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ABSTRACT: In view of the increasingly serious harm of CO2 to the environment, it is highly
desirable to develop effective CO2 absorbents. In this work, we demonstrated an efficient
absorption of CO2 by blends of protic ionic liquids (PILs) plus amines. The density and
viscosity of investigative four PILs-amine mixtures were measured. By systematically studying
the effects of the solution ratio, temperature, CO2 partial pressure, and water content on the
absorption of CO2, it is found that the 3-dimethylamino-1-propylamine acetate ([DMAPAH]-
[OAc]) plus ethanediamine (EDA) mixture shows the highest CO2 uptake of 0.295 g CO2 per
g absorbent at 50 °C and 1 bar and a further increase in the absorption of CO2 to 0.299 g/g by
adding water with a mass fraction of 20%. Furthermore, the absorption mechanism of CO2 in
the presence and absence of water has also been investigated by FTIR and NMR spectra.

1. INTRODUCTION

It is well known that over emission of CO2 is one of the
primary causes of global warming and has led to serious
environmental problems.1 Flue gases from fossil fuel
combustion are the most critical pathway for CO2 emissions,
and the development of CO2 capture and storage technologies
is one of the most promising ways to reduce the impact of
greenhouse gases on environmental change.2,3 However, the
burning flue gas produces a CO2 yield of less than 15%, while
the high temperature of the flue gas and the low partial
pressure of CO2 result in a low thermodynamic driving force,
which poses a great challenge for the development of efficient
and low-cost CO2 capture technologies.4−6

Ionic liquids (ILs) have many attractive natures, especially
functionalized ILs with outstanding attributes like low heat
capacity, high thermal stability, negative vapor pressure,
outstanding CO2 affinity, etc.

7−10 However, the use of ILs in
industrial processes is limited by the high price and high
viscosity of ILs.11,12 Protic ionic liquids (PILs), a class of low-
cost ILs, can avoid the limitations of functionalized ILs for
CO2 capture. Many amines thus are paired with carboxylic
acids, phenol derivatives, or imidazole derivatives to form
PILs.13−15 For instance, a series of diamine carboxylate PILs
with CO2 absorption capacity were synthesized, with the CO2
uptake reaching 0.33 mol CO2/mol IL.16 Li et al. reported the
formation of three PILs from the ultra-strong base
tetramethylguanidine (TMG) with imidazole (Im), pyrrole,
and phenol, where [TMGH][Im] shows a maximum CO2
absorption of 0.177 g CO2/g IL at 30 °C and 1 bar.15 Before
this, we reported the use of 3-dimethylamino-1-propylamine
(DMAPA)-based PILs to capture CO2, acquiring a maximum
absorption of 3.99 mol CO2/kg IL.17 However, it cannot be
avoided that the viscosity of the ILs increases dramatically after

absorbing CO2, and the absorption capacity of CO2 also needs
to be increased at high temperatures in the above processes.
Preliminary research studies show that adding amines can

reduce the viscosity of ILs, resulting in faster absorption and
mass transfer. Especially, the absorption of CO2 can be
enhanced by constructing mixed absorbents of ILs plus amine
due to the good affinity between amine and CO2.

18−20 After
extensive studies,21−23 DMAPA as an organic amine has a
unique advantage in absorbing CO2. In particular, DMAPA-
based ionic liquids can effectively absorb CO2 through
intramolecular proton transfer.24 But more than that, amine
must have the advantages of low viscosity, high CO2 capacity,
fast adsorption rate, and so on when it is used to modify IL.
Therefore, we note that EDA has preponderance and is widely
praised for capturing CO2. More importantly, EDA has the
smallest molecular weight, which results in the high CO2
capacity per unit mass.25,26 Inspired by these,18,19,27,28 we
reported here four mixed PILs-amine absorbents for CO2
capture at high temperatures, in which ethanediamine (EDA)
and diethylenetriamine (DETA) were selected to confect the
mixed absorbents along with PILs 3-dimethylamino-1-
propylamium acetic acid [DMAPAH][OAc] or 3-dimethyla-
mino-1-propylamium lactic acid [DMAPAH][LA]. The effects
of the temperature, CO2 partial pressure, and water content on
the absorption of CO2 in well-chosen PILs-amine blends were
investigated. Furthermore, the absorption mechanism of CO2
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in the presence and absence of water has also been investigated
by FTIR and NMR spectra.

2. RESULTS AND DISCUSSION
2.1. Characterization of Absorbents. The presented

PILs were characterized by NMR and FTIR (Figures S1−S3).
It was clearly shown that we successfully synthesized the PILs.
Thermostability was also investigated (Figure S4). As shown in
the figure, the thermostability of both ionic liquids is greater
than 150 °C. The water content of the PILs was measured by a
Karl Fischer method, and the PILs are almost anhydrous after
deep dewatering (Table S1). In addition, the purities of
[DMAPAH][OAc] and [DMAPAH][LA] are 99.0 and 94.5%,
respectively, which were analyzed by 1H NMR.
Physical properties of absorbents are essential characteristic

parameters for industrial applications, so the densities and
viscosities were measured at different temperatures and the
results are shown in Figure 1 and listed in Tables S2 and S3.
Measurements of the four PILs-amine blends in a temper-

ature range of 30−70 °C showed that the density decreased
almost linearly with increasing temperature (Figure 1a). The
viscosity of four PILs-amine blends decreased exponentially
with the increase in temperature (Figure 1b). Densities and
viscosities of four PILs-amine blends were fitted by eqs 1 and
2:17

a a T0 1ρ = + (1)

E
RT

ln ln 0
aη η= −

(2)

where a0, a1, and η0 are undetermined parameters, Ea is the
activation energy, and ρ and η are the densities and viscosities
of the mixed absorbents, respectively. These parameters were
obtained by fitting the experimental data into eqs 1 and 2, and
the results are shown in Table 1. The Ea value decreased in the
order [DMAPAH][LA]-DETA > [DMAPAH][LA]-EDA >
[DMAPAH][OAc]-DETA > [DMAPAH][OAc]-EDA, which
is consistent with the viscosity variation trend of absorbents.
The viscosities of four PILs-amine blends are in the range of

9.34−56.27 mPa·s at 30 °C, which are lower than most ILs
CO2 absorbents previously reported in the literature.29,30

Notably, the viscosities of the PILs-amine blends are much
lower than those of pure PILs. The low viscosity is more
conducive to the mass transfer process for the absorption of
carbon dioxide.
2.2. Effect of PILs and Amines on CO2 Absorption. To

explore the effect of PILs and amines on CO2 absorption, CO2

absorption was carried out at 30 °C and 1 bar for four different
PILs-amine blends. As shown in Figure 2, the CO2 absorption

in [DMAPAH][OAc]-EDA, [DMAPAH][OAc]-DETA,
[DMAPAH][LA]-EDA, and [DMAPAH][LA]-DETA reached
the balance with the absorption amounts of 0.260, 0.188,
0.233, and 0.156 g CO2/g absorbents, respectively. The
absorption of CO2 is higher than those of absorbents reported
previously.30,31 Since the acetate ion has a higher alkalinity
than the lactate ion, therefore CO2 uptake in [DMAPAH]-
[OAc] is higher than that in [DMAPAH][LA].32 Note-
worthily, it was found that various degrees of foaming are
clearly observed during the absorption processes, which leads
to an increase in the apparent viscosity of the liquid, resulting
in a decrease in the rate of CO2 absorption, especially under
low temperature conditions. According to the above results,
[DMAPAH][OAc]-EDA, as a candidate, was selected to

Figure 1. (a) Densities and (b) viscosities of four PILs-amine blends at various temperatures.

Table 1. Fitting Results of Densities and Viscosities for the
Four PILs-Amine Blends

parameters

absorbents a0 a1
Ea

(kJ·mol−1) ln η0

[DMAPAH][OAc]-EDA 1.12 −0.57 10.41 −1.91
[DMAPAH][OAc]-DETA 1.13 −0.51 19.74 −4.28
[DMAPAH][LA]-EDA 1.15 −0.57 12.67 −2.54
[DMAPAH][LA]-DETA 1.19 −0.59 26.42 −6.46
[DMAPAH][OAc]:EDA = 1:0.5 1.12 −0.51 28.50 −8.07
[DMAPAH][OAc]:EDA = 0.5:1 1.11 −0.61 16.80 −5.33

Figure 2. CO2 absorption in four PILs-amine blends at 30 °C and 1
bar.
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further investigate the effects of the temperature, CO2 partial
pressure, and water content on the CO2 absorption.
The properties of [DMAPAH][OAc] and EDA blends with

different mass ratios were studied. It is obvious that the
introduction of EDA is beneficial to CO2 capture (Figure 3a).
The addition of EDA greatly enhances the CO2 adsorption rate
of the adsorbents. In addition, the viscosity of the absorbents
decreased significantly with the increase in the EDA content
(Figure 3b), which was favorable. This greatly reduces the
mass transfer resistance of CO2 in the absorbent. In general,
EDA is an excellent CO2 absorbent. However, it is limited by
low thermal stability. Therefore, it is more attractive to
enhance its thermal stability by making blends with ionic
liquids. The TG curve clearly indicated an increase in the
thermal stability of absorbents (Figure 3c). Interestingly, the
absorbent obtains better thermal stability with adding a little IL
([DMAPAH][OAc]:EDA = 0.5:1), as shown in Figure 3d. In
particular, the loss temperature of EDA therein is significantly
improved (from about 85 to 115 °C). Overall, this
demonstrates the potential of the protic ionic liquids-amine
blends.
2.3. Effect of Temperature on CO2 Absorption. The

effect of temperature on CO2 absorption by [DMAPAH]-
[OAc]-EDA was investigated from 20 to 60 °C under
atmospheric pressure. As shown in Figure 4, the CO2 uptake
of [DMAPAH][OAc]-EDA is 0.260 g CO2/g absorbent at 30
°C and the absorption of CO2 further increases to 0.295 g
CO2/g by enhancing the temperature to 50 °C. The
absorption rate increased gradually with increasing temper-
ature, and the absorption rate reached a maximum when the
temperature is 60 °C. Particularly, blistering can be weakened
observably by enhancing the temperature (Figure S5), which
greatly reduced the mass transfer resistance during CO2

absorption. The results above indicated that the influence of
mass transfer is larger than the temperature during CO2
absorption.

2.4. Effect of CO2 Pressure on CO2 Absorption. The
partial pressure of CO2 in the waste gas produced by the
industrial application is low and CO2 generally coexists with
other gases, so it is necessary to study the effect of CO2 partial
pressure on the absorption of CO2 by the PILs-amine. The
CO2 absorption performance of [DMAPAH][OAc]-EDA was
thus investigated at 30 °C with different partial pressures of
CO2. As shown in Figure 5, the CO2 uptake in [DMAPAH]-
[OAc]-EDA decreased slightly with the decrease in the partial
pressure of CO2. It is worth noting that the CO2 uptake at 0.1
bar CO2 can reach 0.207 g CO2/g absorbent, which shows a
higher CO2 absorption capacity than the functionalized ILs or
some formulated absorbents reported in the literature.15,33

Figure 3. (a) CO2 capture at 30 °C and 1 bar. (b) Viscosities at various temperatures. (c) TGA and (d) DTG of the [DMAPAH][OAc] and EDA
blends with different mass ratios.

Figure 4. Absorption of CO2 by [DMAPAH][OAc]-EDA at different
temperatures and 1.0 bar.
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The absorption capacities of CO2 in some functionalized ILs
or some formulated absorbents are listed in Table 2. For these

absorbents reported in the literature, the CO2 capacities are
usually below 0.23 g/g.30,34 Compared with these absorbents,
the PILs-amine blends exhibited the better absorption
performance of CO2, especially under high temperature
conditions.
2.5. Effect of the Water Content on CO2 Absorption.

The industrial flue gas is characterized not only by a high
temperature and low CO2 partial pressure but also by the fact
that it contains water vapor, so it is also important to study the
effect of the water content on the CO2 absorption. As shown in
Figure 6, when the water contents are in a range of 3−10 wt %,
the absorption capacity and absorption rate of [DMAPAH]-
[OAc]-EDA-H2O changed slightly with the increase in the
water content. When the content of water is 20 wt %, a
maximal CO2 absorption of 0.299 g/g is afforded. The
appropriate water content can reduce the viscosity of the
absorbent and can promote the mass transfer of CO2. The
absorbent also gained a higher CO2 capture rate. In terms of
absorption products, bicarbonate with a higher thermal

stability was produced when water was present, while the
anhydrous [DMAPAH][OAc]-EDA generated carbamate,
which was the reason for the increased viscosity of the
absorbent.15,40

2.6. Mechanism of CO2 Absorption in Mixed Systems.
To investigate the mechanism of CO2 absorption, FTIR was
employed to investigate CO2 absorption in [DMAPAH]-
[OAc]-EDA and [DMAPAH][OAc]-EDA-H2O (20 wt %). As
shown in Figure 7a, the new peaks appeared after the
absorption of CO2 by [DMAPAH][OAc]-EDA. Concretely,
new peaks at 1384 and 1044 cm−1 can be attributed to the C−
O stretching vibration in carbamate.41 The peaks at 1178 and
1429 cm−1 can be attributed to the deformation vibration of
C−N and −NH3

+,42,43 respectively. The new peak at 1623
cm−1 is due to the stretching vibration of the CO bond in
the formation of carbamate after the absorption of CO2, and
the results suggested that carbamate is formed between the
basic nitrogen atom of DMAPA and CO2.

44,45 In addition, the
appearance of a broader peak at 3135 cm−1 suggests the
possible formation of zwitterions (NH2

+COO−) during the
absorption of CO2.

46 As shown in Figure 7b, the characteristic
peaks of bicarbonate can be found at 1047 and 1157 cm−1 after
capturing CO2 with [DMAPAH][OAc]-EDA-H2O (20 wt
%).15,47 Furthermore, the gradually broadening peaks in a
range of 1419−1573 cm−1 are due to the continuous formation
of −NH3

+ during the reactions.43

To further obtain the absorption mechanism of CO2, NMR
spectroscopy was employed. As shown in Figure 8, after
[DMAPAH][OAc]-EDA absorbed CO2, a new carbon signal
at 167.00 ppm was attributed to the carbonyl carbon in the
generated carbamate.48 In contrast, two peaks at 166.83 and
162.93 ppm were observed after CO2 absorption in
[DMAPAH][OAc]-EDA-H2O (20 wt %), the former
attributed to carbonyl carbon in carbamate and the latter
due to bicarbonate formation.49−51 These results are in good
agreement with FTIR.
From FTIR and 13C NMR analyses and combined with

experimental results, we have presented a possible CO2
absorption pathway for CO2 absorption by [DMAPAH]-
[OAc]-EDA and [DMAPAH][OAc]-EDA-H2O. As shown in
Figure 9, [DMAPAH][OAc] rearranged automatically into its
balanced structure and the protons on the primary amine are
transferred to the tertiary amine followed by exposure of the
primary amine group and finally combining with EDA to
rapidly absorb CO2 and form zwitterions.16,29,52 If there is a
small amount of water in the reaction system, the zwitterions

Figure 5. CO2 absorption by [DMAPAH][OAc]-EDA at 30 °C and
different partial pressures of CO2.

Table 2. Comparison of the CO2 Absorption Capacity of the
Different Absorbents

absorbents
T

(°C)
p

(bar)
CO2 uptake

(g/g) ref

[DMAPAH][OAc]-EDA 30 1 0.260 this work
[DMAPAH][OAc]-EDA 30 0.1 0.207
[DMAPAH][OAc]-EDA 50 0.1 0.295
[DMAPAH][For] 30 1 0.083 16
[DMAPAH][F] 30 1 0.159 31
[DMAPAH][4F-PhO] 30 1 0.176 17
[DMAPAH][Ac] 20 1 0.082 16
[DMAPAH][Py] 23 1 0.225 34
90% [DMAPAH][EOAc] 30 1 0.107 30
90% [DMEDAH][EOAc] 30 1 0.102 30
[P4444][PhO] 40 1 0.096 35
[N2222][PhO] 50 1 0.126 36
Li(TEPA)Tf2N +
Li(TEG)Tf2N

80 0.1 0.060 37

[P4442][Suc] 60 0.1 0.039 38
[N1111][Gly] 25 0.65 0.051 33
[N1111][Gly]-H2O (70 wt %) 25 0.64 0.178 33
[TMGH][Im] 30 0.1 0.050 15
[P66614][2-Op] 20 0.1 0.100 39

Figure 6. Effect of the water content on the CO2 absorption in
[DMAPAH][OAc]-EDA-H2O at 30 °C and 1 bar.
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transfer into carbamate and the protonated EDA is generated.
In contrast, the transfer rate of the zwitterions is slightly slower
than that of the aqueous absorbent due to the absence of water
assistance.

27,50 Carbamate can be further hydrolyzed to
produce bicarbonate, which usually occurs in the presence of
excess water. Furthermore, this step quickly and automatically

takes place in the presence of water.53 It is worth noting that

the generation of primary amines by hydrolysis of carbamate

makes more primary amines available for CO2 absorption,

further illustrating the speedy absorption rate and high CO2

loading of the [DMAPAH][OAc]-EDA-H2O mixture.

Figure 7. FTIR spectra of the (a) [DMAPAH][OAc]-EDA and (b) [DMAPAH][OAc]-EDA-H2O systems before and after absorption of CO2.

Figure 8. 13C NMR spectra of the [DMAPAH][OAc]-EDA and [DMAPAH][OAc]-EDA-H2O (20%) systems before and after CO2 absorption.

Figure 9. Schematic diagram of the proposed CO2 absorption mechanism for the [DMAPAH][OAc]-EDA and [DMAPAH][OAc]-EDA-H2O
systems.
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2.7. Recycling of Absorbents. To study the regeneration
performance of absorbents, [DMAPAH][OAc]-EDA-H2O (20
wt %) first absorbed CO2 to reach saturation at 30 °C and 1
bar, and then the mixture of absorbents was desorbed by
bubbling N2 at 110 °C for 100 min. It can be seen from Figure
10 that the aqueous [DMAPAH][OAc]-EDA solution can be

recycled. After the absorbent can be recycled three times, the
absorption of CO2 still exceeds 0.20 g/g. The reduced
absorption performance may be due to insufficient desorption
of the absorbent and oxidative degradation of EDA.

3. CONCLUSIONS
In conclusion, we demonstrated an effective CO2 absorption
using PILs-amine blends as the reversible absorbents. The
experimental systems were used to study the effects of the
absorbent composition, temperature, pressure, and water
content on the CO2 absorption performance. Good CO2
absorption capacity in both the high-temperature and low-
pressure range was acquired. Furthermore, TG, FTIR, and
NMR have shown that there is a synergistic effect between
[DMAPAH][OAc] and EDA for enhancing the absorption of
CO2. This work suggests that PILs-amine blends are promising
candidates in the treatment of industrial high-temperature CO2
gas.

4. EXPERIMENTAL SECTION
4.1. Materials. Chemicals of DMAPA (>99.0%), DETA

(>99.0%), EDA (>99.0%), acetic acid (>99.0%), and lactic
acid (>85%) were purchased from Energy Chemical
Technology (Shanghai) Co., Ltd., China. CO2 (>99.99%)
and N2 (>99.999%) were supplied by Guiyang Sanhe Special
Gas Center, China. All chemicals were used directly without
further purification. All mass measurements were performed on
an electronic balance with an accuracy of ±0.1 mg (Sartorius
BS224S). FTIR spectra were recorded on a Nicolet iS50 FTIR
spectrometer. 13C NMR and 1H NMR spectra were recorded
on a JNM-ECZ-400 spectrometer. The thermal stability was
measured using an STA 449F5 simultaneous thermal analyzer

with a heat rate of 10 °C·min−1 in a N2 atmosphere at a flow
rate of 20 mL·min−1.

4.2. Synthesis and Characterization of PILs. The PILs
[DMAPAH][OAc] and [DMAPAH][LA] were prepared by
dropping DMAPA into acetic acid or lactic acid at an ambient
environment with strong stirring for 24 h, respectively, in a
molar ratio of 1:1. PILs need to be vacuum dried at 60 °C for
48 h before use to remove water as much as possible. The
structures of amines and PILs are shown in Scheme 1.

4.3. Preparation of PILs-Amine Blends. PILs-amine
blends were prepared by mixing amine with the desired PILs in
a 1:1 mass ratio. Typically, [DMAPAH][OAc]-EDA was
obtained by intensive mixing of equal quantity of [DMAPAH]-
[OAc] and EDA at room temperature for more than 24 h. In
addition, the absorbents were prepared with various mass
ratios of IL and amine as 1:0.5 and 0.5:1. According to the
previously reported method,22 the density and viscosity of the
PILs-amine blends were determined by a pycnometer method
and a Ubbelohde viscometer method, respectively. We used
secondary water and ethanol to calibrate before measuring the
absorbents. The above operation was repeated six times, and
the difference was no more than 0.2 s each measurement. The
average value is T, which is the outflow time of the absorbents.
The aqueous solutions of [DMAPAH][OAc]-EDA were also
prepared for the study of CO2 absorption, and the mass
fractions of water were 3, 10, 20, 40, and 70%, respectively.

4.4. Absorption and Desorption of CO2. The absorption
experiments were performed in a glass container with an inner
diameter of 2 cm, and the installation diagram is shown in
Figure 11. In a typical procedure, CO2 gas was bubbled at a

flow rate of about 50 mL·min−1 through the absorbent in a
glass vessel (10). The glass vessel was immersed in a water
bath (8) at a temperature required. The CO2 uptake was
measured periodically with an electronic balance. Solvent loss
caused by gas entrainment can be neglected due to the low gas
flow rate. The influence of temperature on the CO2 absorption
was studied by varying the temperature from 20 to 60 °C at 1
bar. During the absorption of CO2 under reduced pressure, the
CO2 partial pressure was controlled by adjusting the flow rates
of pure CO2 gas and N2 gas. To study the effect of the water

Figure 10. Recycling of the aqueous [DMAPAH][OAc]-EDA
solution (mass fraction of water is 20%).

Scheme 1. Structures of Ethanediamine (EDA), Diethylenetriamine (DETA), [DMAPAH][OAc], and [DMAPAH][LA]

Figure 11. Experimental graph of CO2 absorption. (1) N2 gas
cylinder; (2) CO2 gas cylinder; (3) and (4) valve; (5) and (6) gas
mass flow-meter; (7) gas premixing tank; (8) water bath; (9)
magnetic stirrer; and (10) glass tube with round bottom.
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content on CO2 absorption, CO2 was bubbled through the
mixed absorbent with different water contents. For the
desorption of CO2, absorbents after absorbing CO2 were
heated under a N2 atmosphere to release CO2. Reflux
condensation avoided the loss of absorbents during regener-
ation, and the next absorption cycle used the regenerated
absorbent directly.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c05416.

Details about the structure characterization (NMR,
TGA, FTIR, etc.) of absorbents (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Tianxiang Zhao − Key Laboratory of Green Chemical and
Clean Energy Technology, School of Chemistry and Chemical
Engineering, Guizhou University, Guiyang 550025, P. R.
China; orcid.org/0000-0001-8197-2423;
Email: txzhao3@gzu.edu.cn

Fei Liu − Key Laboratory of Green Chemical and Clean
Energy Technology, School of Chemistry and Chemical
Engineering, Guizhou University, Guiyang 550025, P. R.
China; Email: ce.feiliu@gzu.edu.cn

Authors
Cheng Li − Key Laboratory of Green Chemical and Clean
Energy Technology, School of Chemistry and Chemical
Engineering, Guizhou University, Guiyang 550025, P. R.
China

Anjie Yang − Key Laboratory of Green Chemical and Clean
Energy Technology, School of Chemistry and Chemical
Engineering, Guizhou University, Guiyang 550025, P. R.
China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c05416

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China (no.22168012), Natural Science Special
Foundation of Guizhou University (no. X2019065 Special Post
A), Natural Science Foundation of Guizhou Science and
Technology Department (no. 2021068), Characteristic Field
Project of Education Department in Guizhou Province (no.
2021055), Guizhou University Cultivation Project (no.
201955), One Hundred Person Project of Guizhou Province
(no. 20165655), and Innovation Group Project of Education
Department in Guizhou Province (no. 2021010).

■ REFERENCES
(1) Mondal, M. K.; Balsora, H. K.; Varshney, P. Progress and trends
in CO2 capture/separation technologies: A review. Energy 2012, 46,
431−441.
(2) Deng, L. Y.; Kvamsdal, H. CO2 capture: Challenges and
opportunities. Green Energy Environ. 2016, 1, 179−179.
(3) Zhang, R.; Zhang, Y.; Cheng, Y.; Yu, Q.; Luo, X.; Li, C.; Li, J.;
Zeng, Z.; Liu, Y.; Jiang, X.; Hu, X. E. New approach with universal
applicability for evaluating the heat requirements in the solvent

regeneration process for postcombustion CO2 capture. Ind. Eng.
Chem. Res. 2020, 59, 3261−3268.
(4) Zhang, R.; Zhang, X.; Yang, Q.; Yu, H.; Liang, Z.; Luo, X.
Analysis of the reduction of energy cost by using MEA-MDEA-PZ
solvent for post-combustion carbon dioxide capture (PCC). Appl.
Energy 2017, 205, 1002−1011.
(5) van der Spek, M.; Roussanaly, S.; Rubin, E. S. Best practices and
recent advances in CCS cost engineering and economic analysis. Int. J.
Greenhouse Gas Control 2019, 83, 91−104.
(6) Li, C.; Liu, F.; Zhao, T.; Gu, J.; Chen, P.; Chen, T. Highly
efficient CO2 fixation into cyclic carbonate by hydroxyl-functionalized
protic ionic liquids at atmospheric pressure. Mol. Catal. 2021, 511,
111756.
(7) Zhang, J.; Jia, C.; Dong, H.; Wang, J.; Zhang, X.; Zhang, S. A
novel dual amino-functionalized cation-tethered ionic liquid for CO2

capture. Ind. Eng. Chem. Res. 2013, 52, 5835−5841.
(8) Smiglak, M.; Pringle, J. M.; Lu, X.; Han, L.; Zhang, S.; Gao, H.;
MacFarlane, D. R.; Rogers, R. D. Ionic liquids for energy, materials,
and medicine. Chem. Commun. 2014, 50, 9228−9250.
(9) Gao, J.; Cao, L.; Dong, H.; Zhang, X.; Zhang, S. Ionic liquids
tailored amine aqueous solution for pre-combustion CO2 capture:
Role of imidazolium-based ionic liquids. Appl. Energy 2015, 154,
771−780.
(10) Shu, H.; Xu, Y. Tuning the strength of cation coordination
interactions of dual functional ionic liquids for improving CO2

capture performance. Int. J. Greenhouse Gas Control 2020, 94, 102934.
(11) Greaves, T. L.; Drummond, C. J. Protic ionic liquids: Properties
and applications. Chem. Rev. 2008, 108, 206−237.
(12) Zhang, W.; Gao, E.; Li, Y.; Bernards, M. T.; Li, Y.; Cao, G.; He,
Y.; Shi, Y. Synergistic enhancement of CO2 adsorption capacity and
kinetics in triethylenetetrammonium nitrate protic ionic liquid
functionalized SBA-15. Energy Fuels 2019, 33, 8967−8975.
(13) Huang, K.; Zhang, X. M.; Zhou, L. S.; Tao, D. J.; Fan, J. P.
Highly efficient and selective absorption of H2S in phenolic ionic
liquids: A cooperative result of anionic strong basicity and cationic
hydrogen-bond donation. Chem. Eng. Sci. 2017, 173, 253−263.
(14) Zhao, T.; Li, Y.; Zhang, Y.; Wu, Y.; Hu, X. Efficient SO2 capture
and fixation to cyclic sulfites by dual ether-functionalized protic ionic
liquids without any additives. ACS Sustainable Chem. Eng. 2018, 6,
10886−10895.
(15) Li, F.; Bai, Y.; Zeng, S.; Liang, X.; Wang, H.; Huo, F.; Zhang, X.
Protic ionic liquids with low viscosity for efficient and reversible
capture of carbon dioxide. Int. J. Greenhouse Gas Control 2019, 90,
102801.
(16) Vijayraghavan, R.; Pas, S. J.; Izgorodina, E. I.; MacFarlane, D. R.
Diamino protic ionic liquids for CO2 capture. Phys. Chem. Chem. Phys.
2013, 15, 19994−19999.
(17) Zhao, T.; Zhang, X.; Tu, Z.; Wu, Y.; Hu, X. Low-viscous
diamino protic ionic liquids with fluorine-substituted phenolic anions
for improving CO2 reversible capture. J. Mol. Liq. 2018, 268, 617−
624.
(18) Shukla, S. K.; Mikkola, J.-P. Unusual temperature-promoted
carbon dioxide capture in deep-eutectic solvents: the synergistic
interactions. Chem. Commun. 2019, 55, 3939.
(19) Xiao, M.; Liu, H. L.; Gao, H. X.; Olson, W.; Liang, Z. W. CO2

capture with hybrid absorbents of low viscosity imidazolium-based
ionic liquids and amine. Appl. Energy 2019, 235, 311−319.
(20) Zalewski, M.; Krawczyk, T.; Siewniak, A.; Sobolewski, A.
Carbon dioxide capture using water-imidazolium ionic liquids-amines
ternary systems. Int. J. Greenhouse Gas Control 2021, 105, 103210.
(21) Yu, B.; Yu, H.; Yang, Q.; Li, K.; Ji, L.; Zhang, R.; Megharaj, M.;
Chen, Z. Postcombustion capture of CO2 by diamines containing one
primary and one tertiary amino group: reaction rate and mechanism.
Energy Fuels 2019, 33, 7500−7508.
(22) Mohsin, H. M.; Shariff, A. M.; Johari, K. 3-Dimethylamino-
propylamine (DMAPA) mixed with glycine (GLY) as an absorbent
for carbon dioxide capture and subsequent utilization. Sep. Purif.
Technol. 2019, 222, 297−308.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05416
ACS Omega 2021, 6, 34027−34034

34033

https://pubs.acs.org/doi/10.1021/acsomega.1c05416?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05416/suppl_file/ao1c05416_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianxiang+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8197-2423
mailto:txzhao3@gzu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:ce.feiliu@gzu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anjie+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05416?ref=pdf
https://doi.org/10.1016/j.energy.2012.08.006
https://doi.org/10.1016/j.energy.2012.08.006
https://doi.org/10.1016/j.gee.2016.12.002
https://doi.org/10.1016/j.gee.2016.12.002
https://doi.org/10.1021/acs.iecr.9b05247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b05247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b05247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apenergy.2017.08.130
https://doi.org/10.1016/j.apenergy.2017.08.130
https://doi.org/10.1016/j.ijggc.2019.02.006
https://doi.org/10.1016/j.ijggc.2019.02.006
https://doi.org/10.1016/j.mcat.2021.111756
https://doi.org/10.1016/j.mcat.2021.111756
https://doi.org/10.1016/j.mcat.2021.111756
https://doi.org/10.1021/ie4001629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie4001629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie4001629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CC02021A
https://doi.org/10.1039/C4CC02021A
https://doi.org/10.1016/j.apenergy.2015.05.073
https://doi.org/10.1016/j.apenergy.2015.05.073
https://doi.org/10.1016/j.apenergy.2015.05.073
https://doi.org/10.1016/j.ijggc.2019.102934
https://doi.org/10.1016/j.ijggc.2019.102934
https://doi.org/10.1016/j.ijggc.2019.102934
https://doi.org/10.1021/cr068040u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068040u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b01872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b01872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b01872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ces.2017.07.048
https://doi.org/10.1016/j.ces.2017.07.048
https://doi.org/10.1016/j.ces.2017.07.048
https://doi.org/10.1021/acssuschemeng.8b02182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b02182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b02182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijggc.2019.102801
https://doi.org/10.1016/j.ijggc.2019.102801
https://doi.org/10.1039/c3cp54082k
https://doi.org/10.1016/j.molliq.2018.07.096
https://doi.org/10.1016/j.molliq.2018.07.096
https://doi.org/10.1016/j.molliq.2018.07.096
https://doi.org/10.1039/C9CC00831D
https://doi.org/10.1039/C9CC00831D
https://doi.org/10.1039/C9CC00831D
https://doi.org/10.1016/j.apenergy.2018.10.103
https://doi.org/10.1016/j.apenergy.2018.10.103
https://doi.org/10.1016/j.apenergy.2018.10.103
https://doi.org/10.1016/j.ijggc.2020.103210
https://doi.org/10.1016/j.ijggc.2020.103210
https://doi.org/10.1021/acs.energyfuels.9b00961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b00961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.seppur.2019.04.029
https://doi.org/10.1016/j.seppur.2019.04.029
https://doi.org/10.1016/j.seppur.2019.04.029
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(23) Cachaza, A.; Gómez-Díaz, D.; Montáns, A.; Navaza, J. M.;
Rumbo, A. Carbon dioxide chemical absorption by solvents based on
diamine and amines blend. AIChE J. 2018, 64, 2702−2710.
(24) Zheng, W.-T.; Huang, K.; Wu, Y.-T.; Hu, X.-B. Protic ionic
liquids as excellent shuttle of MDEA for fast capture of CO2. AIChE J.
2018, 64, 209−219.
(25) Muchan, P.; Narku-Tetteh, J.; Saiwan, C.; Idem, R.; Supap, T.
Effect of number of amine groups in aqueous polyamine solution on
carbon dioxide (CO2) capture activities. Sep. Purif. Technol. 2017,
184, 128−134.
(26) Zhang, R.; Yang, Q.; Liang, Z.; Puxty, G.; Mulder, R. J.;
Cosgriff, J. E.; Yu, H.; Yang, X.; Xue, Y. Toward efficient CO2 capture
solvent design by analyzing the effect of chain lengths and amino
types to the absorption capacity, bicarbonate/carbamate, and cyclic
capacity. Energy Fuels 2017, 31, 11099−11108.
(27) Zhou, H.; Xu, X.; Chen, X.; Yu, G. Novel ionic liquids phase
change solvents for CO2 capture. Int. J. Greenhouse Gas Control 2020,
98, 103068.
(28) Zhao, T. X.; Zhang, J. B.; Guo, B.; Zhang, F.; Sha, F.; Xie, X.
H.; Wei, X. H. Density, viscosity and spectroscopic studies of the
binary system of ethylene glycol plus dimethyl sulfoxide at T =
(298.15 to 323.15) K. J. Mol. Liq. 2015, 207, 315−322.
(29) Huang, H.; Hu, H.; Fan, M.; Yang, X.; Xie, J.; Zeng, F.
Mechanism study on CO2 capture by [TETAH][HCOO]-PEG200
mixed system. Int. J. Greenhouse Gas Control 2020, 96, 103013.
(30) Wei, L.; Guo, R.; Tang, Y.; Zhu, J.; Liu, M.; Chen, J.; Xu, Y.
Properties of aqueous amine based protic ionic liquids and its
application for CO2 quick capture. Sep. Purif. Technol. 2020, 239,
116531.
(31) Zheng, W. T.; Zhang, F.; Wu, Y. T.; Hu, X. B. Concentrated
aqueous solutions of protic ionic liquids as effective CO2 absorbents
with high absorption capacities. J. Mol. Liq. 2017, 243, 169−177.
(32) Wang, C.; Luo, X.; Luo, H.; Jiang, D.-e.; Li, H.; Dai, S. Tuning
the basicity of ionic liquids for equimolar CO2 capture. Angew. Chem.,
Int. Ed. 2011, 50, 4918−4922.
(33) Feng, Z.; Cheng-Gang, F.; You-Ting, W.; Yuan-Tao, W.; Ai-
Min, L.; Zhi-Bing, Z. Absorption of CO2 in the aqueous solutions of
functionalized ionic liquids and MDEA. Chem. Eng. J. 2010, 160,
691−697.
(34) Oncsik, T.; Vijayaraghavan, R.; MacFarlane, D. R. High CO2

absorption by diamino protic ionic liquids using azolide anions. Chem.
Commun. 2018, 54, 2106−2109.
(35) Zhang, X. M.; Huang, K.; Xia, S.; Chen, Y. L.; Wu, Y. T.; Hu, X.
B. Low-viscous fluorine-substituted phenolic ionic liquids with high
performance for capture of CO2. Chem. Eng. J. 2015, 274, 30−38.
(36) Ren, S. H.; Hou, Y. C.; Tian, S. D.; Chen, X. M.; Wu, W. Z.
What are functional ionic liquids for the absorption of acidic gases? J.
Phys. Chem. B 2013, 117, 2482−2486.
(37) Shi, G. L.; Zhao, H. Q.; Chen, K. H.; Lin, W. J.; Li, H. R.;
Wang, C. M. Efficient capture of CO2 from flue gas at high
temperature by tunable polyamine-based hybrid ionic liquids. AIChE
J. 2020, 66, e16779.
(38) Huang, Y.; Cui, G.; Zhao, Y.; Wang, H.; Li, Z.; Dai, S.; Wang, J.
Preorganization and cooperation for highly efficient and reversible
capture of low-concentration CO2 by ionic liquids. Angew. Chem., Int.
Ed. 2017, 56, 13293−13297.
(39) Luo, X.; Guo, Y.; Ding, F.; Zhao, H.; Cui, G.; Li, H.; Wang, C.
Significant improvements in CO2 capture by pyridine-containing
anion-functionalized ionic liquids through multiple-site cooperative
interactions. Angew. Chem., Int. Ed. 2014, 53, 7053−7057.
(40) Zhan, X.; Lv, B.; Yang, K.; Jing, G.; Zhou, Z. Dual-
functionalized ionic liquid biphasic solvent for carbon dioxide
capture: High-efficiency and energy saving. Environ. Sci. Technol.
2020, 54, 6281−6288.
(41) Zhou, F. L.; Tien, H. N.; Dong, Q. B.; Xu, W. W. L.; Li, H. Z.;
Li, S. G.; Yu, M. Ultrathin, ethylenediamine-functionalized graphene
oxide membranes on hollow fibers for CO2 capture. J. Membr. Sci.
2019, 573, 184−191.

(42) Zhou, X.; Jing, G.; Liu, F.; Lv, B.; Zhou, Z. Mechanism and
kinetics of CO2 absorption into an aqueous solution of a triamino-
functionalized ionic liquid. Energy Fuels 2017, 31, 1793−1802.
(43) Ye, C. P.; Wang, R. N.; Gao, X.; Li, W. Y. CO2 capture
performance of supported phosphonium dual amine-functionalized
ionic liquids@MCM-41. Energy Fuels 2020, 34, 14379−14387.
(44) Gurkan, B. E.; de la Fuente, J. C.; Mindrup, E. M.; Ficke, L. E.;
Goodrich, B. F.; Price, E. A.; Schneider, W. F.; Brennecke, J. F.
Equimolar CO2 absorption by anion-functionalized ionic liquids. J.
Am. Chem. Soc. 2010, 132, 2116−2117.
(45) Xue, C. F.; Zhu, H. Y.; Du, X.; An, X. W.; Wang, E. Y.; Duan,
D. H.; Shi, L. J.; Hao, X. G.; Xiao, B.; Peng, C. J. Unique allosteric
effect-driven rapid adsorption of carbon dioxide in a newly designed
ionogel [P-4444][2-Op]@MCM-41 with excellent cyclic stability and
loading-dependent capacity. J. Mater. Chem. A 2017, 5, 6504−6514.
(46) Tumuluri, U.; Isenberg, M.; Tan, C. S.; Chuang, S. S. C. In situ
infrared study of the effect of amine density on the nature of adsorbed
CO2 on amine-functionalized solid sorbents. Langmuir 2014, 30,
7405−7413.
(47) Karthikeyan, C.; Rajeswari, S.; Maruthamuthu, S.;
Subramanian, K.; Rajagopal, G. Biogenic ammonia for CO2 capturing
and electrochemical conversion into bicarbonate and formate. J. CO2
Util. 2014, 6, 53−61.
(48) Lv, B.; Guo, B.; Zhou, Z.; Jing, G. Mechanisms of CO2 capture
into monoethanolamine solution with different CO2 loading during
the absorption/desorption processes. Environ. Sci. Technol. 2015, 49,
10728−10735.
(49) McCann, N.; Phan, D.; Wang, X.; Conway, W.; Burns, R.;
Attalla, M.; Puxty, G.; Maeder, M. Kinetics and mechanism of
carbamate formation from CO2(aq), carbonate species, and
monoethanolamine in aqueous solution. J. Phys. Chem. A 2009, 113,
5022−5029.
(50) Zheng, W. T.; Huang, K.; Wu, Y. T.; Hu, X. B. Protic ionic
liquid as excellent shuttle of MDEA for fast capture of CO2. AIChE J.
2018, 64, 209−219.
(51) Hu, X. E.; Yu, Q.; Barzagli, F.; Li, C.’e.; Fan, M.; Gasem, K. A.
M.; Zhang, X.; Shiko, E.; Tian, M.; Luo, X.; Zeng, Z.; Liu, Y.; Zhang,
R. NMR techniques and prediction models for the analysis of species
formed in CO2 capture processes with amine-based sorbents: a critical
review. ACS Sustainable Chem. Eng. 2020, 8, 6173−6193.
(52) Zhang, X.; Bao, D.; Huang, Y.; Dong, H.; Zhang, X.; Zhang, S.
Gas-liquid mass-transfer properties in CO2 absorption system with
ionic liquids. AIChE J. 2014, 60, 2929−2939.
(53) Wada, S.; Kushida, T.; Itagaki, H.; Shibue, T.; Kadowaki, H.;
Arakawa, J.; Furukawa, Y. 13C NMR study on carbamate hydrolysis
reactions in aqueous amine/CO2 solutions. Int. J. Greenhouse Gas
Control 2021, 104, 103175.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05416
ACS Omega 2021, 6, 34027−34034

34034

https://doi.org/10.1002/aic.16137
https://doi.org/10.1002/aic.16137
https://doi.org/10.1002/aic.15921
https://doi.org/10.1002/aic.15921
https://doi.org/10.1016/j.seppur.2017.04.031
https://doi.org/10.1016/j.seppur.2017.04.031
https://doi.org/10.1021/acs.energyfuels.7b01951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b01951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b01951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b01951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijggc.2020.103068
https://doi.org/10.1016/j.ijggc.2020.103068
https://doi.org/10.1016/j.molliq.2015.04.001
https://doi.org/10.1016/j.molliq.2015.04.001
https://doi.org/10.1016/j.molliq.2015.04.001
https://doi.org/10.1016/j.ijggc.2020.103013
https://doi.org/10.1016/j.ijggc.2020.103013
https://doi.org/10.1016/j.seppur.2020.116531
https://doi.org/10.1016/j.seppur.2020.116531
https://doi.org/10.1016/j.molliq.2017.08.035
https://doi.org/10.1016/j.molliq.2017.08.035
https://doi.org/10.1016/j.molliq.2017.08.035
https://doi.org/10.1002/anie.201008151
https://doi.org/10.1002/anie.201008151
https://doi.org/10.1016/j.cej.2010.04.013
https://doi.org/10.1016/j.cej.2010.04.013
https://doi.org/10.1039/C7CC09331D
https://doi.org/10.1039/C7CC09331D
https://doi.org/10.1016/j.cej.2015.03.052
https://doi.org/10.1016/j.cej.2015.03.052
https://doi.org/10.1021/jp311707e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aic.16779
https://doi.org/10.1002/aic.16779
https://doi.org/10.1002/anie.201706280
https://doi.org/10.1002/anie.201706280
https://doi.org/10.1002/anie.201400957
https://doi.org/10.1002/anie.201400957
https://doi.org/10.1002/anie.201400957
https://doi.org/10.1021/acs.est.0c00335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c00335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c00335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.memsci.2018.11.080
https://doi.org/10.1016/j.memsci.2018.11.080
https://doi.org/10.1021/acs.energyfuels.6b02963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.6b02963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.6b02963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c02547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c02547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c02547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja909305t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6TA10693E
https://doi.org/10.1039/C6TA10693E
https://doi.org/10.1039/C6TA10693E
https://doi.org/10.1039/C6TA10693E
https://doi.org/10.1021/la501284y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la501284y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la501284y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcou.2014.03.004
https://doi.org/10.1016/j.jcou.2014.03.004
https://doi.org/10.1021/acs.est.5b02356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810564z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810564z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810564z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aic.15921
https://doi.org/10.1002/aic.15921
https://doi.org/10.1021/acssuschemeng.9b07823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b07823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b07823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aic.14507
https://doi.org/10.1002/aic.14507
https://doi.org/10.1016/j.ijggc.2020.103175
https://doi.org/10.1016/j.ijggc.2020.103175
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

