
Article

Aqueous polyamine-based deep eutectic solvent: balancing stability, CO2 
absorption/desorption performance, and post-absorption viscosity
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A novel aqueous polyamine-based DES 
([PzCl][DETA]) system was designed 
and synthesized.

• A systematic evaluation and perfor
mance optimization of the DES system 
was conducted.

• The selected solvent outperformed MEA 
in both performance metrics and indus
trial feasibility.

• The results provided practical guidance 
for scalable CO2 absorbent 
development.
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A B S T R A C T

Deep eutectic solvents (DESs) have gained significant attention as potential absorbents for CO2 capture due to 
their tunable physicochemical properties and environmental sustainability. However, achieving a balance of 
thermal stability, absorption/desorption performance, and viscosity remains a critical challenge for industrial 
applications. To address this, a novel aqueous polyamine-based DES system was developed using an ionic liquid 
with high stability–PzCl (piperazine chloride, P), as a hydrogen bond acceptor (HBA); a polyamine with multiple 
active sites, DETA (diethylenetriamine, D), as a hydrogen bond donor (HBD), and H2O as co-solvent. By sys
tematically optimizing the molar ratio of PzCl to DETA, [PzCl][DETA] (PD) with a 1:5 molar ratio was identified 
as the optimal one based on the absorption capacity/rate, thermal stability, post-absorption viscosity, and 
desorption efficiency of its aqueous solution. Further investigation into the water content revealed that 30 wt% 
[PzCl][DETA] (1:5) effectively balanced the CO2 absorption capacity (0.168 g-CO2/g-absorbent) and desorption 
efficiency (54%), more outstanding than those of 30 wt% MEA (0.126 g-CO2/g-absorbent and 47%, respectively), 
and provided acceptable post-absorption viscosity (8.11 mPa⋅s), which was slightly higher than that of 30 wt% 
MEA (3.77 mPa⋅s) but lower than 10 mPa⋅s. These findings provide a scalable framework for designing 
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sustainable absorbents that harmonize high performance with operational viability. This work bridges the gap 
between laboratory-scale innovations and industrial implementation in carbon capture technologies.

1. Introduction

Excessive CO2 emissions have become a primary driver of global 
climate change and ecological imbalance, prompting nations worldwide 
to accelerate their carbon neutrality efforts. Carbon capture, utilization, 
and storage (CCUS) technology has emerged as a pivotal strategy for 
mitigating CO2 emissions, playing an irreplaceable role in high-emission 
sectors such as energy and industry [1,2]. Among the various stages of 
CCUS, carbon capture serves as the foundational step, directly influ
encing the overall efficiency and cost of CCUS as well as the subsequent 
CO2 utilization and storage processes, making it one of the most decisive 
components within the CCUS framework [3]. Currently, chemical ab
sorption stands out as the most mature and widely adopted carbon 
capture technology owing to high selectivity, large CO2 absorption ca
pacity, and suitability for large-scale industrial flue gas streams. The 
choice of absorbent is the critical factor in this process, directly affecting 
key performance parameters such as CO2 mass transfer rate, absorption 
capacity, energy demand, corrosion behavior, and long-term opera
tional stability, all of which determine the overall techno-economic 
viability and sustainability of the process. Consequently, the contin
uous optimization and innovation of absorbents is not only a crucial 
breakthrough for enhancing the competitiveness of chemical absorption 
technology but also a driving force for advancing CCUS technology to
ward greater efficiency, economic feasibility, and environmental sus
tainability, contributing significantly to the global carbon reduction 
targets [4].

Chemical absorbents with high application potential for CO2 capture 
primarily include aqueous amine solutions, potassium carbonate solu
tions, ionic liquids (ILs) and IL hybrid solvents, as well as deep eutectic 
solvents (DESs) and DES hybrid solvents [5,6]. Each of these absorbents 
possesses distinct characteristics, which influence their suitability for 
different industrial applications. Among them, aqueous amine solutions, 
despite their widespread use, face significant challenges in balancing 
corrosion resistance, absorption rate, and energy demand. Potassium 
carbonate solutions, although suitable for carbon capture at high tem
peratures, struggle to achieve substantial improvements in absorption 
rate [7]. Meanwhile, ILs, despite their adjustable structure, negligible 
volatility, and high thermal stability, face limitations in cost and vis
cosity, and the efforts to lower viscosity and costs by adding a co-solvent 
to form IL hybrid solvents often result in reduced absorption capacity. 
Under these circumstances, the significantly structural and composi
tional adaptability makes DES hybrid solvents the ideal absorbents that 
can integrate the benefits of various types of absorbents, where the 
hydrogen bond acceptor (HBA), hydrogen bond donor (HBD), and 
co-solvent can be customized [8–10]. In particular, H2O is the most 
commonly used, highly effective, and cost-efficient co-solvent, which 
can decrease the viscosity without disrupting the original 
hydrogen-bonding network of DESs at moderate concentrations 
[11–13]. Additionally, by utilizing the amine-based chemicals as the 
HBD, DESs can effectively lower costs while maintaining robust ab
sorption capacity, even when mixed with H2O [11–14]. Afterward, ILs, 
acting as the HBAs, enhance the stability and promote the regeneration 
of the corresponding DESs system without substantially increasing the 
cost due to the relatively small dosage [15]. This combination of char
acteristics allows aqueous DESs to offer a versatile and efficient solution 
for CO2 capture, overcoming the limitations of traditional absorbents 
and providing a more cost-effective and feasible alternative [4,6,16,17].

Polyamines, including ethylenediamine (EDA), diethylenetriamine 
(DETA), triethylenetetramine (TETA), and tetraethylenepentamine 
(TEPA), have been studied as the HBD of DESs due to their significant 
advantages in the CO2 absorption. Naser et al. [18] investigated the 

performance of the DESs consisting of monoethanolamide hydrochlo
ride (MEACl) as the HBA and polyamines as HBDs. The results showed 
that the DES systems with DETA, TETA, and TEPA as the HBDs in a 
molar ratio of 1:9 achieved the highest CO2 solubility of 0.283, 0.206, 
and 0.172 g-CO2/g-DES, respectively. Shao et al. [19] explored the CO2 
absorption performance of a novel aqueous DES based on choline 
chloride (ChCl) and DETA in a rotor-stator reactor (RSR). Their study 
demonstrated that the ChCl/DETA/H2O with 1:5:2 molar ratio exhibited 
a remarkable CO2 uptake (0.250 g-CO2/g-DES) in a RSR, along with 
enhanced absorption efficiency and reaction kinetics. Aroua et al. [20] 
studied the effect of temperature and pressure on the CO2 absorption of 
non-aqueous DES consisting of choline hydroxide (ChOH) as the HBA, 
DETA and TETA as the HBDs, and dimethylsulfoxide (DMSO) as the 
co-solvent. The results showed that 2 mol/L ChOH/DETA (1:1) and 
ChOH/TETA (1:1) in DMSO absorbed up to 0.448 and 
0.372 g-CO2/g-DES at 40 ◦C and 1.4 MPa, respectively. ILs with chloride 
anions (Cl− ) are the most common and popular choice as the HBAs for 
the DES preparation due to their structural simplicity and cost-effective, 
as well as low toxicity [21,22]. Pandey et al. [23] explored the inter
action mechanisms of the DESs using ChCl as the HBA and a range of 
superbases as the HBDs. Building upon the previous study on 
high-pressure conditions and various temperatures and molar ratios of 
HBA to HBD [24], Magueijo et al. [22] further investigated the regen
eration performance and CO2 selectivity of these solvents, as well as the 
effects of the water content on their absorption-desorption behavior and 
thermodynamic properties. Piperazine (Pz), another polyamine with 
extremely low molecular weight, exhibits strong basicity and excellent 
chemical activity and demonstrates effectiveness in enhancing the CO2 
absorption kinetics and promoting desorption efficiency [25,26], mak
ing it an excellent candidate for the cation in the IL.

This work was to design an aqueous DES solution that achieves an 
optimal balance of thermal stability, CO2 absorption/desorption per
formance, and post-absorption viscosity. Chlorinated Pz (piperazine 
chloride, PzCl) was selected to serve as the HBA to enhance the overall 
stability; DETA, owing to its polyamine structure and moderate molec
ular weight, was selected as the HBD to increase the CO2 absorption 
capacity; and H2O was used as a co-solvent to optimize the absorption/ 
desorption kinetics. Based on this strategy, aqueous [PzCl][DETA] (PD) 
solutions were prepared by adjusting the molar ratio of PzCl to DETA as 
well as the PD content. Based on a comprehensive performance evalu
ation, including absorption/desorption performance and viscosity 
before and after absorption, the optimal aqueous polyamine-based DES 
system was identified.

2. Experimental

2.1. Materials

Monoethanolamine (MEA, 99%, CAS No. 141-43-5, Macklin 
Biochemical Co. Ltd., China), diethylenetriamine (DETA, 99%, CAS No. 
111-40-0, Macklin Biochemical Co. Ltd., China), piperazine (Pz, 99%, 
110-85-0, Sigma-Aldrich, UAS), and hydrochloric acid (HCl, 35%, CAS 
No. 7647-01-0, VMR chemicals, USA) were used in this study. The CO2 
gas (≥ 99%) was purchased from the AGA Linde Group. Ultrapure water 
produced by the Mili-QR ultrapure water system was used for synthesis 
and making aqueous mixtures.

2.2. Absorbent synthesis and characterization

Initially, Pz was protonated by HCl in an aqueous solution, which 
was achieved by mixing Pz dissolved in H2O with equimolar aqueous 
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HCl solution. Following this, the solvent is removed through rotary 
evaporation and subsequent vacuum drying, yielding a white solid 
product, PzCl. Afterward, PzCl was mixed with DETA in a certain molar 
ratio, and then the mixture was stirred at 60 ◦C for 1 h till thorough 
homogenization, which allows for the efficient interaction between PzCl 
and DETA, to finally form anhydrous PD solutions. The chemical 
structures of HBA and HBD are shown in Fig. 1. The aqueous PD solu
tions were prepared by blending PD with H2O at a certain mass fraction.

The density and viscosity of absorbents were tested using a digital 
density meter (DMA 4100 M) and a rolling-ball viscometer (Lovis 
2000 ME) (both from Anton Paar, Austria) with an accuracy of 0.0001 g/ 
cm3 and 0.001 mPa⋅s, respectively. In the measurements, each sample 
was repeated at least three times, and the average value was reported 
with uncertainties of ur(η) ≈ 0.015 in viscosity and ur(ρ) ≈ 0.02 in 
density. Fourier transform infrared spectroscopy (FTIR) (VERTEX 70v, 
Bruker, Germany) was applied for characterizing the chemical compo
sition and chemical bonds. Thermogravimetric analysis (TGA) was 
conducted using a simultaneous thermal analyzer (SDT Q600, TA In
struments, USA), in which the samples were heated from 40 to 500 ◦C at 
a rate of 10 ◦C/min under continuous N2 flow.

2.3. CO2 absorption and desorption experiments

2.3.1. CO2 absorption at atmospheric pressure
The CO2 absorption at atmospheric pressure was carried out using a 

gravimetric method [27,28]. Firstly, about 7 g absorbents (i.e., the sol
vents of aqueous DES solutions or aqueous MEA solution) were added into 
a custom-made absorption bottle with an inner diameter of 2.0 cm, which 
was placed in a water bath at a controlled temperature, and then CO2 was 
introduced into the absorbents at a flow rate of 100 mL/min. Absorption 
equilibrium was considered to be reached when there was no further 
increase in the mass. In the experiments, the water loss from the absor
bents was assessed under identical experimental conditions and found to 
be negligible. The CO2 absorption capacity was determined by moni
toring the mass change of the system, which was recorded periodically 
using an electronic analytical balance with an accuracy of ±0.1 mg. The 
CO2 absorption rate was determined by the relationship between the CO2 
capacity and time based on the kinetic model established in previous 
research [12]. 

rt = −
dnt

dt
(1) 

where nt represents the CO2 capacity (g-CO2/g-absorbent) at time t.

2.3.2. CO2 desorption experiment
The desorption process was carried out using the atmospheric pres

sure heating method [29], with the apparatus shown in Fig. 2. The 
experiment was carried out in a three-neck flask containing the 
CO2-saturated absorbent, which was heated to 110 ◦C in an oil bath. The 
mixture was stirred continuously at 150 r/min. A serpentine condenser, 
maintained at 2 ◦C, was used to recover the water vapor released 
alongside the CO2. Afterward, the concentrated sulfuric acid was 
employed to eliminate the residual moisture from the gas stream.

The CO2 released rate (Qt) was periodically recorded using a soap 
film flowmeter, and the corresponding CO2 desorption rate (rd, mol- 

CO2/(kg-absorbent⋅min)) was determined through Eq. (2), while the 
CO2 desorbed amount (nd) was calculated by integrating rd over time, as 
shown in Eq. (3). Cycle-loading represented the total desorbed CO2 (nc), 
and the desorption efficiency (η) was determined based on cycle-loading 
and the saturated CO2 capacity, following the formulation in Eq. (4). 

rd =
Qt⋅MCO2

ms⋅22:4⋅1000

(
P(T0 + 273:15)
P0(T + 273:15)

)

(2) 

nd =

∫ t

0
rddt (3) 

η =
nc

ne
⋅100% (4) 

where MCO2 represents the molecular weight of CO2; P and T denote 
the actual pressure (0.1 MPa) and temperature (22 ◦C); P0 and T0 refer to 
the standard pressure (0.1 MPa) and temperature (0 ◦C); ms is the mass 
of the absorbent; ne is the saturated CO2 capacity. All the above ab
sorption and desorption experiments were performed at least three 
times, and the relative standard deviation (RSD) was controlled within 
3% to ensure the data reliability.

3. Results and discussion

3.1. DESs characterization

In this section, we systematically investigated the thermal stability 
and chemical structure of PD using TGA and FTIR. The thermal 
decomposition temperature (Td) was defined as the temperature at 
which a 5 wt% mass loss occurs. As shown in Fig. 3a, the Td of Pz was 
found to be 68 ◦C, whereas its chlorinated derivative, PzCl, exhibited a 
significantly enhanced thermal stability with a decomposition temper
ature of 155 ◦C. DETA exhibited a decomposition temperature of 86 ◦C. 
Upon forming DESs by mixing PzCl and DETA at molar ratios of 1:4, 1:5, 
and 1:6, their Td became 116, 112, and 103 ◦C, respectively. This implies 
that the incorporation of even a low PzCl content is sufficient to increase 
the thermal decomposition temperature of the DES, and higher PzCl 
content result in more stable DES systems, likely due to the formation of 
a hydrogen bonding network between PzCl and DETA, which 
strengthens the intermolecular forces and enhances the resistance to 
thermal degradation. Fig. 3b presents the FTIR spectra of the raw ma
terials and PD with different molar ratios. A noticeable increase in the 
broad peak intensity within the 3000~3500 cm− 1 region was observed, 
confirming the existence of the hydrogen bonds [12]. As displayed in 
Fig. 3c and 3d, the FTIR spectra of the aqueous DESs in the 

Fig. 1. Chemical structures of HBA and HBD.

Fig. 2. CO2 desorption experimental setup diagram (1. Condenser; 2. Three- 
necked flask; 3. Constant temperature oil bath; 4. Gas scrubber bottle with 
concentrated sulfuric acid; 5. Soap film flowmeter).
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2600~3800 cm− 1 region reveal that, even at higher water contents, the 
characteristic hydrogen-bonding features of the DES are preserved. The 
gradual shift and broadening of the hydrogen bonds and stretching 
bands with increasing water content indicate enhanced hydrogen-bond 
interactions rather than disrupting the original DES network. When the 
water content was up to 80 wt%, the spectra remained distinguishable 
from the pure H2O, suggesting the persistence of the DES-specific 
interactions.

3.2. Optimizing molar ratio of PzCl to DETA

Previous studies have shown that anhydrous DESs exhibit signifi
cantly high viscosity after the CO2 absorption, rendering them imprac
tical for industrial applications [12]. To address this issue, H2O has been 
introduced as a co-solvent to effectively reduce viscosity while main
taining the intrinsic hydrogen bonding network and structural integrity 
of DESs. In order to systematically evaluate the absorption and 
desorption performance of the DESs in different molar ratios and the link 
to their properties, the PD content was fixed at 30 wt% in this section, 
and their performance was compared with that of 30 wt% MEA to assess 
their potential for industrial applications.

3.2.1. Physical property
The density and viscosity of absorbents, as well as the viscosity after 

the CO2 absorption (i.e., CO2 saturated solutions), were investigated. 
The results are displayed in Fig. 4. As shown in Fig. 4a, the viscosity of 

the absorbent decreases with increasing temperature and decreasing the 
DETA content, whereas the density decreases with increasing tempera
ture and increasing the DETA content. When the molar ratio of HBA to 
HBD changes from 1:4 to 1:6, the viscosity at 20 ◦C increases from 4.36 
to 5.10 mPa⋅s, while the density decreases from 1.023 to 1.020 g/cm3. 
This behavior can be attributed to the increased proportion of DETA, 
which enhances the hydrogen bonding network, resulting in stronger 
intermolecular interactions, and reduces the molecular mobility, 
thereby increasing the viscosity. Furthermore, the intensified hydrogen 
bonding network and increased structural complexity may lead to an 
expansion of intermolecular voids, reducing the number of molecules 
per unit volume and consequently lowering the density [30,31]. Fig. 4b 
illustrates the viscosity variations of aqueous PD solutions with different 
ratios before and after the CO2 absorption, compared with the viscosity 
of 30 wt% MEA solution. The experimental results demonstrate that the 
viscosity of all samples increases after the CO2 absorption. Although the 
post-absorption viscosity of aqueous PD solutions is slightly higher than 
that of 30 wt% MEA, it remains below 10 mPa⋅s, indicating favorable 
viscosity properties suitable for industrial applications.

3.2.2. Absorption and desorption performance
Fig. 5a illustrates the CO2 absorption capacity of aqueous PD solu

tions and MEA solutions over time. The results demonstrate that the 
aqueous PD solutions achieves absorption capacities of 0.159, 0.168, 
and 0.176 g-CO2/g-absorbent, significantly surpassing that of 30 wt% 
MEA (0.126 g-CO2/g-absorbent). In Fig. 5a and 5b, if the saturation 

Fig. 3. (a) TGA and (b) FTIR spectra of anhydrous PD with different molar ratios; FTIR spectra of aqueous PD solutions with different PD contents in the range of (c) 
500~4000 cm− 1 and (d) 2600~3800 cm− 1.
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absorption time (Tsat) was defined as the time when the slope of the 
absorption curve reaches zero, as well as the point where the absorption 
rate becomes zero, it can be seen that all aqueous PD solutions reach 
saturation within 30 min, similar to the MEA aqueous, indicating 
remarkably high absorption efficiency. A comparison of the aqueous PD 
solutions with different ratios reveals that the absorption capacity in
creases with increasing the DETA content. This enhancement is attrib
uted to DETA acting as the HBD, providing key active sites for the CO2 
capture. As the DETA proportion rises, the density of the active sites 
increases, leading to greater CO2 binding capacity and enhancing the 
overall absorption performance. Fig. 5b presents the absorption rates of 
both aqueous PD and MEA solutions over time. The absorption rate 
peaks within the first 1~2 min, followed by a gradual decline. This 
behavior can be explained by two primary factors: initially, the con
centration of active sites is at its highest, enabling rapid CO2 uptake. 
However, as the reaction proceeds, the number of available active sites 
diminishes [12]. Additionally, the viscosity of the solution increases due 
to the CO2 binding, creating greater mass transfer resistance and 
resulting in a gradual decrease in the absorption rate. The peak ab
sorption rates reach 0.51, 0.54, and 0.53 mol-CO2/(kg-absorbent⋅min), 
which are comparable to 30 wt% MEA (0.53 mol-CO2/(kg-absor
bent⋅min)), highlighting the promising potential of aqueous PD solu
tions for industrial CO2 capture applications.

The desorption behavior was evaluated by measuring the time- 
dependent CO2 desorption rate, the desorbed CO2 amount, and the 
CO2 desorption efficiency at 110 ◦C and 0.1 MPa. Fig. 5c illustrates the 
desorption rate profiles of aqueous PD solutions and MEA solutions over 
time. The desorption rate of aqueous PD solutions initially peaks within 
the first 2~5 min, indicating a rapid CO2 release driven by the high 
driving force at the beginning of the process. Subsequently, the rate 
gradually declines due to the reduced CO2 partial pressure difference 
and the depletion of readily desorbable CO2 molecules. Compared to 
30 wt% MEA (0.160 mol-CO2/(kg-absorbent⋅min)), aqueous PD solu
tions exhibit 51%~64% faster peak desorption rate (0.242~0.262 mol- 
CO2/(kg-absorbent⋅min)), suggesting improved kinetics, i.e., faster 
regeneration. The aqueous PD solutions with different molar ratios 
exhibit distinct desorption kinetic characteristics. Increasing the DETA 
content reduces the time required to reach the peak desorption rate and 
enhances the peak desorption rate. This enhancement is primarily 
attributed to the higher initial CO2 loading concentration. However, 
during the desorption rate decline phase, aqueous PD (1:4) solution 
exhibits a higher desorption rate than aqueous PD (1:6) solution. 
Furthermore, Fig. 5d depicts the desorbed CO2 amount as a function of 

time for aqueous PD and MEA solutions. The aqueous PD solutions with 
molar ratios of 1:4, 1:5, and 1:6 achieve desorption amounts of 0.092, 
0.090, and 0.082 g-CO2/g-absorbent, which are 58%, 53%, and 39% 
higher than 30 wt% MEA (0.059 g-CO2/g-absorbent). The desorption 
efficiencies were further calculated by Eq. (4), with values of 57%, 54%, 
and 47%, respectively.

In summary, the results demonstrate that an increase in the PzCl 
content enhances the desorption rate in the rate decline phase, desorp
tion amount, and desorption efficiency, further highlighting the pivotal 
role of PzCl in the aqueous PD systems. On the one hand, the presence of 
PzCl weakens the interactions between the absorbent and CO2, thereby 
reducing the CO2 binding strength and facilitating its release. On the 
other hand, the unique physicochemical properties of ILs, including low 
volatility, high thermal stability, and desirable proton transfer ability, 
reduce the solvent pyrolysis and volatilization during the desorption and 
thus optimize the desorption process [15].

3.2.3. Global comparison
Table 1 summarizes the CO2 absorption-desorption performance and 

key physical properties of aqueous PD solutions with different HBA:HBD 
ratios, revealing the comprehensive influence of the DETA content. The 
analysis shows the following trends: as the DETA proportion increases, 
the CO2 absorption capacity improves due to the increased availability 
of active sites in DETA, which enhances the chemical absorption. 
However, this increase comes with notable trade-offs, including a rise in 
pre- and post-absorption viscosity, likely attributed to the formation of 
more complex hydrogen bonding networks, reducing fluidity. Addi
tionally, the reduced desorption amount and desorption efficiency 
suggest that a higher DETA content intensifies CO2 binding strength, 
impeding CO2 release. Coupled with the TGA analysis in section 3.1, a 
higher DETA ratio also results in a reduction in Td, indicating compro
mised thermal stability. Considering the balance among absorption ca
pacity, desorption performance, viscosity, and thermal stability, the PD 
with an HBA:HBD ratio of 1:5 was selected as the optimal candidate for 
subsequent studies, aiming to achieve improved absorption-desorption 
performance.

3.3. Optimizing PD content

In order to optimize the composition of aqueous PD solutions for CO2 
capture, the impact of the PD content in the aqueous solutions on the 
physicochemical properties and the absorption-desorption performance 
was systematically investigated in this section.

Fig. 4. (a) Variation of density and viscosity with temperature; (b) viscosity comparison before and after the CO2 absorption (i.e., CO2-saturated solvents) at 20 ◦C 
and 0.1 MPa.
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3.3.1. Physical property
Fig. 6a shows the viscosity and density of aqueous PD solutions at 

various temperatures and PD contents. As depicted, both the viscosity 
and density of the aqueous PD solutions decrease with increasing tem
perature and decreasing the PD content. When the temperature in
creases from 20 to 60 ◦C, the viscosities of 20 wt%, 30 wt%, 40 wt%, and 
60 wt% PD in H2O range from 2.46 to 0.93, 4.53 to 1.42, 9.98 to 2.49, 
and 61.99 to 6.51 mPa⋅s, respectively. It indicates a significant rise in the 
initial viscosity before CO2 absorption as the PD content increases. The 
densities of aqueous PD solutions follow a linear trend with temperature. 
Furthermore, as the PD content rises from 20 wt% to 60 wt%, the density 
at 20 ◦C increases from 1.01 to 1.05 g/cm3.

Fig. 6b illustrates the variation in viscosity of the aqueous PD solu
tions before and after the CO2 absorption (i.e., CO2-saturated solvents). 
A noticeable increase in viscosity was observed across all absorbents, 
with the extent of the increase positively correlated with the PD content. 
Specifically, the viscosity of 20 wt% PD increases from 2.46 to 

3.86 mPa⋅s, marking a 57% rise; 30 wt% PD rises from 4.53 to 
8.11 mPa⋅s (79% increase); 40 wt% PD elevates from 9.98 to 
28.13 mPa⋅s, achieving a 182% increment. Notably, 60 wt% PD exhibits 
a drastic surge from 61.99 to 1362 mPa⋅s, escalating by 21-fold. This 
trend highlights that a higher PD concentration leads to a more pro
nounced viscosity growth after the CO2 absorption. This phenomenon 
can be attributed to the greater production of the carbamate species at 
the high PD content. These products tend to gather in the absorbent, 
making hydrogen bonds stronger and increasing the interactions be
tween molecules. Consequently, the molecular mobility in the solution is 
significantly hindered, resulting in a substantial rise in viscosity [31,32]. 
It is obvious that when the PD content reaches 60 wt%, the resulting 
viscosity becomes excessively high, posing significant limitations for 
industrial applications due to hindered mass transfer and increased 
operational costs.

3.3.2. Absorption and desorption performance
The absorption capacity curves displayed in Fig. 7a reveal that the 

CO2 uptake increases progressively with increasing the PD contents, 
indicating an enhanced availability of the active sites provided by PD. 
The saturated absorption capacities for 20 wt%, 30 wt%, 40 wt%, and 
60 wt% PD are 0.116, 0.168, 0.217, and 0.283 g-CO2/g-absorbent, 
respectively, demonstrating that, except for 20 wt% PD, the capacities 
show significant improvement compared to the benchmark 30 wt% MEA 
solution. Tsat increases with rising the PD content, as observed when the 
PD content increases from 20 wt% to 60 wt%, resulting in an increase 
from 20 to 60 min. This is primarily due to the inherently high viscosity 

Fig. 5. (a) CO2 absorption capacity, (b) CO2 absorption rate, (c) CO2 desorption rate, and (d) CO2 desorption amount curves of 30 wt% MEA and 30 wt% PD solutions 
with different molar ratios of HBA to HBD (absorption at 22 ◦C and 0.1 MPa, desorption at 110 ◦C and 0.1 MPa).

Table 1 
Properties and performance of 30 wt% PD and 30 wt% MEA.

Absorbent Viscosity/(mPa⋅s) Capacity/(g-CO2/g-absorbent) Tsat 

/min
η, %

Before After ne nd

MEA 2.49 3.77 0.126 0.059 30 47
PD (1:4) 4.36 7.77 0.160 0.092 30 57
PD (1:5) 4.53 8.11 0.168 0.090 30 54
PD (1:6) 5.10 8.77 0.176 0.082 30 47
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of the absorbent with a high PD content, coupled with the continuous 
increase in viscosity during the absorption process as CO2 is absorbed 
and products are formed. The escalating viscosity hinders mass transfer 
during the later stages of the absorption, thereby slowing down the 
overall absorption process and extending the time required to reach the 
CO2 saturation.

The absorption rate curves displayed in Fig. 7b reveal that the initial 
absorption rate of the aqueous PD solutions increases as the PD content 
increases, reaching 0.369, 0.516, 0.534, and 0.548 mol-CO2/(kg- 
absorbent⋅min) for 20 wt%, 30 wt%, 40 wt%, and 60 wt% PD solutions, 
respectively. A significant increase of 40% is observed when the PD 
concentration increases from 20 wt% to 30 wt%. However, the growth 

Fig. 6. (a) Variation of density and viscosity with temperature; (b) viscosity comparison before and after the CO2 absorption (i.e., CO2-saturated solvents) at 20 ◦C 
and 0.1 MPa.

Fig. 7. (a) CO2 absorption capacity, (b) CO2 absorption rate, (c) CO2 desorption rate, and (d) CO2 desorption amount curves of 30 wt% MEA and PD (1:5) with 
different water contents (absorption at 22 ◦C and 0.1 MPa, desorption at 110 ◦C and 0.1 MPa).
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becomes less pronounced (only 6%) as the concentration rises from 
30 wt% to 60 wt%. This suggests that the enhanced initial absorption 
rate from 20 wt% to 30 wt% PD is predominantly driven by the 
increased active site density, facilitating more rapid CO2 capture. 
However, with further concentration increases, the significant rise in 
viscosity becomes the primary limiting factor for the absorption rate. As 
a result, despite the continued increase in the active site density, the 
initial absorption rate no longer exhibits a substantial improvement. A 
similar trend is observed in the maximum absorption rate, where solu
tions with 30~60 wt% PD exhibit a comparable peak absorption rate of 
about 0.540 mol-CO2/(kg-absorbent⋅min), approximately 16% higher 
than that of 20 wt% PD (0.466 mol-CO2/(kg-absorbent⋅min)). During 
the subsequent deceleration phase, the absorption rate consistently 
follows the pattern of 60 wt% > 40 wt% > 30 wt% > 20 wt% in PD. This 
behavior can be attributed to the faster depletion of active sites in the 
low-concentration of PD, leading to an earlier equilibrium state. Higher 
PD concentrations, despite increased viscosity, sustain a higher ab
sorption rate for a longer duration due to the greater availability of 
active sites at the start of the process.

Considering the excessively high viscosity of 60 wt% PD after the 
CO2 absorption, further investigation into its desorption performance 
was deemed impractical. Therefore, the desorption behaviors of 20 wt%, 
30 wt%, and 40 wt% PD were analyzed. As illustrated in Fig. 7c, 20 wt% 
PD achieves its peak desorption rate of 0.195 mol-CO2/(kg-absor
bent⋅min) within 2 min, while 30 wt% and 40 wt% PD solutions reach 
their peak desorption rates of 0.258 and 0.289 mol-CO2/(kg-absor
bent⋅min), respectively, within the first 3 min. This upward trend in 
peak desorption rate with increasing the PD concentration can be 
attributed to the higher CO2 loading of absorbents at elevated PD con
centrations. The greater CO2 content provides a larger reservoir of 
releasable CO2, and under the high temperature conditions, the differ
ences in viscosity among the absorbents are less pronounced, facilitating 
faster desorption at higher PD concentrations.

As shown in Fig. 7d, the total desorption amounts for 20 wt%, 30 wt 
%, and 40 wt% PD were 0.067, 0.090, and 0.114 g-CO2/g-absorbent, 
respectively, demonstrating an upward trend with increasing the PD 
concentration. This increase in desorption capacity is attributed to the 
higher initial CO2 loading in the absorbent at elevated PD concentra
tions, providing a larger reservoir of releasable CO2 during the desorp
tion process. However, the desorption efficiency decreased from 58% to 
54% and 52% as the PD concentration increased from 20 wt% to 30 wt% 
and 40 wt%, respectively. This phenomenon can be attributed to the 
increased PD content, which raises the concentrations of both the raw 
materials and the CO2-bound products in the absorbent, enhancing the 
complexity of the hydrogen bond network among various compounds. 
Consequently, a greater amount of energy and a longer duration may be 
required to disrupt this more complex hydrogen bond network, which in 
turn hinders the efficient desorption of CO2.

3.3.3. Global comparison
To comprehensively evaluate the CO2 capture performance of 

aqueous PD solutions with various PD contents, key indicators were 
analyzed as displayed in Table 2, including pre- and post-absorption 
viscosity, CO2 absorption capacity, absorption saturation time, CO2 
desorption amount, and desorption efficiency. A balanced absorbent 
must exhibit low viscosity for efficient mass transfer, high CO2 uptake, 
rapid absorption rates, as well as high desorption amount and efficiency 
for effective regeneration. For the 20 wt% PD, notable advantages were 
observed in viscosity and desorption efficiency. However, its CO2 ab
sorption capacity remained relatively low, falling below the conven
tional 30 wt% MEA solution. In contrast, 40 wt% PD demonstrated a 
significantly higher absorption capacity than 30 wt% MEA. Neverthe
less, its post-absorption viscosity surged to 28.13 mPa⋅s, which far ex
ceeds the desirable industrial threshold of 10 mPa⋅s for effective mass 
transfer performance, rendering it less practical for large-scale appli
cations. On this basis, 30 wt% PD emerged as a balanced candidate, 

achieving an absorption capacity of 0.168 g-CO2/g-absorbent, 34% 
higher than 30 wt% MEA. Moreover, it exhibited a higher absorption 

Table 2 
Properties and performance of aqueous PD solutions with different PD contents.

Absorbent Viscosity/ 
(mPa⋅s)

Capacity/(g-CO2/g- 
absorbent)

Tsat 

/min
η, %

Before After ne nd

30 wt% MEA 2.49 3.77 0.126 0.059 30 47
20 wt% PD 2.46 3.86 0.114 0.067 20 58
30 wt% PD 4.53 8.11 0.168 0.090 30 54
40 wt% PD 9.98 28.13 0.217 0.114 40 52

Table 3 
Comparison of the CO2 capacity and viscosity of different DESs.

DES H2O 
content, 
wt%

T/P 
(oC/ 
MPa)

Viscosity/ 
(mPa⋅s)

Capacity/(g- 
CO2/g- 
absorbent)

Ref.

Before After

[PzCl] 
[DETA] 
(1:5)

60 22/ 
0.1

9.98 28.13 0.54 This 
work

[PzCl] 
[DETA] 
(1:5)

70 22/ 
0.1

4.53 8.11 0.56

[PzCl] 
[DETA] 
(1:5)

80 22/ 
0.1

2.46 3.86 0.57

[TEPACl] 
[MEA] 
(1:2)

20 25/ 
0.015

117.96 – 0.41 [4]

[TEPACl2] 
[MEA] 
(1:4)

20 25/ 
0.015

39.78 – 0.47

[TEPACl3] 
[MEA] 
(1:6)

20 25/ 
0.015

37.47 – 0.23

[MEACl] 
[MEA] 
(1:6)

0 40/ 
0.8

29 – 0.092 [18]

[MEACl] 
[DETA] 
(1:6)

0 40/ 
0.8

14 – 0.242

[MEACl] 
[EDA] 
(1:6)

0 40/ 
0.8

9 – 0.327

[ChCl][TEA] 
(1:4)

0 25/10 – – 0.198 [33]

[MEACl] 
[MDEA] 
(1:3)

0 25/ 
0.1

– – 0.116 [32]

[MEACl] 
[MDEA] 
[MEA] 
(1:3:0.5)

0 25/ 
0.1

– – 0.135

[MEACl] 
[EDA] 
(1:5)

60 22/ 
0.1

5.27 16.16 0.383 [12]

[MEACl] 
[EDA] 
(1:5)

50 22/ 
0.1

9.22 59.82 0.43

Table 4 
Performance of 30 wt% PD at different temperatures.

Temperature/◦C ne (g-CO2/g-absorbent) Tsat/min Rate/(mol-CO2/(kg- 
absorbent⋅min))

ri rp

22 0.168 30 0.516 0.536
40 0.166 20 0.805 0.836
50 0.162 20 0.804 0.904
60 0.152 10 0.809 0.832
80 0.136 10 0.493 0.626
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rate comparable to that of the 40 wt% PD while maintaining a more 
manageable post-absorption viscosity of 8.11 mPa⋅s and a desorption 
efficiency of 54%. This optimal trade-off among absorption capacity, 
desorption performance, and viscosity makes 30 wt% PD a promising 
and viable choice for industrial applications.

To better assess the potential of the DES identified in this work, a 
comparative analysis was conducted between the absorption perfor
mance and physical properties of our system and those reported in the 
literature as shown in Table 3. The comparison demonstrates that, 
compared with many reported DESs that suffer from either low ab
sorption capacity or a dramatic viscosity increase after CO2 loading, 
30 wt% [PzCl][DETA] presents a favorable balance between the ab
sorption efficiency and manageable viscosity.

3.4. Effect of temperature on CO2 capture

The effect of temperature on the CO2 absorption performance of 
30 wt% PD was systematically examined at 22, 40, 50, 60, and 80 ◦C by 
analyzing both the absorption capacity and absorption rate, as shown in 
Fig. 8 and Table 4. The results reveal a distinct temperature dependence 
in CO2 absorption capacity, which exhibits minimal variation 
(0.168~0.162 g-CO2/g-absorbent) when the temperature ranges from 
22 to 50 ◦C; but declines significantly (0.162~0.136 g-CO2/g-absorbent) 
as the temperature further increases from 50 to 80 ◦C. Fig. 8b indicates 
that the absorption rates at 22 and 80 ◦C are much lower than those at 
other temperatures, which implies that the absorption rate decreases at 
both extremely high and low temperatures. This is because the effect of 
temperature on the CO2 absorption rate is influenced by a combination 
of viscosity, molecular kinetic energy, and reaction equilibrium con
stant. As the temperature increases, the viscosity of aqueous PD de
creases and molecular kinetic energy increases, facilitating CO2 
diffusion and enhancing chemical reaction rate. However, since CO2 
absorption is an exothermic process, higher temperatures shift the re
action equilibrium toward the reverse direction, therefore reducing the 
thermodynamic driving force. As a result, the overall reactivity of 
aqueous PD solution to CO2 decreases, leading to a reduction in ab
sorption rate at extremely high temperatures.

4. Conclusions

This study demonstrates the significant potential of aqueous 
polyamine-based DES systems for efficient CO2 capture, while high
lighting critical trade-offs between the absorption capacity, desorption 
efficiency, and viscosity. Firstly, the influence of the PzCl/DETA molar 

ratios on the physicochemical properties, structure characters, and CO2 
absorption/desorption behavior was systematically examined. The 
findings revealed that increasing the proportion of PzCl enhanced the 
thermal stability of anhydrous [PzCl][DETA] and improved desorption 
efficiency, as well as reduced post-absorption viscosity of aqueous 
[PzCl][DETA]. Conversely, a high DETA proportion increased the CO2 
absorption capacity. Balancing multiple performance factors, [PzCl] 
[DETA] (1:5) was determined to be the optimal DES. To further eluci
date how the [PzCl][DETA] content affects CO2 absorption-desorption 
performance, aqueous [PzCl][DETA] solutions with the PD contents of 
20 wt%, 30 wt%, and 40 wt% were investigated. The results demon
strated that elevated [PzCl][DETA] concentrations resulted in signifi
cantly enhanced absorption capacities (0.114~0.217 g-CO2/g- 
absorbent), while concurrently prolonging the saturation absorption 
time (20~40 min), increasing the post-absorption viscosity 
(3.86~28.13 mPa⋅s), and diminishing the desorption efficiency (58% 
~52%). Among them, 30 wt% [PzCl][DETA] exhibited a superior CO2 
capacity of 0.168 g-CO2/g-absorbent while maintaining a more 
manageable post-absorption viscosity of 8.11 mPa⋅s and a desorption 
efficiency of 54%, so it was identified to be the optimal absorption 
system. The insights gained from this study contribute to a deep un
derstanding of the DES system and its potential for advancing efficient 
and sustainable carbon capture technologies.
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