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Abstract: As novel materials for carbon capture, phase change solvents can separate into two
immiscible phases during the CO2 capturing procedure under a certain temperature. The solvent
systems can significantly decrease the energy consumption since the solvents can be regenerated by
only heating the rich-CO2 phase. In this work, amino acid ionic liquids (AAILs) were synthesized
using quaternary ammonium salts and amino acids as raw materials, and the aqueous solutions
were prepared as novel liquid-solid phase change solvents. The results showed that the solvents
had excellent CO2 absorption capacity, and the AAILs functionalized by glycine and tryptophan
exhibited significant phase change properties. The mechanism of phase-change of the solvent were
mainly due to the lower solubility of the product after reaction between AAILs and CO2. The solvent
with tryptophan as anion could be regenerated by only heating the CO2-riched solid phase, which
might significantly decrease energy consumption of regeneration. And the absorbent could be
reused with the regenerated absorption ratio up to 79%. The solvent system has great potential in
industrial application due to the easy operation process and efficient recycling ability.
Keywords: Amino acid ionic liquid; phase change solvent; high CO2 absorption capacity;
mechanism of phase change; recycling ability

1. Introduction
Large emission of CO2 from the industrial combustion of fossil fuels has caused increasing CO2
concentration in the atmosphere and the greenhouse effect[1]. Therefore, carbon capture and
sequestration(CCS) technology is highly valued and a mass of researchers devote to find the materials
that can meet the demand of CO2 capture with efficient gas absorption, low energy consumption,
eco-friendly property and industrial adaption.
Aqueous solutions of alkanolamine or their mixtures are one of the effective methods to capture
CO2 in industry. However, the amine system presents some drawbacks, such as corrosion of the
equipment, prone to degrade under high temperature and oxidative degradation and high
volatility[2]. Amino acid salt (AAS) is one of the alternative solvents for CO2 capture, since they are
easily obtained, biocompatible and biodegradable and desirably resistant to degradation[3]. Recently,
some amino acid salt solvents have been applied for CO2 separation from mixture gas[4,5]. However,
one of the potential shortcomings of amino acid salt is that CO2 absorption capacity of the solvent
would decrease after multiple regeneration cycles[6]. Ionic liquids (ILs) considered as “green”
solvents have attracted more and more attention for their outstanding physicochemical properties,
such as negligible vapor pressures, high thermal stabilities, and tunable properties[7-13]. Of all the
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features, the most attractive one of ILs is the ability to modify both the cationic and anionic
components contributing to a specific application. ILs not only possesses significant CO2 physical
solubility but also exhibit strong chemical affinity to CO2 by the functionalization of cations or
anions[14-17]. Therefore, amino acid ionic liquids (AAILs) are one type of the functional ionic liquids
that could capture and separate CO2 from biogases. They possess the excellent properties of ILs, and
can be obtained by a relatively simple synthesis via the neutralization reaction of a cationic hydroxide
solution and amino acid, which make the preparation of AAILs inexpensive and eco-friendly[18-20].
Most AAILs in neat form are either solids or liquids with extremely high viscosity up to 4180 mPa s
at room temperature[21]. Adding AAILs into the MDEA aqueous solution can increase the absorption
rate of CO2 dramatically and enhance transfer process in MDEA solution[22]. Blending AAILs with
water and/or other organic solvents to form mixed absorbents would downgrade the viscosity and
the cost[23]. However, the high viscosity limits the usage of AAILs as CO2-capture solvents.
A new breed of CO2 absorption systems-phase change solvents has drawn much attention
recently[24-26]. Upon CO2 loading, the mixed system of a tertiary amine and diamine formed two
immiscible liquid phases-the heavy CO2 rich phase and the CO2 lean phase. The CO2 rich phase was
picked up and heated to desorption temperature, illustrating the potential for reduction in
regeneration heat through desirable cyclic capacity and very high CO2 stripping pressures[27].
Normally, precipitation is avoided in the CO2 capture process. However, if the precipitant
contains CO2 (i.e., carbamate, carbonate/bicarbonate) and most of the CO2-capturing chemicals,
lower energy consumption for the solvent regeneration would be achieved by only desorping the
precipitate phase for solvent recovery [29]. Triethylenetetramine/ethanol system[30] produced a solid
precipitate after capturing CO2, which can be easily separated and regenerated. 81.8% of the total
CO2 capture amount was in the solid phase in the formation of TETA-carbamate, which can be
completely de-composited at 90 oC. Amino acid salt solvents turned into a CO2-lean phase and a
CO2-rich phase, which contained 90% CO2 of the total capture amount. The dominant component of
the CO2-rich phase was bicarbonate[31]. Since the alkali carbonate/bicarbonate couldn’t wholly decomposite and regenerate at the desorption temperature, the AAs /H2O system didn’t possess the
multiple regeneration ability.
In this work, we synthesized different kinds of hydrophilic amino acid liquids (AAILs) that were
functionalized based on quaternary ammonium cations with anions of glycine(Gly), L-histidine (LHis), L-aspartic acid (DL-Asp) and L-tryptophan (L-Trp) respectively. Then, the CO2 absorption
experiment was carried out with the aqueous solutions made from AAILs prepared. Phase change
was found in the AAILs/H2O absorbent during the CO2 bubbling process, particularly, there
appeared a quick precipitation in saturated aqueous solution of [TMA][Trp] with a large amount of
powder precipitated. The favorable regeneration properties of the solid phase illustrated that
[TMA][Trp] was a novel reversible absorbent with low energy consumption of regeneration.
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Scheme 1. CO2 absorption, desorpiton and reuse of AAIL-based phase-changing solvent.

2. Experimental PART
2.1. Materials
Analytical grade choline chloride (purity=99%), tetramethylammonium chloride(purity=99%),
benzyltrimethylammoniumchloride (purity=99%), trimethyl-octylammonium chloride(purity=99%)
were supplied by Sinopharm Chemical Reagent Co., Ltd. Analytical grade glycine(purity>99%), Lhistidine (purity=99%), L-aspartic acid(purity=98%), L-tryptophan (purity=99%) were supplied by
Hangzhou Lanbo Industrial Co., Ltd. CO2 (purity >99.9%) was purchased from Wuhan Xiangyun
industry &trade Co., Ltd.
2.2. Synthesis of amino acid ionic liquids (AAILs)
The amino acid ionic liquids were synthesized via a two-step process: ion exchange,
neutralization, as illustrated in Fig 1.
A mixture of tetramethylammonium chloride* (TMAC, 0.1 mol) and
potassium
hydroxide(KOH, 0.1 mol) in absolute ethyl alcohol (EtOH) was reacted at room temperature for 3
hours in a flask equipped with a magnetic stirrer. After filtering to remove KCl under N2 atmosphere,
the tetramethylammonium hydroxides ([TMA][OH])-Ethanol solution was concentrated through
rotation evaporation at 35 oC .
[TMA][AA] ILs were produced by adding a slight excess of amino acid into the concentrated
[TMA][OH] solution, stirring at 40 oC under N2 atmosphere for 24 hours. After rotation evaporation
at 50 oC, the residual solution containing the ionic liquids was dried in vacuum at 60 oC for 48 hours,
and the crude products were obtained. In order to get final pure amino acid ionic liquids, ethanol
was added into the crude products to precipitate the excess amino acids. After filtration, the solution
was rotary evaporated to remove ethanol. Finally, the product was obtained by drying at 60 oC under
vacuum for at least 48 hours[32].
* Take [TMA][AA] as an example of the synthesis of amino acid ionic liquids. Other amino acid
ionic liquids used in this work were produced in the same way.
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Figure 2. Schematic Diagram of Synthesis of the Amino Acid Ionic Liquids (AAILs).

2.3. Characterization
The chemical structures of synthesized AAILs were characterized by 1H-NMR (Varian Inova,
600 MHz, D2O) and FT-IR (Prestige-21). 1H-NMR was tested in room temperature and the solvent
was D2O, with four methyl silane as internal standard. For the FT-IR measurement of AAILs, an
ethanol solution and a disk made of KBr were used. 0.5 g KBr and 5 mg dry sample were mixed in a
mortar and then, fully ground pressure at 1.5 bars for 1 minute. The test was conducted in room
temperature with scanning range of 400 ~ 4000 cm-1.
Thermogravimetric analysis (TGA) of AAILs was performed on a METTLER TOLEDO. The
sample was heating from 30 oC to 600 oC with the heating rate of 5 K/ min under Nitrogen
atmosphere, of which the purity was 99.999%. And the Nitrogen velocity was 50 mL/min.
2.4. CO2 Absorption and Desorption Experiment
2.4.1. CO2 absorption and phase change
CO2 absorption experiment was performed by bubbling experiment and CO2 absorption
capacity was defined as the amount of CO2 per mole AAILs absorbed. How many CO2 the absorbent
ca ptured can be obtained by measuring the mass change of the device after and before the CO2
bubbling (Δm). The schematic diagram of bubbling device was shown in Fig 3.

Figure 3. Schematic diagram of CO2 bubbling device.

Absorbent was added into the Reactor (container, A), in which CO2 reacted with the solvent.
Drying tubes-B1 and B2 were both filled with anhydrous CuSO4 in order to catch H2O, while drying
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tube B3 was filled with anhydrous CaCl2. CO2 absorption capacity can be calculated according to the
following formula:

(1)
where MAAILs is the molecular weight of AAILs, mAAILs is the weight of AAILs in the solvent,
CAAILs and V are the concentration and volume of the absorbent respectively, ma and mb are the
weight of A, B1, B2 and latex 1-3 after and before bubbling respectively.
Here, the phase change efficiency is defined as the ratio of solid phase volume to the volume of whole
absorbent. Then, the phase change efficiency can be estimated by the equation.

(2)
where w is the phase change efficiency, Vs is the volume of solid phase when the phase separation
has done, and V is the volume of the whole absorbent.
2.4.2. Regeneration of AAIL solvents
[TMA][AA] was dissolved in deionized water to prepare a saturated aqueous solution at room
temperature for the CO2 absorption experiment. The 2.5 M aqueous solutions of [CH][Gly],
[TMA][Gly], [TMBA][Gly], and [TMOA][Gly] were also prepared for CO2 uptake, respectively.
The candidate solutions were loaded in a CO2 bubbling reactor as shown in Fig 3. All of the CO2
uptake experiments were carried out in room temperature. During the absorption/desorption cycling
process, the phase change solvent with CO2 was centrifuged to accelerate the separation of the two
phase. The precipitations carried CO2 were heated to the desorption temperature to release the uptake CO2, while the clear phase was pipetted out and added back to the CO2 bubbling reactor without
any operation for next CO2 absorption experiment. Pure CO2 gas was used in all the absorption
experiments. The CO2 absorption capacity of the solvent was measured by analytical balance. In this
work, two methods were conducted for stripping CO2. One method is by heating the whole
absorbent captured CO2 in 100 oC for 6 hours, and another is by only heating the solid phase in 120
oC for 6 hours.
3. Results and discussion
3.1. Characterization of AAILs (take [TMA][Gly] as an example)
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Figure 4. 1H-NMR spectra of TMA and [TMA][Gly] (A) and FT-IR of [TMA][Gly] (B).
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NMR and FT-IR were used to identify the chemical structures of AAILs synthesized in this work.
As shown in Fig 4(A), proton signals of tetramethylammonium cation and glycine anion appeared at
~3.095 and ~3.072 ppm (1 and 2), respectively, and the ratio of the area under signal 1 and 2 was 7:1,
indicating that the neutralization rate was 85.7%. Characteristic bands due to C-H stretching at ~3028
and 2925 cm-1, C-N stretching at ~952 cm-1 of the cation and C=O stretching at 1569 cm-1 of the
Glycine anion were seen in the spectra(Fig 4. B). The test results showed that the [TMA][Gly] had
been synthesized successfully.
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Figure 5. Thermal stability of AAILs. (A) thermal decomposition curve of Gly- based AAILs, T50 is
the temperature, in which AAILs decomposed 50 wt% (B) thermal decomposition curve of TMAbased AAILs.
Table 1. T50 of AAILs.

AAILs
T50/oC
[TMOA][Gly] 174.4
[TMA][Gly]
195.2
[TMBA][Gly] 191.5
[CH][Gly]
191.2
[TMA][Asp]
227.8
[TMA][His]
242.5
[TMA][Arg]
255.1
[TMA][Trp]
288.5
Thermal stability of AAILs was analyzed by Thermogravimetric Analysis and the results were
shown in Fig 5 and Table 1. From Table 1, we can see that different chemical structures led to different
thermal stability. AAILs based on Gly- had the similar T 50 while the cations were different. And
when the cation was TMA+, T50 differed due to different amino acid anions, and [TMA][Trp]
achieved the highest thermal decomposition temperature.
3.2. CO2 absorption experiment
3.2.1. CO2 absorption capacity of AAILs
We investigated the CO2 sorption behaviors of various solvents made from [CH][Gly],
[TMA][Gly], [TMOA][Gly] and [TMBA][Gly], respectively. The concentration of the four AAILs
aqueous solutions were 2.5 mol/L. As illustrated in Figure 6(A), different AAILs aqueous solution
had different CO2 absorption capacity. The solvent made from [TMBA][Gly] exhibited the highest
CO2 sorption capacity reaching 0.83 mol CO2/mol IL, while the [TMA][Gly] had the lowest CO2
uptake of 0.4 mol CO2/ mol IL. The absorption capacity of [CH][Gly] was 0.62 mol CO2/mol ILs,
which was higher than [TMA][Gly] owing to the existence hydroxyl group(-OH) [6]. And the AAILs
except [TMA][Gly] had higher CO2 sorption capacity than the theoretical value-0.5mol CO2/ILs
according to the zwitterion mechanism[33]. The higher CO2 absorption ability of [TMOA][Gly] than
of [TMA][Gly] shows that increasing the chains length can facilitate the CO2 capture.
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Figure 6. CO2 sorption of AAILs with different cations and anions. (A) CO2 absorption capacity of
[CH][Gly], [TMA][Gly], [TMOA][Gly] and [TMBA][Gly] aqueous solutions of concentration of 2.5
mol/L (B) CO2 absorption capacity of saturated aqueous solutions of [TMA][Gly], [TMA][Trp],
[TMA][His], [TMA][Asp] and [TMA][Arg].

The saturated aqueous solutions of [TMA][Gly], [TMA][Trp], [TMA][His], [TMA][Asp] and
[TMA][Asp] were also tested in this work. As shown in Figure 6(B), with the same cationtetramethylammonium, AAILs with different amino acid anions showed different CO2 absorption
abilities. The saturated solution of [TMA][Arg] got the highest CO2 absorption amount per mole
AAILs, because there were two primary and two secondary amine groups in one molecule[34]. There
were two cations with one amino acid anion in [TMA][Asp], so that there may be “cross-linked” net,
which contributed to the solubility of more CO2 molecule in the system. And the CO2 absorption
capacity of [TMA][Asp] was 0.94 mol CO2/mol ILs, which was the second highest among the
saturated aqueous solutions of AAILs prepared in this work due to the interstitial spaces in
[TMA][Asp] system.
3.2.2. CO2 absorption with different concentrations of [TMA][Trp] aqueous solutions
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Figure 7. CO2 absorption capacity of [TMA][Trp] solutions of different concentrations. (A) CO2

absorption amount per mole AAILs; (B) CO2 absorption amount per unit volume.
[TMA][Trp] aqueous solutions of four concentrations(0.1 M, 0.3 M, 0.45 M and 1.0 M) were used
for the CO2 bubbling experiment. As shown in Fig 7(A), all the solvents possessed excellent CO2
absorption. The 0.1 mol/L [TMA][Trp] aqueous solution achieved the highest CO2 uptake amount of
5.176 mol CO2/mol AAILs without phase change, while the 0.45 mol/L solvent had the lowest CO2
absorption capacity of 1.5 mol CO2/mol AAILs with a significant phase change phenomenon. It can
be seen in Fig 7(B), CO2 absorption capacity by per unit volume was increased along with the increase
of concentration at lower concentration, and CO2 absorption capacity was not increased when the
concentration continues to increase due to the quick formation of the solid phase.
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3.3. Phase change in the CO2 bubbling experiment
The liquid phase changed into solid-liquid phase in the process of bubbling CO2, as some articles
have reported.
As illustrated in Fig 8 (A), all of the four AAILs of 2.5 mol/L with different cations-[CH], [TMA],
[TMOA] and [TMBA], of which the anion was Glycine, exhibited a phase-change phenomenon.
Absorbent made from [TMOA][Gly] achieved the highest volume ratio between precipitation and
solvents unloaded CO2, that was 0.213, while the [TMA][Gly] got the smallest amount of solid phase.
When the anion was Glycine, the volume of solid precipitated was related to the molecular structure
of the cation, since the chemical and steric structure played a role on the solubility of the carbamate.
Among the four cations used in this work, trimethyloctylammonium (TMOA) cation possessed a long
hydrophobic alkyl chain. Thus, the carbamate loaded CO2 had the long hydrophobic parts at each
end so that to yield more precipitation.
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Figure 8. Phase change into solid-liquid in the CO2 uptake process. (A) volume ratio between
precipitation and solvents before capturing CO2 in [CH][Gly], [TMA][Gly], [TMOA][Gly],
[TMBA][Gly] aqueous solutions of 2.5 mol/L (B) volume ratio between precipitation and solvents
before capturing CO2 in saturated aqueous solutions of [TMA][Gly], [TMA][Trp], [TMA][His],
[TMA][Asp] and [TMA][Arg].

As for the saturated solutions of the AAILs with different amino acid anions, there were no
phase change in the system of [TMA][Asp] and [TMA][His] for the low concentration. Surprisingly,
solvent of [TMA][Trp] exhibited a fast phase change and it was only 4 minutes to precipitated all the
powder and it filled the whole solvent. So we carried out more experiments about [TMA][Trp]. The
photo of phase change phenomenon of AAILs synthesized in this work was shown in Fig 9.

Figure 9. Digtal photos of AAIL solvents of different concentrations before and after absorbing CO2.
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3.4. Mechanism of phase change in [TMA][Gly] aqueous solution
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Figure 10. Chemical structures of the species in [TMA][Gly] absorbent system.

In order to get clear knowledge of the capture mechanism, 13C-NMR was used to analyze the
species of the absorbing system, including [TMA][Gly], liquid phase, solid phase and the product
stripped CO2. Chemical structures of the species were showed as Fig 10. The details of spectrums
were presented in Fig 11.
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Figure 11. 13C-NMR spectra of [TMA][Gly] aqueous solution system before and after absorbing
CO2.

It was obvious that new peaks appear in the 13C NMR spectrum of liquid phase and solid phase
compared with the initial absorbent. The new signal (4) at 164 ppm was corresponding to the
carbamate carboxyl carbon species, and the peak (5) at 160 ppm was assigned to HCO3-[35-37]. Peaks
associated with the Gly- shifted because of the existence of H+. Both in the liquid phase and solid
phase, the methylene carbon and carbonyl carbon of glycine shifted clearly. Compared with
[TMA][Gly], there was no new peak in the spectrum of regeneration product of precipitation, which
illustrated one successful desorption. Chemical shifts (δ C) of the each carbon atoms were
summarized in Table 2.
Table 2. Chemical shift of 13C-NMR spectra (δ C) of [TMA][Gly] absorbed system before and after
capturing CO2 and the product of regeneration process.

Species
[TMA][Gly]
solution
precipitation
desorption

1
55.24
55.25-55.20
55.26-55.20
55.25-55.20

2
179.58
178.72
179.32
173.20

δ C (ppm)
2’
3
/
44.54
172.49 45.57
172.59 45.47
/
41.68

3’
/
41.61
41.66
/

4
/
163.96
164.30
/

5
/
160.17
160.36
/

As showed in the 1H-NMR spectrums of Fig 12, carbamate appeared in both the liquid phase
and solid phase, which was consistent with the result of 13C-NMR spectra. Due to the pH change of
the solution after capturing CO2, the signals of H atoms in -OOC-CH2-NH2/-OOC-CH2-NH3+
shifted[31].
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In order to get the proportion of each species, liquid phase after complete phase separation had
been heated to release CO2, rotary evaporated and vacuum drying, successively. The proportion of
[TMA][Gly] in the liquid was 62 wt% of total addition. It easy to get that the proportion of [TMA][Gly]
in the solid phase was 38 wt%, while the volume ratio of solid was 22%. According to the integral
area of peaks in 1H-NMR spectrum, the ratio of different species could be obtained. It had been
calculated that the weight proportion of -OOC-CH2-NH2, -OOC-CH2-NH-COO- and (CH3)3N+ in
liquid phase and solid phase, respectively. It can be seen in Fig 2.8 that most of the carbamate was in
the liquid phase, only a small part precipitated. Due to the intermolecular force, some of the initial
absorbent- [TMA][Gly] was precipitated.
Table 3. Ratio of different species in liquid phase and solid phase to the total weight of each
species.

Ratio/wt%
OOC-CH2-NH2/-OOC-CH2-NH3+ -OOC-CH2-NH-COO - (CH3)3N +
solution
25.17
79.68
82.47
precipitation
74.83
20.32
17.53
According to the analysis of NMR spectra, it could be regarded that mechanism of [TMA][Gly]
aqueous solution capturing CO2 was similar with that of amine absorbents in the first stage[38-39].
When CO2 was captured into [TMA][Gly] aqueous solution, two functional anions of Gly- (2 -OOCCH2-NH2) was reacted with one CO2 molecule firstly forming one carbamate (-OOC-CH2-NHCOO-) group and one corresponding cationic group (-OOC-CH2-NH3+). Due to the existence of
water, in the second period, carbamate was easily hydrolyzed to HCO3- and Gly-[40]. The reactions
balanced each other. We can infer that if all the carbamate hydrolyzed, the absorption capacity by per
mole [TMA][Gly] would follow 1:1 stoichiometry. That indicated absorption capacity of CO2 was
0.5-1 mol CO2 / mol AAILs theoretically in the [TMA][Gly] aqueous solution. As the CO2 capture
into absorbent proceeded, the amount of carbamate and carbonate species in solution increased. Due
to the low solubility of the two species in water, carbamate and carbonate species easily precipitated
from the liquid phase. At the same time, intermolecular force and decrease of the pH led to a portion
of glycine and [TMA][Gly] precipitated. In the regeneration process, HCO3- reacted with -OOC-CH2NH3+ to release CO2 when heated. Proposed reaction mechanism in AAILs aqueous solution was
illustrated as follows:
Species

-
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3.5. Regeneration performance [TMA][Trp] solution
The [TMA][Trp] absorbent of 0.45 mol/L was chosen to investigate the regeneration performance
in the cycle of absorption and desorption because of its moderate absorption capacity and phase
change performance. Here, different two desorption methods were adopted as was stated above-one
is by heating the whole absorbent captured CO2 in 100 oC atomosohere for 6 hours, and another is
by only heating the solid phase in 120 oC for 6 hours.
2.0
Heating whole absorbent
Heating precipitation

mol CO2/mol ILs

1.5

1.0

0.5

0.0

0

1

2

3 4 5 6
Cycle Number

7

8

Figure 13. The absorption capacity of [TMA][Trp] in the absorption and desorption cycle by different
regeneration methods.

The results were showed in Fig 10. The regeneration rate of stripping by heating the whole
solvent was 93 %. When the desorption experiment was done by only heating the solid phase, the
CO2 absorption capacity was decreased to 1.04 mol CO2/mol AAILs in the first cycle from 1.46 mol
CO2/mol AAILs, which indicated that the regeneration rate was 71 %. And then, the regeneration
rate was decreased to and retained to 62 %. There were small part of carbamate / HCO3- existed in
the liquid phase. However, the absorbent still presented good performance of regeneration and reuse
with low regeneration energy consumption.
4. Conclusions
A serial of amino acid ionic liquids were synthesized and characterized. Their CO2 absorption
and phase change behaviors were investigated. All the prepared AAILs aqueous solutions exhibit
significant CO2 absorption capacity. Then [TMA][Trp] was selected as the most favorable solvent for
its excellent phase change behavior after capturing CO2. By heating only the solid CO2-rich phase to
desorption temperature, the [TMA][Trp] absorbent can recycle and reuse many times. Regenerating
the solid phase while reusing the liquid phase without any desorption can reduce regeneration
energy and save resources.
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