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ABSTRACT: In this work, the absorption−desorption performance of
CO2 in six new solvent blends of amine (diisopropylamine (DPA), 2-
amino-2-methyl-1-propanol (AMP), methyldiethanolamine (MDEA),
diethanolamine (DEA), diisopropanolamine (DIPA), and ethanolamine
(MEA)), sulfolane, and methanol has been monitored using ATR-FTIR
spectroscopy. Additionally, NMR-based species confirmation and solvent
viscosity analysis were done for DPA solvent samples. The identified CO2
capture products are monomethyl carbonate (MMC), carbamate,
carbonate, and bicarbonate anions in different ratios. The DPA solvent
formed MMC entirely with 0.88 molCO2/molamine capture capacity, 0.48
molCO2/molamine cyclic capacity, and 3.28 mPa·s CO2-loaded solvent
viscosity. MEA, DEA, DIPA, and MDEA were shown to produce a low or
a negligible amount of MMC while AMP occupied an intermediate
position.

1. INTRODUCTION

Mitigation of global warming and its potential adverse effects is
the greatest environmental challenge associated with the rapid
increase of greenhouse gas (GHG) emissions. Anthropogenic
CO2 emissions from fossil fuel burning and other activity
account for about 78% of the total GHG emissions in the last
four decades.1 Efforts from governments and industries around
the world are needed to reduce greenhouse gas emissions. A
major portion of the world’s net CO2 discharge originates from
fossil fuel combustion in industrial processes and power
generation. Postcombustion CO2 capture (PCCC) is seen as a
viable pivotal attempt to reduce global CO2 emissions from
fossil fuel combustion. The benchmark CO2 capture
technology is the gas−liquid absorption−desorption process
using an aqueous 30 wt % monoethanolamine (MEA) solution.
The first-generation MEA CO2 capture solvent is known for its
high reactivity and low cost.2−4 However, the major challenge
is still the high energy penalty for solvent regeneration, which
is estimated to be around 4 GJ per ton of CO2 capture.5

Furthermore, MEA is corrosive and is shown to deteriorate
pipelines and column walls6,7 with high solvent losses due to
oxidative and thermal degradations.8

Much research has been focused on finding CO2 capture
solvents with a lower energy penalty. Second-generation
aqueous CO2 capture solvents such as piperazine and
piperazine derivatives were found to reduce operational energy
expenditure by providing higher capture capacity and lowering
the regeneration energy.9,10 Other examples of these second-

generation solvents include proprietary Mitsubishi’s KS-1 and
Fluor’s advanced Econamine.9,11 However, there is still a need
for new solvent chemistries that reduce cost, e.g., mitigating
energy needs.12

K2Sol is a third-generation proprietary water-lean solvent
system, which demonstrated reduced solvent regeneration
energy of around 35% in comparison to MEA.13 Water-lean
solvents are summarized in a recent review in terms of
fundamentals, uncertainties, and opportunities.11 In these
systems, typically, the solvent water portion is substituted by
organics, often alcohols.8,11,14,15 In comparison to aqueous
solvents, this modifies solvent physical properties and the
chemical CO2 binding mechanism providing novel solvent
chemistry but also requiring process technology adaption for
potential application.
This study introduces nonaqueous sulfolane-based solvents

for carbon capture that can regenerate at low temperatures.
Sulfolane, methanol, and amine are the three components of
these solvents. Sulfolane (SULF) is a well-known industrial
chemical that can be used as a low-volatile organic diluent. It is
a polar aprotic solvent with a strong affinity for acid gases.16,17
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Sulfolane enhances CO2 absorption rate and solubility during
the chemical absorption without participating in the chemical
reaction.18 In a recent article by Zou et al.,19 it was shown that
the addition of sulfolane enables higher absorption and
desorption rates and higher cyclic capacity in CO2 capture in
comparison to the aqueous MEA. A study on the sulfolane-
based semiaqueous piperazine (PZ) system concluded that
addition of sulfolane increased the equilibrium constant at
medium CO2 loadings and slightly increased the CO2 cyclic
capacity.20 Lidong and co-workers suggested that addition of
sulfolane to make a semiaqueous system of diethylenetriamine
(DETA) resulted in a higher CO2 removal rate and energy-
saving than the respective aqueous solvent.21,22 However, there

is also a claim that sulfolane affects corrosion in the presence of
water, oxygen, or oxidizing agents.23

The second component in our reported solvents is
methanol. It has the ability to reduce the heat capacity of
solvent blends.24 In addition, it was investigated as a
component for hybrid solvents to reduce regeneration cost
due to its low boiling point, low viscosity, and lower corrosivity
than water.25,26 Sulfolane and methanol are commercially
available organic chemicals that are used in Sulfinol16,27 and
Aminol28 processes, respectively. The third solvent component
is commercially available amines MEA, 2-amino-2-methyl-1-
propanol (AMP), diisopropylamine (DPA), methyldiethanol-

Table 1. Information of Chemicals Used in This Worka,b,c,d,e

aAs given by the supplier. bKim et al.30 cZeng et al.31 dKim et al.32 en.a.: not applicable.

Figure 1. Schematic diagram for ATR-FTIR in situ monitoring.
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amine (MDEA), diethanolamine (DEA), and diisopropanol-
amine (DIPA).
The most promising solvent blend was characterized using

nuclear magnetic resonance (NMR) spectroscopy to confirm
monomethyl carbonate (MMC) formation. MMC is the
simplest species of monoalkyl carbonic acid ester compounds
that can easily be decomposed at a mild temperature.29 In
addition, viscosity measurements were also performed on the
most promising solvent type.

2. MATERIALS AND METHODS
2.1. Solvent/Sample Preparation. Details of chemicals

used in this study are listed in Table 1. These chemicals were
used as received without further purification.
As part of our interest in sulfolane-based nonaqueous CO2

capture solvents, the reported solvent composition was found
by serendipity. The DPA solvent was prepared by mixing 30%
DPA, 35% methanol, and 35% sulfolane, resulting in a molar
ratio of 1.000, 3.6846, and 0.9824 for DPA, methanol, and
sulfolane, respectively. All other solvent amine (AMP, MDEA,
DIPA, MEA, and DEA) mixtures are prepared in a manner that
achieves the same molar ratios. All of the samples contain 14.8
mmol of amine, 54.6 mmol of methanol, and 14.5 mmol of
sulfolane. A PB-303S analytical weighing balance from Mettler
Toledo with an accuracy of ±0.01 g was used to weigh the
required amount of chemicals.
2.2. Solvent Screening with In Situ ATR-FTIR Analysis.

The schematic diagram of the ATR-FTIR spectroscopy setup
is shown in Figure 1.
To evaluate the effectiveness of the solvents, CO2 absorption

and desorption tests were performed in a reaction cell top plate
(P/N GS10507) connected to a Golden Gate single reflection
diamond ATR system (GS10500 Series). The reaction cell is a
stainless steel double-jacketed conical-cylindrical chamber with
a stainless steel top plate, a type-K thermocouple, and stainless
steel tubing for the gas inlet and outlet. The empty cell was
first flushed with high-purity nitrogen gas (N2) for several
minutes, and then an ATR-FTIR background scan was
collected. Prior to the absorption experiment, a known amount
of solvent was placed inside the reaction cell according to
Table 2, and the top plate was tightened properly. Absorption

and desorption experiments were conducted at two different
temperatures of 20 and 58 °C continuously for around 2 h. In
situ reaction monitoring was performed using a PerkinElmer
Spectrum One FTIR spectrometer. IR spectra were recorded
every minute using PerkinElmer’s TimeBase software. Each IR
spectrum was an average of 16 scans in the wavenumber range
of 400−4000 cm−1 at a resolution of 4.0 cm−1. Before CO2 was
introduced into the reaction cell, several ATR-FTIR scans of
the fresh solvent were taken. During these scans, only peaks
corresponding to the amine, MeOH, and SULF blend were

observed. CO2 gas was introduced into the reaction cell at a
flow rate of 0.02 L/min using a mass flow controller (MFC)
from Sierra Instruments. After reaching the maximum height of
increasing CO2-related peaks, the CO2 flow was set to zero
and the temperature of the ATR-FTIR reaction cell was
increased to 58 °C. A typical desorption experiment lasted
around 40 min until the minimum decreasing peak intensity
was reached. For quantification of the liquid sample CO2-
loading at the end of the experiments, the BaCl2 titration
method was used.33

2.3. 13C and 1H NMR Spectroscopy Analysis. 13C and
1H NMR experiments were performed for the unloaded and
CO2-loaded DPA solvent samples. The NMR measurements
were performed for qualitative molecular structure identifica-
tion and confirmation of FTIR band assignment. Analysis was
conducted using a Bruker Avance III 400 MHz spectrometer
with a BBFO Plus double-resonance probe head at 298 K.
After acquisition, the spectra were processed using MestreNo-
va software v 10.0.2. The 13C NMR spectra were processed by
proper signal phasing and baseline correction. A line
broadening factor of 1.5 Hz was applied to enhance the
signal-to-noise ratio.

2.4. Viscosity Determination. For viscosity analysis of the
DPA solvent, predetermined CO2-loaded samples were
prepared by bubbling pure CO2 gas into an unloaded solvent.
The actual CO2 content was confirmed by the BaCl2 titration
method.33 Regeneration of the CO2-loaded solvents was
performed at 60 °C in a laboratory-scale CO2 desorption
apparatus as shown in Figure 2. The solvent was heated at 60
°C with stirring for 2 h to ensure complete regeneration.

An Anton Paar Physica MCR 101 rheometer with a
doubled-gap pressure cell XL was used to measure the
dynamic viscosity of the unloaded, CO2-loaded, and
regenerated DPA solvent. The measurements in this work
were taken at 40 °C using the procedure described in our
previous publication.34 The rheometer used for the viscosity

Table 2. Solvent Sample Weights Used in ATR-FTIR In Situ
Monitoring

solvent amine type mass of sample (g)

DPA 5.00
AMP 4.82
MDEA 5.27
DIPA 5.47
MEA 4.40
DEA 5.05

Figure 2. Schematic diagram of the laboratory-scale CO2 desorption
apparatus.
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measurements has a standard uncertainty for temperature and
torque of 0.03 K and 0.0002 Nm, respectively.

3. RESULTS AND DISCUSSION
The results of the solvent screening experiments are discussed
in this section. MMC and carbamate formation during CO2
absorption are discussed based on FTIR vibrational band
assignments. Confirmation of MMC formation for the best-
performing solvent (DPA) is discussed using 13C and 1H NMR
spectroscopy results. This is then followed by a discussion of
solvent viscosity.
3.1. ATR-FTIR In Situ Monitoring: CO2 Absorption and

Desorption. As explained in Section 2.2, CO2 absorption and
desorption experiments of six sulfolane-based solvents were
monitored using ATR-FTIR.
To identify the reaction products, the IR spectra were

baseline-corrected and the vibrational modes of possible CO2

capture products were assigned according to the corresponding
wavenumbers. The baseline-corrected spectra of unloaded,
CO2-loaded, and regenerated DPA-, AMP-, and MDEA-based
solvents are shown in Figure 3a−c, respectively.
New species are formed when CO2 reacts with the solvent,

and these are indicated by formation of new FTIR peaks. In
Figure 3a, new peaks at 1640, 1443, 1396, 1298, 1080, 906,
and 824 cm−1 were observed for the DPA-based solvent. These
peaks decreased during desorption, suggesting a mild temper-
ature regeneration ability of the DPA-based solvent. Table 3
summarizes these peaks and their respective IR vibrational
modes. Earlier work by Behrendt and co-workers show these
new peaks observed in the DPA solvent to be indicative of
MMC formation.35 Furthermore, IR peaks at 1636 and 1290
cm−1 assigned to an alkylcarbonate species were also observed
by Yang et al.8 in the CO2-loaded nonaqueous solvent of 2-
piperidineethanol (2-PE) and ethylene glycol (EG). IR

Figure 3. Baseline-corrected ATR-FTIR spectra of unloaded (blue line), CO2-loaded (red line), and desorbed (green line) DPA (a)-, AMP (b)-,
and MDEA (c)-based solvents.
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carbamate peaks are normally observed8,36,37 in the wave-
number range of 1550−1450 cm−1. Interestingly, no carbamate
peaks were visible, indicating no carbamate end-product
formation for the CO2-loaded solvent. IR peaks of the DPA-,
AMP-, and MDEA-based solvents are assigned to the
respective IR vibrational modes in Table 3. Interestingly,
MDEA exhibits only a negligible amount of MMC.
Figure 4 shows the baseline-corrected unloaded, CO2-

loaded, and regenerated spectra of the MEA sulfolane solvent.
The peak development pattern during CO2 absorption was
slightly different from those of the aforementioned DPA and
AMP-based solvents. The newly increased peaks included
MMC vibrational wavenumbers, but the maximum peak height
was considerably lower than those of DPA- and AMP-based
solvents. During mild temperature desorption, these peaks
were reduced. Three additional peaks at 1574, 1486, and 1382
cm−1 were also observed during CO2 absorption. These peaks
represent the asymmetric and symmetric stretching bands of
MEA-carbamate8,36,37,39 and C−O stretching bands of the
carbonate37,39 (CO3

2−) anion. Similar behavior with strong
carbamate formation with few alkylcarbonate species was
observed by Chen and co-workers for the MEA/EG non-
aqueous solvent.8 The former peaks did not change during
desorption, suggesting that a higher temperature was required
for a complete regeneration for the MEA-based solvent. It is
well known that carbamate requires a high temperature for
regeneration. Similar behavior as that of the MEA-based
solvent was seen for the DEA- and DIPA-based solvents;

reaction with CO2 for these solvents produced a mixture of
carbamate and MMC species, and the carbamate needed a
higher temperature for complete regeneration. FTIR spectra
for DEA- and DIPA-based solvents are provided in Figure S1.
In FTIR spectroscopy, the chemical species concentration is

directly proportional to the corresponding peak area or, as an
approximation, the peak height. The distinctive MMC peak at
1080 cm−1 is used for qualitative comparison of MMC
formation between these solvents. Based on Figure 5, it can be
seen that DPA produces most MMC, followed by AMP, MEA,
DEA, and DIPA. MDEA is not included in this and other
comparisons below due to its negligible formation of MMC.

CO2 cyclic capacity, the difference between rich loading and
lean loading, is an important solvent feature.40 This property is
of special interest for process design in terms of solvent flow
rates, size of the absorber and stripper, etc. In this work, results
from continuous CO2 absorption and desorption experiments
on five solvents were used to evaluate their CO2 capture and
cyclic capacities. A typical example of time-based ATR-FTIR
spectra obtained for the DPA solvent is shown in Figure 6.
Formation of peaks corresponding to MMC can be seen

Table 3. FTIR Peak Identification of DPA-, AMP-, and
MDEA-Based Solventsa

characteristic IR
vibrational bands, νmax

(cm−1)

IR peak assignmentDPA AMP MDEA

1640 1640 1640 CO stretching vibration8,35,38

1445 1445 1449 CH3 asymmetric deformation35,38

1396 1396 1398 CH3 symmetric deformation35,38

1296 1298 1298 O−C−O asymmetric stretching vibration8,35,38

1080 1082 1080 O−C−O symmetric stretching vibration35,38

906 907 n.o. CH3−O stretching35,38

824 824 824 CO3 deformation35,38

an. o.: not observed.

Figure 4. Baseline-corrected ATR-FTIR spectra of unloaded (blue line), CO2-loaded (red line), and desorbed (green line) MEA solvent.

Figure 5. FTIR-based comparison of MMC formation of five solvents
tested in this work.
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clearly; these peaks decreased during the desorption step. At
the end of absorption and desorption experiments, liquid
samples were collected and titrated using the BaCl2 method to
determine the CO2 loadings (α). The results obtained are
depicted in the bar chart as shown in Figure 7. At an
absorption temperature of 20 °C, the DPA solvent has the
highest CO2 capture capacity with α of 0.88 molCO2/molamine,
followed by the AMP solvent with an α of 0.695 molCO2/
molamine. On the other hand, MEA, DEA, and DIPA solvents
showed lower α of 0.467, 0.426, and 0.358 molCO2/molamine,

respectively. Overall, the maximum α of the DPA solvent is
close to 1, which corresponds to the stoichiometry of MMC
formation in the nonaqueous solvent. The low CO2 capture
capacity seen in the case of MEA, DEA, and DIPA solvents
may be attributed to the reaction stoichiometry based on the
carbamate formation. During desorption experiments at a
temperature of 58 °C, α of the regenerated samples of DPA
and AMP solvents was reduced by around 70% suggesting that
the capture products are reversible at a low temperature. No
noticeable change in α was observed during desorption for

Figure 6. CO2 absorption−desorption cycle of the DPA solvent over time. ATR-FTIR scans (a) and MMC IR vibrational band variation (b).

Figure 7. CO2-rich and -lean loading of five investigated solvents.
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MEA, DEA, and DIPA solvents, which can be attributed to the
stable carbamate formation in these solvents.
Based on Figure 7, the cyclic capacity for CO2 absorption for

each of the solvents tested in this work can be calculated by
subtracting the lean loading at 58 °C from the rich loading at
20 °C. The DPA solvent has the highest cyclic capacity of
0.629 molCO2/molamine. This is followed by AMP, DEA, MEA,
and DIPA with cyclic capacities of 0.484, 0.096, 0.015, and
0.002 molCO2/molamine, respectively. As a comparison, aqueous
30 wt % MEA cyclic capacity is reported to reach between 0.34
and 0.1 molCO2/molamine.

14,41 Cyclic capacities of RTI’s NAS
solvents have been reported to be between 0.2 and 0.4
molCO2/molamine.

14 The cyclic capacity of the proposed
nonaqueous solvent by Chen and co-workers was around 1
molCO2/molamine.

8 The relatively high cyclic capacity of our
DPA solvent is beneficial for the design of absorption and
desorption columns. Since it is superior in terms of cyclic
capacity to the other tested solvent examples, it was selected
for further characterization as discussed below.
3.2. NMR Results of DPA Solvent and the Mechanism

of Reaction. Typical 13C and 1H NMR spectra of unloaded
and CO2-loaded DPA solvent are shown in Figure 8, whereas
the 13C and 1H chemical shift values of the species are
tabulated in Table 4.
Two new peaks at 53.1 and 160.1 ppm can be observed in

the 13C NMR spectrum of the CO2-loaded DPA solvent, and

two new peaks appeared at 6.3 and 3.4 ppm in the 1H NMR
spectrum. The peak at 160.1 ppm has been identified earlier as
the 13C NMR signal of the carbon atom of the −OCO2−
moiety in the MMC group.8,42 The resonance at 53.1 ppm
corresponds to the methyl carbon of MMC derived from
MeOH.8 In the 1H NMR spectrum of the CO2-loaded solvent,
the peak at 6.3 ppm is attributed to the methylcarbonate group
and the peak at 3.4 ppm represents the signal of the methyl
group of MMC and DPA. There was no sign of carbamate
formation in the 1H NMR spectra: however, carbamate has a
distinctive 13C NMR signal at 164 ppm8,42−44 which was not
observed either. Hence, the sample does not contain carbamate
anions. Overall, the NMR results confirm that both DPA and
MeOH take part in the CO2 absorption reaction by forming
MMC as the sole CO2-containing product.
For alcohol-containing nonaqueous AMP solution, alkylcar-

bonate formation is suggested to occur by nucleophilic
alcoholysis of the unstable AMP carbamate intermediate.45,46

In analogy to this proposed mechanism, Figure 9 shows the
proposal for the DPA solvent. Alkylcarbonate formation in the
anhydrous alcoholic condition is thought not to occur through
the reaction of tertiary amine and CO2 since tertiary amines do
not form carbamate species.45

In contrast, the reaction of CO2 with alcohol or alcohol
derivatives and tertiary amines in the neat state47,48 or in a
nonaqueous solution of primary or secondary amine49 leads to
alkylcarbonate formation. It is proposed that in the latter case,
the hydroxyl group functions as a nucleophile toward CO2; the
amine stabilizes both the nucleophilic hydroxyl group and the
alkylcarbonic acid ester product as shown in Figure 10.49

Both DPA and AMP are steric-hindered amines,50 which
should form intermediate carbamate species. Our data does
not provide indications to which and what extent the two
above-proposed alkylcarbonate mechanisms would apply for
the amines of this work; however, concurrent operation of
both mechanisms in analogy49,53 to CO2 absorption into
aqueous alkanolamine solution seems possible for all alkanol-
amine solvents of this work. Elucidation of what governs the
amount of formed MMC including the high reactivity of the
DPA solvent requires further work.

3.3. DPA Solvent Viscosity. Solvent viscosity is a critical
parameter of the CO2 capture solvent since it affects column
design. Viscous solvents cause lower CO2 capture efficiency
due to reduced mass transfer. Additionally, larger heat
exchangers are needed for highly viscous solvents due to

Figure 8. 1H (left) and 13 C (right) NMR spectra of CO2-loaded (top) and unloaded (bottom) DPA nonaqueous solvent.

Table 4. 1H and 13C Chemical Shift Values of Unloaded and
Loaded Samples of DPA Solvent

chemical shift values [ppm]

sample species 1H 13C

unloaded DPA 1.3 and 3.2 20.3 and 47.3
methanol 3.6 49.9
sulfolane 2.5 and 3.3 23.6 and 52.1
exchange
peaka

4.5

CO2-
loaded

DPA 1.4 and 3.4 23.2 and 46.1

methanol 3.6 (unreacted) 49.9
sulfolane 2.3 and 3.1 23.7 and 52.0
MMC 3.4 (methyl) and 6.3

(carbonate)
53.1 and
160.1

aExchange peak denotes fast exchanging amine/protonated amine
protons.
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their lower heat transfer, which leads to extra capital costs. One
of the main concerns with nonaqueous solvent is the high
viscosity of the solution upon exposure to CO2.

11

Viscosity results for the DPA solvent are compared to the
reported viscosity of 30 wt % MEA12 and are shown in Figure
11. At 40 °C, the viscosity of the DPA solvent only minimally
increased from 1.02 mPa·s for unloaded to 3.28 mPa·s at a
loading of 0.88 molCO2/molamine. This is comparable to the

benchmark 30 wt % MEA solvent in which the viscosity
changes from 1.7 to 2.7 mPa·s at 40 °C from lean to rich
streams.14,51 Other nonaqueous solvents tend to have high
viscosity. For example, the RTI’s NAS2 and Gen2 NAS both
have a viscosity of 27.1 and 9.34 mPa·s upon CO2 uptake.

14

The CO2-binding organic solvents CO2BOLs on the other
hand show viscosities in the range of 200 mPa·s upon CO2
absorption.14,52 The comparable viscosity of the DPA solvent
studied in this work with that of MEA is beneficial.

4. CONCLUSIONS

Six new CO2 capture solvent blends, each composed of amine
(DPA, AMP, MDEA, DEA, DIPA, MEA), sulfolane, and
methanol, were prepared and screened for CO2 absorption and
desorption capability, which was monitored by ATR-FTIR
spectroscopy. CO2 was captured through formation of
monomethyl carbonate (MMC) and carbamate anion. The
ratio of these species toward each other was different for the
various amines; DPA formed exclusively MMC, while MDEA,
MEA, DEA, and DIPA did not or rarely formed it. AMP
occupies an intermediate position in this group of amines. The
solvent speciation is confirmed by IR literature reference and
NMR analysis of the DPA solvent. MMC can be readily
decomposed to amine and CO2 at a temperature of around 60
°C. The solvent viscosity (T = 40 °C) changes from 1.02 to
3.28 mPa·s for unloaded to fully CO2-loaded (α = 0.88)
solvents. This viscosity data is comparable to that of aq. 30 wt

Figure 9. Possible reaction mechanism for monomethyl carbonate formation by the nucleophilic attack of methanol on intermediate DPA
carbamate proposed in analogy to the literature.45,46

Figure 10. Possible alkylcarbonate formation through deprotonation of methylcarbonic acid proposed in analogy to the literature.49

Figure 11. Viscosity comparison: DPA (green columns) solvent with
30% aqueous MEA (red columns) at 40 °C.
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% MEA solvent. Further work must consider an optimal
solvent blend composition and the effect of water on solvent
CO2 capture performance.
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