; and Mcop = 44.01 g-mol’l. Desorption was terminated after
10 min. Detailed instrument specifications and uncertainty analysis are provided in the
Supplementary Information.
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CO; loading (mol mol~! amine)

2.7. Effect of Alkanolamine Solution Concentration on CO, Capture Performance

With the optimal compounded alkanolamine solution as the absorbent, solutions
with mass fractions of 10 wt%, 20 wt%, 30 wt%, and 40 wt% were prepared. Absorption
and desorption experiments were conducted at 30 °C and 95 °C, respectively, following
the same procedures described in Sections 2.5 and 2.6. Each experiment was performed
in triplicate to evaluate the influence of solution concentration on CO, absorption and
desorption behavior.

3. Results and Discussion
3.1. Comparison of Absorption and Desorption Performance of Single Alkanolamine Reagents

40 g alkanolamine solutions of TETA, DEA, and AMP with a mass concentration of
20 wt% were prepared. The absorption kinetics experiments were conducted at 30 °C for
15 min, and the desorption kinetics experiments were conducted at 95 °C for 10 min. The
results are shown in Figure 2. As can be seen from Figure 2a, TETA reached a maximum
absorption capacity of 1.42 mol CO, mol~! amine after approximately 9 min of absorp-
tion, while DEA and AMP reached maximum absorption capacities of 0.44 and 0.47 mol
CO,-mol~! amine, respectively. In terms of absorption capacity, TETA therefore performed
better than DEA and AMP under the present conditions. From Figure 2b, CO, recovery
followed the order AMP (81.9%) > TETA (75.5%) > DEA (68.4%). Thus, TETA showed the
highest absorption capacity, whereas AMP showed the highest CO, recovery; this differ-
ence provides the experimental basis for considering both responses in the subsequent
formulation optimization.

b
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Figure 2. 20 wt% single-alkanolamine absorption (a) and desorption (b) kinetics for TETA, DEA, and
AMP at 30 °C. The absorption data were recorded at 3-min intervals, while the desorption data were
recorded at 2-min intervals.

3.2. Selection of Compounded Alkanolamine Solution Formulations
3.2.1. RSM Analysis of Absorbed CO, Mass and CO, Recovery

Response Surface Methodology (RSM) based on a Box-Behnken Design (BBD) was
employed to systematically investigate the effects of amine composition and their inter-
actions on CO, absorption capacity and CO; recovery. Three formulation variables were
considered, namely the relative amounts of triethylenetetramine (TETA), diethanolamine
(DEA), and 2-amino-2-methyl-1-propanol (AMP). The detailed experimental matrix and
corresponding responses are provided in the Supplementary Information (Table S2).
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Quadratic regression models were developed for both absorbed CO, mass and CO,
recovery. The key model-quality parameters are summarized in Table 2.

Table 2. Key model-quality parameters for the RSM models.

Response Model p-Value  Lack-of-Fit p-Value R? Adjusted R? Predicted R?
Absorbed CO, mass 0.0003 0.4007 0.9171 0.8526 0.7573
CO; recovery 0.0135 0.2862 0.7992 0.6430 0.6079

—_—
1
—

Absorption Mass (g)

o
==

Analysis of variance (ANOVA) confirmed that the absorbed CO, mass model was
highly significant (p = 0.0003), while the CO,-recovery model was also statistically signifi-
cant (p = 0.0135). The absorption-capacity model showed good fit within the investigated
design space. For the CO;-recovery model, the lack-of-fit was non-significant (p = 0.2862),
but its predicted R? was 0.6079, indicating limited predictive capability for new observa-
tions; this model was therefore used mainly for screening and trend analysis within the
experimental design space. Complete ANOVA results and fit statistics are provided in
Supplementary Information Tables S3-S5, and residual diagnostics are shown in Figures
51-53. The interaction effects of formulation variables on absorption capacity are illustrated
in Figure 3. The response surface and contour plots reveal that different combinations of
TETA, DEA, and AMP favor absorption performance under specific constraints, resulting
in multiple local optima. Similarly, Figure 4 presents the interaction effects on CO; recovery,
showing that formulations achieving high absorption capacity do not necessarily exhibit
favorable regeneration performance. These observations highlight the trade-off between
absorption and regeneration performance and indicate that optimization based on a single
response is insufficient.
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Figure 3. Interaction effects of TETA, DEA, and AMP on absorption capacity: (a) TETA vs. DEA,
(b) DEA vs. AMP.

3.2.2. Multi-Objective Optimization via Entropy-TOPSIS

To identify a balanced formulation considering both absorption capacity and CO,
recovery, a multi-objective optimization strategy combining the Entropy Weight Method
and the TOPSIS approach was applied. Based on the RSM results, seven representative
experimental points covering high- and intermediate-performance regions were selected
for multi-objective evaluation. The corresponding data set is summarized in Table 3.
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Table 3. Experimental data for Entropy-TOPSIS analysis.
Expt. No. TETA (A) DEA (B) AMP (C) Absorption CO, Mass (Y1)/g  Recovery (Y3)/%
1 6 1 2 2.86 93.56
2 4 1 1 2.88 69.41
3 2 5 2 2.06 90.56
4 6 3 1 2.74 84.72
5 2 3 3 2.18 88.15
6 4 3 2 2.48 76.37
7 4 3 2 2.52 71.25
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Figure 4. Interaction effects of TETA, DEA, and AMP on CO, recovery: (a) TETA vs. DEA, (b) TETA
vs. AMP, (c¢) DEA vs. AMP.

The Entropy Weight Method was used to determine the relative importance of each
response based on data dispersion, thereby avoiding subjective weighting. The resulting
weights emphasize CO; recovery relative to absorption capacity, reflecting the importance
of regeneration performance in amine-based CO, capture. Details of the data normalization
procedure and entropy-weight calculations are provided in the Supplementary Information
(Tables S6 and S7).

Subsequently, the TOPSIS method was applied to rank the candidate formulations
according to their relative closeness to the ideal solution. The results are presented in
Table 4. Among the evaluated formulations, the formulation with a TETA/DEA/AMP
mass ratio of 6/1/2 exhibited the highest relative closeness, identifying it as the optimal
compromise solution within the studied formulation space.
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Table 4. Comprehensive ranking results from the TOPSIS method.
Expt. No Ratio Distance to Ideal Distance to Negative Ideal =~ Relative Closeness Rank
PO ABO) (SP*) (SP-) (RC;)
1 6:1:2 0.0032 0.8951 0.9964 1
4 6:3:1 0.0421 0.8215 0.9508 2
3 2:5:2 0.1053 0.7632 0.8784 3
5 2:3:3 0.2185 0.6927 0.7598 4
6 4:3:2 0.3876 0.5843 0.6012 5
7 4:3:2 0.4129 0.5517 0.5713 6
2 4:1:1 0.7924 0.6113 0.4352 7
3.2.3. Experimental Validation of the Optimal Formulation
To further validate the rationality of the optimized formulation, a comparative ex-
perimental study was conducted by substituting DEA with monoethanolamine (MEA)
while maintaining the same component ratios and operating conditions. The absorption
and desorption performances of the TETA-DEA-AMP system and the TETA-MEA-AMP
system are compared in Figure 5.
I Absorption I Desorption
a b
1224
100 1 93.56%
< 1.0
g 80 4 77.87%
g GE; 60
13, 06 g
g) o
5 Q 40 A
g 0.4 1 (]
Q
O 02 20 4
0.0 - 0 -
TETA-DEA-AMP TETA-MEA-AMP TETA-DEA-AMP TETA-MEA-AMP

Figure 5. Comparison with an MEA-substituted Formulation: (a) CO; loading during absorption
and desorption; (b) CO, recovery.

Although the MEA-containing formulation exhibited a slightly higher absorption
capacity, the DEA-containing system demonstrated a substantially higher CO, recovery
(93.56% versus 77.87%). These results further support the suitability of the optimized TETA-
DEA-AMP formulation in achieving a balanced absorption— and desorption performance
under the investigated laboratory-scale conditions.

3.3. Exploration of Experimental Conditions for CO, Absorption and Desorption Using
Compounded Alkanolamine Solutions

3.3.1. The Effect of Absorption Temperature on CO, Absorption Capacity

Experiments on CO; absorption using compounded alkanolamine solutions were
conducted at 20, 25, 30, 35, and 40 °C to explore the effect of temperature on CO; absorption
capacity, with the results shown in Figure 6. Since the absorption of CO, by alkanolamines
is exothermic, lower temperatures are theoretically more favorable for absorption. As
can be seen from Figure 6, the CO, absorption capacity of the mixed amine formulation
generally decreased as temperature increased. At 25 °C and 30 °C, the absorption capacity
was similar, at approximately 1.1 mol CO,-mol~! amine; it decreased to 0.9 mol CO,-mol !
amine at 35 °C; and reached the 0.77 mol CO,-mol~! amine at 40 °C.
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Figure 6. Influence of absorption temperature on the CO; capture performance of compounded alka-
nolamine solutions. The shaded region represents the standard deviation of triplicate measurements.

Although the variation in absorption capacity at different set temperatures aligns
with theoretical expectations, practical application considerations such as the reliance on
refrigeration equipment to maintain low temperatures (e.g., 20 °C) would significantly
increase operational energy consumption and costs. Therefore, a balance must be struck
between absorption performance and cost-effectiveness. Taking into account factors that
ensure stable system operation, energy consumption, and absorption performance, 30 °C
has been determined as the optimized temperature condition for subsequent experiments
with the mixed amine absorbents.

3.3.2. Effect of Desorption Temperature on CO, Capture by Compounded Alkanolamine
Solutions

The influence of desorption temperatures at 85, 90, 95, 100, and 105 °C on the desorp-
tion performance of the optimized compounded alkanolamine solutions was investigated.
The experimental results are shown in Figure 7.

I Absorption B Desorption

b
100 ~
- 100
- 80
S B
> >
<} <]
O (%]
e o
- 40 CP)‘ ON
(5} O
- 20
0 0 T T T T T T
90 95 100 105 0 2 4 6 8 10
Regeneration temperature (°C) Desorption time (min)

Figure 7. Influence of desorption temperature on the CO, desorption performance of compounded
alkanolamine solutions: (a) CO, loading and recovery at different desorption temperatures; (b) CO,
recovery profiles during desorption at different regeneration temperatures. Error bars in panel
(a) represent mean =+ standard deviation (SD) from three independent measurements (1 = 3); relative
SD values were within approximately 3%.
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As revealed in Figure 7, with similar absorption capacities, the desorbed amount
and CO; recovery increased as the desorption temperature rose from 85 to 95 °C. Ata
desorption temperature of 95 °C, the system achieved the highest CO; recovery of 93.56%.
Further increases to 100 and 105 °C resulted in recoveries of 89.68% and 91.99%, respectively,
so increasing the temperature above 95 °C did not further improve the measured recovery.
For long-term operation, prolonged exposure at elevated temperature may also increase
the degradation risk of amine solvents [35,36].

Considering the measured CO, recovery, operating temperature, energy consumption, and
cyclic operation, 95 °C was selected as the regeneration temperature for subsequent experiments.

3.3.3. Effect of Compounded Alkanolamine Solution Concentration on CO, Absorption
and Desorption Performance

Based on the selected absorption temperature (30 °C) and desorption temperature
(95 °C), CO, absorption and desorption experiments were conducted using composite
amine solutions with mass fractions of 10%, 20%, 30%, and 40 wt%. The effect of solution
concentration on CO, absorption capacity and desorption performance is shown in Figure 8.
The 20 wt% solution gave the highest absorption capacity, reaching 1.0 mol CO,-mol~!
amine at the end of the reaction. The absorption loadings of the 10, 30, and 40 wt%
solutions were similar but lower. Therefore, 20 wt% was selected as the optimal absorption
concentration.

I Absorption Il Desorption

10 wt%

- 100

CO; recovery (%)

20 wt% 30 wt% 40 wt%
Total amine concentration

Figure 8. Influence of compounded alkanolamine solution concentration on CO, capture performance.

For desorption, the highest CO, recovery was also obtained at 20 wt%, reaching
93.56%, whereas the other concentrations showed lower recoveries and desorbed loadings.
At 10 wt%, the lower total amine inventory may contribute to the lower effective absorp-
tion/desorption performance. At 30 and 40 wt%, the decrease in performance may be
associated with concentration-dependent changes in viscosity, CO, diffusivity, and species
equilibrium. Concentration-dependent increases in viscosity and associated mass-transfer
limitations have been reported for other CO,-capture solvents [37]. Because viscosity was
not measured for the present blended system, it is considered only as a possible contributor
rather than a demonstrated cause. Considering both absorption capacity and CO, recovery,
subsequent experiments used a 20 wt% solution.

Synthesizing the above investigations, the final selected formulation was the
TETA/DEA/AMP blended amine with a mass ratio of 6/1/2. The corresponding experi-
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mental conditions were a total amine concentration of 20 wt%, an absorption temperature
of 30 °C, and a desorption temperature of 95 °C.

3.3.4. Comparison of Microwave Heating and Conventional Heating for CO, Desorption
Performance

The comparison between microwave (MW) heating desorption and conventional
heating (CH) desorption performance is shown in Figure 9. As illustrated in Figure 9a,b,
microwave-assisted desorption was completed within approximately 4 min, whereas
conventional thermal desorption required about 30 min to reach completion under the
same target-temperature conditions. Figure 9c further indicates that, at comparable CO,
absorption loadings, the desorbed CO, amount and corresponding CO, recovery obtained
under microwave heating were higher than those achieved by conventional heating over the
same time scale. This difference indicates that microwave irradiation markedly accelerates
the desorption process.

0 °
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Figure 9. Comparison of CO, desorption kinetics and absorption—desorption performance under
conventional and microwave heating: (a) desorption volume and desorption capacity profiles during
conventional heating; (b) desorption volume and desorption capacity profiles during microwave
heating; (c) comparison of absorption/desorption capacities and CO, recovery between conventional
and microwave heating.

For practical benchmarking, 30 wt% MEA was compared with the optimized
TETA/DEA/AMP solvent at its selected concentration of 20 wt%, as shown in Figure 10.
The two solvents were therefore evaluated at their respective selected concentrations, and
the comparison reflects practical regeneration performance under the corresponding oper-
ating conditions. Using the shortcut calculation method in Reference [38], the estimated
total regeneration energy for 30 wt% MEA decreased from approximately 3.8 GJ-t~1 CO,
under conventional heating to 3.2 GJ-t~! CO, under microwave heating. The sensible-heat
contribution decreased from 0.9 to 0.8 GJ-t~! CO, and the latent-heat contribution from
1.1 to 0.6 GJ-t~! CO,, whereas the reaction-heat contribution remained approximately
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a

Regeneration energy (GJ t™1)

4.0

3.5 1

3.0 A

30 wt% MEA

3.8

1.8 GJ-t~1 CO,. For the optimized TETA/DEA/AMP system, the corresponding estimated
total decreased from approximately 2.9 to 2.4 GJ-t~! CO, (approximately 17.2%); reaction
heat remained approximately 1.4 GJ-t~! CO,, while sensible and latent heat decreased from
approximately 0.7 and 0.8 to 0.6 and 0.4 GJ-t~! CO,, respectively.

b tETADEA/AMP

I Reaction

4.0 B Sensible
Latent
3.5 A
3.2
3.0 1 29
2.5 4 24

Regeneration energy (GJ t™1)

MW CH MW

Figure 10. Comparison of CO, regeneration energy consumption between 30 wt% MEA (a) and
the optimized TETA/DEA/AMP (b) ternary absorbent under conventional and microwave-
assisted heating.

3.3.5. Cyclic Performance of the Optimized TETA /DEA /AMP Blend

To evaluate the cyclic performance of the optimized blend, six consecutive absorption-
desorption cycles were conducted under the selected operating conditions. As shown in
Figure 11, the blend retained measurable capture and regeneration capacity throughout the
six-cycle test. The absorption loading decreased from approximately 0.98 mol CO,-mol !
amine in the first cycle to 0.68 mol CO,-mol~! amine in the sixth cycle, while the corre-
sponding desorption loading decreased from approximately 0.83 to 0.51 mol COp-mol
amine. Thus, the sixth-cycle absorption and desorption loadings remained at approximately
69% and 61% of their first-cycle values, respectively. The gradual decline may be associated
with solvent or water loss by volatilization or entrainment, composition drift, incomplete
regeneration, changes in absorbed-species stability, or possible thermal/oxidative degrada-
tion under longer or more severe exposure [32,35,36]. Because no post-cycle composition
or degradation-product analysis was performed, the relative contributions of these effects
cannot be distinguished from the present six-cycle test.

3.4. Effect of Water Content on CO, Capture by the Optimal Formulation

This subsection explores whether reducing water content (using n-butanol as a rep-
resentative organic diluent) could improve regeneration characteristics. For comparison,
non-aqueous, low-water (10 wt% and 20 wt%), and fully aqueous systems were investi-
gated under identical experimental conditions. The experimental results are presented in
Figure 12. The exact compositions of the tested formulations are provided in Table S8.
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Figure 11. CO; loading and desorption amounts over 6 consecutive MW-assisted absorption—and
desorption cycles.
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Figure 12. Impact of different water contents on CO, capture performance of the optimal compounded system.

As shown in Figure 12, the non-aqueous system exhibited relatively low CO; absorp-
tion and desorption performance, with an absorption capacity of 0.33 mol CO,-mol !
amine and a desorbed amount of 0.26 mol CO,-mol~! amine. When the water content
was increased to 10 and 20 wt%, the CO, absorption capacities increased to 0.53 and
0.65 mol CO,-mol~! amine, respectively, while the corresponding desorbed amounts
reached 0.47 and 0.60 mol CO,-mol~! amine. These differences may reflect combined
effects of viscosity, CO, diffusivity, solvent polarity, water activity, and absorbed-species
equilibrium [37]. Because viscosity and dielectric properties were not measured in this
work, no single property is identified as the demonstrated cause. Under the experimental
conditions examined in this work, the fully aqueous system exhibited the highest CO,
absorption capacity, desorbed amount, and CO, recovery among the tested formulations.
This conclusion is specific to the tested TETA /DEA / AMP-water-n-butanol formulations
and laboratory-scale conditions.
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4. Conclusions

This study developed an optimized TETA/DEA/AMP blended amine solvent (mass
ratio 6:1:2) for microwave-assisted regeneration by integrating Response Surface Methodology
with entropy-weighted TOPSIS analysis. Under the optimized conditions (20 wt%, 30 °C
absorption, and 95 °C microwave regeneration), the solvent achieved an absorption capacity
of 1.0 mol CO,-mol~! amine and a CO, recovery of 93.56%. Microwave-assisted desorption
was completed in approximately 4 min compared with about 30 min under conventional
heating, and the estimated total regeneration energy of the optimized blend was approximately
24 G]-’F1 CO, under microwave heating. Within the tested water /n-butanol formulations, the
fully aqueous system provided the best overall absorption—regeneration performance.

It is important to note that these findings were obtained under idealized laboratory
conditions. Consequently, the critical next step involves pilot-scale validation to assess the
process’s techno-economic feasibility and long-term stability under real flue gas conditions,
which is essential for advancing this technology toward practical industrial application.
This work provides a promising integrated solution for developing efficient and low-energy
carbon capture technologies.
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