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Traditional aqueous amine-based absorbents face high energy consumption challenges in CO: capture processes.
Replacing water with organic solvents of low viscosity, low specific heat, and high boiling point in amine-based
CO: absorbents can effectively reduce the sensible and latent heat required for solvent regeneration. However,
the introduction of organic solvents significantly alters mass transfer kinetics and chemical equilibrium, and the
quantitative relationship between these effects remains unclear.

In this study, water-lean absorbents EFH series with varying organic solvent concentrations were formulated
using N,N-dimethyl-1,2-ethanediamine(DMEDA), N,N-dimethylformamide (DMF), and water. Kinetic parameters
were measured for DMEDA aqueous solutions, MEA aqueous solutions, pure DMF, and the EFH series. The results
revealed an inconsistency between the liquid film mass transfer coefficient (k/) and viscosity trends, indicating
that physical mass transfer dominates the efficiency limitation of DMEDA absorbents under low CO: loading,
while DMEDA retains sufficiently rapid chemical reaction rates even in water-lean environments. 1>C NMR
analysis demonstrated that carbamate species exist as incompletely dissociated ion pairs in aprotic solvent en-
vironments. The stabilization of these ion pairs by organic solvents suppresses the generation of neutral carbamic
acid, thereby restricting mass transfer and leading to an inflection point in the absorption rate. These findings
highlight a dual strategy for optimizing water-lean absorbents: (1) prioritizing low-viscosity, high-COz-solubility
solvents to enhance initial mass transfer, and (2) tuning solvent polarity or introducing proton donors to sustain
reaction efficiency at higher CO: loadings. This work provides quantitative mechanistic insights into balancing
the trade-off between chemical equilibrium and mass transfer in non-aqueous systems, offering guidance for
designing energy-efficient carbon capture solvents.

1. Introduction

Amine-based absorbents are widely used in the chemical absorption
of COs in the flue gas. However, high energy consumption has become a
significant challenge hindering their industrial application. In order to
further reducing the energy consumption, optimizing solvents is an
effective approach. Replacing water in amine-based absorbents with
organic solvents of low viscosity, low specific heat capacity, and high
boiling point to create water-lean absorbents can effectively reduce the
sensible and latent heat consumed during the desorption process,
thereby substantially decreasing energy consumption.

The zwitterion mechanism proposed by Caplow [1] et al. suggests
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that the reaction between amines and CO, involves formation and
deprotonation of zwitterions. Since water-lean absorbents lack water as
a proton transfer carrier, adopting polyamines with more active sites
may be one of the effective strategies. Chen [2] et al. used N, N-
dimethyl-1, 3-propanediamine (DMPA) and polyethylene glycol
dimethyl (NHD) to prepare phase change water-lean absorbents. And
the analysis showed that the solvent effect of NHD can decrease the
energy barrier of carbamate generation from zwitterions (DMPACOO ")
to enhance chemical absorption. Jung [3] et al. developed a water-lean
absorbent based on 3,3"-iminobis(N, N-dimethylpropylamine) (IBDVPA)
and found that the overall mass transfer coefficient has reverse tem-
perature dependence. Barpaga [4] designed and synthesized single-
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component diamine water-lean absorbent N2-diisopropylethane-1,2-
diamine (2-EEDIPE-DA), comprehensive evaluation showed that the
formula has low viscosity and stronger affinity. Liu [5] et al. investigated
the absorption performance of diethylenetriamine (DETA), triethylene-
tetramine (TETA) and tetraethylenepentamine (TEPA) in aqueous and n-
propanol solutions. The results showed that, in addition to primary
amine groups, secondary amine groups also participated in the reaction
with CO,, and the CO; loading increased with the number of amine
groups. Moreover, the TETA/n-propanol solution could desorption at a
low temperature of 363 K. In our previous work [6], we developed a
series of water-lean absorbents based on the linear terminal diamine N,
N-Dimethyl-1,2-ethanediamine (DMEDA) and using amides and sulf-
oxides as solvents. These absorbents exhibit low viscosity, high ab-
sorption and desorption rates, and high regeneration efficiency.

However, the current research on amine-based water-lean absor-
bents mainly focuses on the structural optimization of amines and sol-
vents. The unique kinetics resulting from the replacement of water with
organic solvents are still in the exploratory phase. Yu [7] et al. proposed
that the high mass transfer coefficient of CO; in water-lean absorbents is
attributed by the concentrated molecular and nanoscale structure of
organic solvents. And the diffusion of CO, through pockets and channels
of unreacted solvents has been observed in their representative water-
lean absorbent IPADM-2-BOL. Wanderley [8] evaluated the chemical
equilibrium and mass transfer rates of a series of amines such as mon-
oethanolamine, 2-methylpiperazine, and N-methyldiethanolamine, as
well as diluents such as sulfolane, ethylene glycol, 1-methylimidazole,
dimethyl sulfoxide and N-methyl-2-pyrrolidone, under a fixed CO:
partial pressure. The results indicated that, although the addition of
organic solvents led to higher equilibrium partial pressures of CO:
compared to their aqueous counterparts, the enhanced liquid film mass
transfer rates resulted in faster absorption at the same partial pressures.
Liu [9] et al. measured and modeled the mass transfer kinetics of 2-
(ethylamino)ethanol (EAE)/N-methylpyrrolidone (NMP) water-lean
absorbent, proposing that the high physical solubility of NMP and the
high activity coefficient of EAE resulted in a faster absorption rate.
Although the macroscopic properties exhibited by different absorbents
are not entirely similar, numerous studies have indicated that physical
solvents can enhance physical mass transfer and alter chemical equi-
librium. However, the quantitative relationship between the unique
kinetics and species distribution in water-lean systems is still not clear.

To quantitatively investigate species distribution in solution, 13C
NMR, a powerful non-invasive analytical technique, was employed in
this study to investigate the forms and contents of absorption products.
It has broad spectral range and there is usually no interference between
peaks, providing direct qualitative and quantitative information on the
components formed during the absorption or desorption of COj in
amine-based absorbents [10]. Although '3C NMR is generally consid-
ered more suitable for qualitative research, extensive studies have
confirmed that quantitative analysis of aqueous amine solutions through
13C NMR is feasible [11-15]. As for water-lean systems, Lu [16] et al.
employed a combined approach of 'H and '3C NMR to analyze the final
products and reaction mechanism in the 2-amino-2-methyl-1-propanol
(AMP) dual-solvent system. Kortunov [17] et al. studied a series of
non-aqueous amine solutions with different basicity, including 2-ethyl-
ethylamine (EEA), aminonitrile, and piperidine. And a species quanti-
fication method for CO, absorption by non-aqueous amine solution
through 'H and 3C NMR was summarized. Although the sensitivity of
13C NMR is relatively poor due to low isotope abundance and slow
relaxation time of the nuclear spin, it is still feasible to obtain reliable,
reproducible and high-quality quantitative spectra by increasing the
number of scans and relaxation time [10].

In previous work [6], we found that DMEDA water-lean absorbent
and 30 wt%DMEDA aqueous solution (referred to as DMEDA(aq.))
exhibit significantly different kinetic characteristics during the absorp-
tion process: on the one hand, DMEDA water-lean absorbents can
maintain much higher absorption rates than DMEDA(aq.) under low CO»
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loadings; On the other hand, the absorption rates of DMEDA water-lean
absorbents sharply decrease at the inflection point as loadings increase.
Yuan [18] et al. have observed similar phenomena in semi-water MEA,
proposing that the depletion of MEA at the surface causes deviation from
pseudo-first-order (PFO) behavior. But the causes of these phenomena
are not yet fully understood. Since the organic solvent does not directly
participate in the reaction, these phenomena suggest that the replace-
ment of water with organic solvents is likely to have altered the exis-
tence form of the absorption products. To further elucidate these kinetic
characteristics, we need to quantitatively describe the kinetics of
DMEDA water-lean absorbents.

In addition, some studies have already revealed the species distri-
bution of aqueous DMEDA solutions, which provides a basis for further
exploring the relationship between kinetics and species distribution in
water-lean systems. DMEDA, a diamine with simple structure and con-
taining both primary and tertiary amine groups, can directly react with
CO:2 to form carbamate zwitterions and also act as a proton acceptor to
facilitate the deprotonation of zwitterions. A DMEDA/NMP water-lean
absorbent developed by Xu [19] et al. has a relatively low viscosity
(1.49 mPa-s at 313 K), high absorption and desorption rates, and
excellent cyclic capacity. Yu [20,21] et al. described the reaction
mechanism of the absorption of CO, by dilute DMEDA solution, pro-
posing that the primary products are monoprotonated amine, mono-
carbamic acid, monocarbamate ions, bicarbonate/carbonate ions and
very small amounts of deprotonated amine under low pH (<8). Paoletti
[22] et al. assume that the products formed by protonation of primary or
tertiary amine groups in asymmetric diamines such as DMEDA has a
tautomeric equilibrium, which was verified by potentiometric and
calorimetric methods. Therefore 3NR'NH* and *NHR!N coexist in the
DMEDA solution, where the superscript x of *N represents the alkyl
group substituted on N, and R represents the alkyl group. Due to the
rapid intramolecular proton transfer and the stronger basicity of pri-
mary amine groups, which leads to more stable protonated products, the
protonated amine can be simplified and uniformly represented as

SNR'NH*. So that the main reaction mechanism in DMEDA(aq.) is
shown in Egs. (1)-(3),

3NR!N + CO,(aq) < *NR'NH'COO~ < *NR'NCOOH @
3NR'NH'COO™ + *NR'N < *NR!NCOO~ + 3NR'NH" 2)
3NR'N + CO,(aq) + Hy0 « *NR'NH* + HCO; (3)

In water-lean absorbent, the mechanisms of direct reaction between
primary or secondary amine groups with CO5 are generally considered
to be similar to those in aqueous solution while tertiary amine groups
cannot directly react with CO, and only act as proton acceptors to
promote deprotonation of carbamate zwitterions. These studies are of
significant reference value for exploring the chemical equilibrium of
DMEDA water-lean absorbents. However, due to the lack of qualitative
and quantitative research on the species forms in water-lean systems, the
mechanisms by which organic solvents affect physical mass transfer and
chemical equilibrium remain unknown.

In this investigation, to elucidate the mechanistic effects of organic
solvents on chemical equilibria and mass transfer performance, we
formulated a series of water-lean EFH absorbents (DMEDA-+DMF +
H,0) with varying organic solvent concentrations, alongside a bench-
mark 30 wt% DMEDA aqueous solution. 13¢ NMR spectroscopy pro-
vided quantitative insights into species distribution, revealing the
species transformation trends. Wetted-wall column experiments enabled
precise determination of kinetic parameters, demonstrating marked
contrast in absorption kinetics between aqueous and water-lean DMEDA
systems. By combining both, the quantitative relationship between ki-
netic parameters and species distribution was investigated, thereby
explaining the existence of inflection points in absorption rates observed
in water-lean DMEDA absorbents.
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2. Methods
2.1. Materials

The chemical information involved in the study are listed in Table 1
and Table 2.

MEA(=99 %), DMEDA (298 %) and DMF(299.5 %) were purchased
from Aladdin. CO2 (99.999 % pure) and Ny (99.999 % pure) gases were
purchased from Hangzhou Jingong GAS Co., Ltd., Hangzhou, China.
Deionized water was used throughout the experiment. To simulate
actual industrial application, absorbents are formulated based on mass
fractions, with slight differences in molar concentrations due to different
solvent densities. To simulate the water balance that needs to be
maintained during actual operation, a minimum of 5 wt% water is added
to the absorbent.

2.2. Experimental setup

2.2.1. Wetted-wall column (WWC)

The core principle of measuring mass transfer parameters by Wetted-
wall column (WWC) is based on the dynamic interface mass transfer
process between gas and liquid phases. By constructing a steady-state
mass transfer interface, combining the two-film theory with Fick's
laws of diffusion, this method directly correlates gas-liquid contact area,
concentration gradients, and mass transfer coefficients, thereby
enabling precise determination of these critical parameters. The sche-
matic diagram is shown in Fig. 1. The WCC has a diameter d of 1.2 cm, a
height h of 8.31 cm, and a gas-liquid contact area of 31.328 cm?. The
reaction chamber, solution tank, gas line, and solution line are all placed
in a circulating water bath for unified temperature control, with the
exposed parts undergoing thermal insulation.

A certain concentration of CO2/N5 mixture was prepared using mass
flow controllers (SEC-E40-V, accuracy 0.5 %), preheated in the water
bath, and then uniformly introduced into the reaction chamber through
multiple small openings at the bottom of the apparatus. The absorbents
(with a total mass of approximately 1 kg) with different CO, loadings
were placed in the solution tank and pumped into the reaction chamber
from the inside of the column through a gear pump (with a flow rate of
200 mL/min), flowing down from the top of the column to form a uni-
form liquid film. The gas and the liquid undergo a complete counter-
current contact reaction in the reaction chamber. And then the CO,
concentration of the gas was recorded through a CO2 infrared analyzer
(GHX-3010F, accuracy 1 %). The solution after the reaction flows into
the solution tank, forming a circulation. Due to the short gas-liquid
contact time and large total solution mass, it can be assumed that the
CO4, loading of the solution remains constant in each experiment.

In WWC, the flux of CO3 Ncoo, mol/(mz-s), can be calculated as:

1)
Ncoz = A @
Where § is the amount of CO absorbed per unit time, mol/s. A is the gas-
liquid contact area, m?. Since the flow of N5 in the intake and exhaust
gas is constant, 6 can be calculated as:

Table 1
Chemical information
Name Acronym CAS Mol Wt Structure
_43- -~ NHz
Monoethanolamine MEA 141543 61.083 HO
N,N-dimethyl-1,2 108-00 SN
’ vt DMEDA 88.15 |
ethanediamine 9
N,N-dimethylformamide DMF 68-12-2 73.095 /l\‘IV/O
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Table 2
Absorbent formula
Absorbent Weight Content(mol/L)
Amine Solvent H,0 Amine
MEA(aq.) MEA(30 wt%) \ 70 wt% 4.97
DMEDA(aq.) DMEDA(30 wt%) \ 70 wt% 3.30
EFH5 DMEDA(30 wt%) DMF(65 wt%) 5 wt% 3.11
EFH10 DMEDA(30 wt%) DMF(60 wt%) 10 wt% 3.13
EFH20 DMEDA(30 wt%) DMF(50 wt%) 20 wt% 3.16
EFH30 DMEDA(30 wt%) DMF(40 wt%) 30 wt% 3.20
®
| p—— |
—
| |
CO»
analyzer

CO; N,

Fig. 1. The WWC device schematic.

Qin (Ccozin — Ccozout) P
o= - (5)
(1 - CCOZ,out) RT

Where Qj, is the total gas volumetric flow rate, m3/s. Cco2,in and €coz,out
are the volume fractions of the intake and exhaust gas of WWC, vol%,
respectively. P and T are the pressure (Pa) and temperature (K),
respectively. R is the universal gas constant, which is 8.314 J/(mol-K).

And the driving force for gas-phase mass transfer P4, Pa, can be
calculated as:

(PCOZ,in - PEQZ) - (PCOZ,out - Péoz)
In PCO2,in - onz (6)

Pco2.out — Peog

Py =

Where P¢ogin and Pcozin are the COq partial pressure of the intake and
exhaust gas of WWC, Pa. P, is the corresponding CO, equilibrium
partial pressure of the absorbent under the experimental CO; loading,
Pa.

Since the gas-liquid contact time during the experiment is suffi-
ciently short and the total amount of absorbent is sufficiently large, the
CO3 loading changes in a single experiment can be ignored, therefore:
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Ploy = CcozsotHeon @)

Where cco2 501 is the initial concentration of CO5 in the solution, mol/m°.
Hcoz is the Henry's constant of CO, Pa-m®/mol.

For reliability verification of the WWC, see the supplementary
materials.

2.2.2. Vapor-liquid equilibrium (VLE) apparatus

The vapor-liquid equilibrium apparatus was used to measure the
Henry's constants and solubilities of N»O in the solutions, as shown in
the Fig. 2. Similar methods have been widely applied and validated
[23-25].

During the experiment, valves 1, 2, and 3 were opened, and the
apparatus was purged with N2 to remove residual gases. Valve 1 was
then closed, and a vacuum pump was used to evacuate the buffer tank
and the equilibrium chamber through gas line 4. Subsequent steps were
conducted only after the temperature had stabilized at T. Valves 2 and 3
were closed, and line 4 was submerged into the solution. Valve 3 was
then opened, and a certain amount of solution was drawn into the
equilibrium chamber by pressure difference. The valve 3 was then
closed, the mass of the solution was recorded as m and the pressure in
the equilibrium chamber was recorded as P.;. Valve 1 was opened to
introduce a certain amount of N2O into the buffer tank, after which valve
1 was closed. Valve 2 was opened to introduce a certain amount of N-O
into the equilibrium chamber, and then closed. The pressure in the
equilibrium chamber was recorded as Pe,. After the temperature and
pressure stabilized, indicating the attainment of gas-liquid equilibrium,
the pressure in the equilibrium chamber decreased due to the dissolution
of N5O, recorded as Pe3.

The Henry's constants and solubilities of N»O in the solutions can be
calculated by the following equation:

Hizo1 = Pes /Cnz0 (€)]

m
(PeZ 7Pel 7Pe3)(ve 7;),0
RTm

9

Cn2o =

Where cn20 is the solubility of N2O in the solution, mol/m® ; p is the
density of the solution, kg/m°.

2.2.3. 3¢ Nuclear Magnetic Resonance (° 3¢ NMR)

In this study, an Agilent DD2 600 MHz nuclear magnetic resonance
instrument was used to perform '3C NMR species identification. An 11
wt% solution of 1,4-dioxane in deuterated water was used as an internal
standard. It was employed for both signal locking and chemical shift

s
o | sk
2 3
Nz N 20 Vh Ve 4

Fig. 2. The vapor-liquid equilibria (VLE) apparatus schematic.
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calibration. The internal standard was encapsulated in a capillary tube
and then placed inside the NMR tube to prevent mixing with the sample
and altering the chemical reaction equilibrium [12-14]. The parameters
used in the experiment: delay time, D1 = 60 s (>5 T1), number of scans,
NS = 300. Data processing was performed using MestReNova software.
The NMR acquisition was performed with a scan number (NS) set to 300
and a relaxation delay (D1) of 60 s.
The software Mestrenova was used to process the data.

2.3. Mass transfer kinetics

2.3.1. Overall mass transfer coefficient K¢
According to the film theory of mass transfer, the mass transfer
resistance across the gas-liquid interface can be expressed as:

1 11
Where K is the overall mass transfer coefficient. k, and k; are the gas
film and liquid film mass transfer coefficients. In the mass transfer
experiment of WWC, the overall mass transfer coefficient Kg can be
calculated as:

_ Ncoz

Ks = 11
¢ =p, 1D

2.3.2. Gas film mass transfer coefficient kg

The empirical model provided by Pacheco [26] et al. points out that
the gas film mass coefficient kg can be calculated by the Sherwood
number, and this model has been widely used in calculating k; in WWC.
As shown below:

ky = ooz 12)

Sh =1.075- (Re"slc'd) " 1075 (D‘;Zih> . (13)

Re = ﬁ a4
He

se= ];‘Cgozg as)

Where Sh, Re and Sc are Sherwood number, Reynolds number, and
Schmidt number, respectively. Dcoz, is the diffusion coefficient of CO,
in the gas phase, m?/s, calculated by the methods proposed by Fuller
[27] et al. d and h are the hydraulic diameter and height of the WCC, m.
p,is the density of the gas phase, kg/m?>. v, is the flow velocity of the gas,
m/s. y, is the dynamic viscosity of the gas phase, Pa-s,

2.3.3. Liquid film mass transfer coefficient k;
When mass transfer is accompanied by a chemical reaction, the
liquid film mass transfer coefficient k; can be expressed as:

B

- 16)
Heo2

ki

Where E is the chemical reaction enhancement factor. k? is the liquid
film physical mass transfer coefficient, m/s.

According to the optimization model of liquid physical mass transfer
coefficient proposed by Pacheco [26] et al., k can be calculated by the
following formula in this study:

g=322 a7
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Dcozih
£E=—" 18
& 18)

Where Q is the liquid volumetric flow rate, m3/h. A is the gas-liquid
contact area, m>. ¢ is a dimensionless number. Dcoo; is the diffusion
coefficient of CO, in the liquid phase, m?/s. v; is the flow velocity of the
liquid, m/s. § is the thickness of the liquid film, m. Where v; and & can be
calculated as:

2

5= f/ﬂ (20)
gL

Where p; is the density of the liquid phase, kg/m°. g is the gravity ac-
celeration, 9.8 m/s2. y; is the dynamic viscosity of the liquid phase,
Pa-s ; L is the circumference of the WWC, m.

Vi

2.3.4. Chemical reaction enhancement factor E

The chemical reaction enhancement factor E is a dimensionless
parameter that quantifies the intensification of mass transfer rate due to
chemical reaction. This phenomenon originates from the removal of
solutes at the gas-liquid interface through reactive consumption, which
sustains the driving force for mass transfer. In the fast pseudo-first-order
reaction regime, E is related to the Hatta number Ha and the infinite
enhancement factor E:

Ha — VkoDcozt 21)

k!
Em _ DC021<1 + Dprod HCOZCprod> (22)
Dprod DCOZ.I Dprodp co2

Where k,, is the overall kinetic constant, s L Dyproq is the diffusion co-
efficient of the product, m?s. Cprod is the concentration of the product,
mol/L. vyrq is the stoichiometric coefficient of the reaction product.
When 3<Ha<E,, the E can be considered equal to the Ha [28], that is:

2
g A [kovid (23)
3Q; h
2.3.5. Diffusion coefficient
The diffusion coefficient of CO5 in amine solution is correlated with
the diffusion coefficient in water [29], as shown below:

058

Dco21 = Dcoz m20° (/%) (m?s) (24)
1

Dcoz 20 = 2.35 % 1076€XP< - g) (m?s) (25)

The viscosity of water at different temperatures is calculated by
empirical formula [30]:
(T —273.15) + 246
55.94(T — 273.15)% + 5284.2(T — 273.15) + 137370

Huzo = (Pa-s)

(26)

2.3.6. Henry's constant

Since the chemical reaction between CO5 and amine interferes with
the measurement of physical solubility, the NoO analogy method is
usually used to estimate the Henry's constant of CO, [29], as shown
below:

(27)

H
Hcoz21 = Hy2oy <M>

HNZO.HZO
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2284
Hpz0 120 = 8.55 X 106exp( - T) (28)

2044) (29)

Heozmzo = 2.82 X 10f’exp< -

Where Hy201, Heoz 1, Hyv2o,m20 and Heoo m2o are the Henry's constant of
N,0 and CO; in amine solution and water, respectively, Pa-m®-mol 1.
Among them, Hy»0; can be obtained through VLE experiments.

3. Results and discussion
3.1. Species identification and reaction mechanism

3.1.1. Species inference and reaction pathways

3¢ NMR analysis was performed on DMEDA(aq.) and EFH under
different CO, loadings. And the main species in the solution were
inferred based on peak area and chemical shift. The structure formulas
and reaction pathways are shown in Fig. 3.

The '3C NMR spectrum of DMEDA (aq.) is shown in Fig. 4. It can be
observed that under low CO; loading, the reaction products are mainly
composed of 3NR'NCOO~/3NR!'NCOOH (164.23-164.01 ppm). Due to
the rapid proton exchange in the aqueous solution, the two exhibit an
identical narrow peak Cq. When the loading reaches 0.47 mol/mol, a
characteristic peak C, of compounds HCO3 and CO%~ appears at 163.16
ppm. As the reaction progresses, the peak area gradually increases and
the chemical shift moves upfield to 160.41 ppm. This is attributed to the
increase in the ratio of HCO3/CO%™ as the pH decreases. For the a-C of
DMEDA molecules, all characteristic peaks split upon the formation of
carbamates, resulting in the appearance of additional peaks (C,’ , Cp,l
C.’). Additionally, DMEDA molecule acts as proton acceptor, facilitating
the deprotonation of the carbamate zwitterion. The protonation product
are 3NR'NH" and *NH'R!N, which exist in tautomeric equilibrium
[22]. As the degree of protonation increases, a-C shifts significantly
upfield, but no splitting occurs (C,, Cp and Cg).

The water-lean systems exhibit comparable product compositions,
with EFH5 presented as a representative example (see Supplementary
Materials for full spectral data). As shown in the Fig. 5, the NMR spec-
trum of fresh EFHS5 is split due to the spin coupling of protons, but
quantitative analysis can be performed by the sum of the areas of the
split peaks. C¢ , Cq are the solvent peaks (the solvent peak Cy, at 30 ppm
is cut off), and no splitting or obvious shift occurs, which indicates that
DMF essentially does not participate in the reaction. The carbonyl peak
Cq* of the by-product was observed in the range of 161.83-162.15 ppm,
which is different from DMEDA (aq.). Kortunov [17] et al. have pointed
out that in non-aqueous solvent with high amine concentration and high
alkalinity (high pKa), the carbamic acid and free amine can undergo
dehydration to form urea. However, under all loadings, Cq*:Cp*:C,*:Cc*
~ 1:1:2:1, which means that the chemometric ratio of CO, and DMEDA
in the side reaction is 1:1, rather than 1:2 of urea formation. Therefore,
the product is likely to be an anhydride formed by carbamic acid
dehydration, as shown in Fig. 3.The remaining characteristic peaks of
EFHS5 are similar to those of DMEDA(aq.), shift upfield and split as the
loading increases, but with more pronounced broadening. This is due to
the reduced intermolecular transfer rate of protons, resulting from the
lack of water as a proton transfer carrier. As can be seen in Fig. 5, only C.
split at the beginning of the reaction, which may be resulted from partial
dissociation of the carbamate ion pairs.

3.1.2. Quantitative analysis of species transformation

The rapid transfer of protons can lead to indistinguishable species,
which means that the species in amine solution cannot be precisely
quantified solely through *C NMR. However, based on mass conser-
vation, charge balance and chemical shift, it is possible to analyze the
species transformation corresponding to the NMR spectrum. The
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Amine Protonated Amine
b + N b +
a \N/\/NHZ +H a\“/\/NHz a\N/\/NH3
¢ H | . | c
SNR'N SNH*R'N SNRINH*
Carbamic Acid
+CO, a' b H d OH -H20 a* b H d*o H
| ¢ o | o o |
* SNR'NCOOH Anhydride
Hy
N_ O
~ /\/
N \ﬂ/ T
l (0]
3NR1NH+COO- W ' b H d _O- Non-proton Solvent g' o H d_O *H:N b
+ a - - a -
. ] +H \N/\/, \n/ \N/\/, \n/ 3 \/\N/a
Zwitterion | © 5 | 0 c |
SNR'NCOO"
Carbamate Salt Carbamate lon Pair
Q +H* Q f
o |
07 O -H HO e O g N0
COs2 HCO4 h
Carbonate/Bicarbonate DMF

Fig. 3. The structure formulas and reaction pathways.

quantitative calculation of species in this study referenced some
methods from Kortunov [17] et al. For species such as DMEDA/
DMEDAH+ that are difficult to distinguish, their concentrations were
estimated based on the chemical shift offsets. The concentrations of the
remaining species were calculated based on mass conservation and
charge balance. Detailed data and estimation methods are provided in
the Supplementary Materials. The transformation trends of the main
species in DMEDA(aq.) and EFH series were shown in Fig. 6.

The transformation trends of main species in DMEDA(aq.) are
consistent with the literature [20]. At the beginning of the reaction, the
concentration of carbamate is slightly higher than that of neutral car-
bamic acid, but the proportion of carbamic acid exceeds carbamate
when the loading increases to about 0.25 mol/mol, becoming the main
product. For carbamate, the concentration gradually increases until the
loading reaches 0.59 mol/mol, and then the degree of hydrolysis in-
creases and gradually transforms into carbamic acid. Finally, when the
loading reaches 0.95 mol/mol, carbamic acid can account for 87 % of
the total loading. In addition, when the loading reaches 0.47 mol/mol, a
small amount of HCO3 /CO%’ can be detected in the solution, and the
concentration gradually increases as the loading increases. Since the
CO3~ content is quite low, the subsequent discussion only focus on the
concentration of HCO3. Upon reaching a loading of 0.80 mol/mol, the
concentration of free amine becomes insufficient, causing water to react
directly with CO,. Consequently, the concentration of HCO3 increases
significantly, eventually comprising 11 % of the total loading.

For EFHS5, since the high concentration of amine and high alkalinity,
carbamate is rapidly generated in large quantities under low CO,
loading, while only a small amount of carbamic acid is generated, which
is consistent with the literature [17]. Additionally, in the water-lean
environment with high pH, a portion of carbamic acid undergoes
dehydration to form the anhydride by-product. However, the by-product
does not continue to accumulate with increasing loading. Instead, after

the loading reaches 0.3 mol/mol, it gradually transforms into other
forms as the pH decreases. When the loading reaches 0.48 mol/mol, the
concentration of free amine is as low as 0.63 mol/L. The deprotonation
process of carbamate zwitterion lacks proton acceptors, making it more
prone to undergo internal proton transfer to form carbamic acid. At the
same time, protonated amine further participates in the reaction,
causing the carbamate to receive proton to form neutral acid. Around a
loading of 0.54 mol/mol, the concentration of carbamic acid exceeds
carbamate, becoming the dominant species. And under the final loading
of 0.85 mol/mol, carbamic acid accounts for 78 % of the total loading.
Due to the lack of water, only a very small amount of bicarbonate
product exists even when the solution tends to be saturated, which ul-
timately accounts for 4.2 % of the total products.

The EFH series demonstrates similar species distributions with
distinct transformation patterns. In EFH10 at 0.58 mol/mol, a sharp
increase in carbamate concentration can still be observed, whereas no
distinct inflection point is discernible in EFH20, indicating that the so-
lution properties approach those of the aqueous solution. The slight
increase in bicarbonate content with higher water content further
demonstrates this trend. As organic solvent concentration reduces,
carbamate acid predominance escalates in final product. In EFH30, it
reaches 90.6 % of the product composition, which is higher than that in
DMEDA(aq.). This shows that carbamate content does not follow a
simple trend with the concentration of organic solvent. Furthermore, the
reduced organic solvent concentration destabilizes the carbamate ion
pairs, causing the by-product anhydride content to initially increase
slightly but subsequently decrease gradually due to hydrolysis reactions.

3.2. Correlation between viscosity and kinetics

The diffusion coefficient of CO5 in the liquid phase is closely related
to the viscosity, while changes in temperature and CO; loading will lead
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Fig. 6. The transformation trends of the main species in (a) DMEDA(aq.), (b) EFH5, (c) EFH10, (d) EFH20 and (e) EFH30.

to changes in solution viscosity. The viscosities of MEA(aq.), DMEDA
(aq.), DMF and EFH series were measured using a digital rotational
viscometer(DV-II + Pro, accuracy of 1 %) at various temperatures and
under different CO; loadings, as shown in Fig. 7. Within the temperature
range of 303.15 K to 333.15 K, the viscosities of the liquids are ranked
from highest to lowest as DMEDA(aq.) > MEA(aq.) > EFH5 > DMF. As
the temperature increases, the viscosities of all four liquids decrease.
Among them, the viscosity of DMEDA(aq.) decreases the most, with a
reduction of 67.2 %. The viscosities of liquids MEA(aq.), EFH5 and DMF

decrease by 43.8 %, 42.8 %, and 24.3 %, respectively.

For the EFH series, the viscosity increases with higher water content,
reaching levels comparable to MEA(aq.) when water content attains 10
wt%. Additionally, the viscosity decline trend of the EFH series pro-
gressively approaches that of DMEDA(aq.) with increasing water con-
tent, where EFH30 exhibits a 53.8 % viscosity reduction during a
temperature rise of 30 °C. However, within this temperature range,
EFH30 consistently maintains higher viscosity than EFHS5, demon-
strating that maintaining lower water content helps preserve the mass
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Fig. 7. The viscosity changes with temperature and CO, loading.
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transfer performance advantages of EFH water-lean absorbents.

During the CO; absorption of, the viscosity increase trend of DMEDA
(aq.) is flat, with only 6.1 %. In contrast, the EFH series demonstrates
gradual viscosity growth under low CO; loadings, followed by acceler-
ated escalation beyond threshold loading levels. Taking EFH5 as an
example, the viscosity shows a significant increase trend after the
loading reaches approximately 0.45 mol/mol, and eventually increases
by 169.0 %. This trend closely parallels the rising carbamate content
profile observed in EFH5. With water content increasing to 30 wt%, the
EFH series shows a more significant viscosity increase. The viscosity of
EFH30 ultimately rises by 321.2 %, and its saturate capacity is signifi-
cantly higher than that of DMEDA(aq.). This phenomenon further re-
veals that neutral carbamates abundantly generated during the mid-
absorption phase in EFH series exhibit intensified intermolecular in-
teractions. Their hydrogen-bonding networks with polar solvents alter
solution microstructure, thereby driving substantial viscosity
enhancement.

3.3. Effect of temperature on kinetics

The kinetic parameters of MEA(aq.), DMEDA(aq.), DMF and EFH
series were measured within the temperature range of 303.15 K to
333.15 K. The liquid film mass transfer coefficient k; was shown in
Fig. 8. Other parameters such as gas film mass transfer coefficient ki,
Henry's constant H and chemical reaction enhancement factor E, etc. are
shown in Table 2.

Although the k; of DMEDA(aq.) is lower than that of MEA(aq.) ,
EFH5 with the same main agent DMEDA has a significantly higher k;.
However, it can be observed from Table 3 that at 313.15 K, the chemical
reaction enhancement factor E of EFH5 is only 58.7 % of that of DMEDA
(aq.). This is because, the lack of proton carriers hinders the deproto-
nation of carbamate zwitterionic ions in water-lean solution. This also
implies that the mass transfer performance of DMEDA (aq.) is primarily
limited by the physical mass transfer rate rather than the chemical re-
action rate. The addition of DMF reduced the viscosity of the system,
increased the liquid-phase diffusion coefficient and solubility of CO,,
thereby significantly enhancing the liquid film mass transfer coefficient.
However, despite the lower viscosity and higher physical solubility, the
pure DMF exhibits a much lower kj, being only 2.8 % of that of EFH5.
This suggests that the strong mass transfer performance of the amine-
based water-lean absorbent is not only due to the enhancement of
physical mass transfer process by the organic solvent. Furthermore, the

0 1 1 1 1 1 1 1
300 305 310 315 320 325 330 335
T
—A—EFH5 EFHI10 EFH20 EFH30
—O— MEA(aq.) DMEDA (aq.) DMF

Fig. 8. Temperature dependence of liquid film mass transfer coefficient(k;).
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E of EFH20 and EFH30 surpass that of DMEDA(aq.), confirming that
DMEDA retains sufficiently fast reaction kinetics even in water-lean
systems where proton carriers are limited.

It is also worth noting that, although the temperature increase limits
the physical dissolution of CO,, due to the decrease in the viscosity, the
increase in the diffusion coefficient, and the increase in the chemical
reaction rate, the k; of the liquids increases as temperature increases in
the range of 303.15 K to 333.15 K. However, the increase gradually
diminishes as the temperature rises. For the two aqueous amine solu-
tions MEA(aq.) and DMEDA(aq.), the k; increased by 5.0 x 1077
mol-m %5~ 1.Pa~1(27.4 %) and 4.5 x 10”7 mol-m2:s"!-Pa~1(36.0 %),
respectively, with a similar magnitudes of increase. This is attributed to
the similar chemical reaction mechanisms of the aqueous amine solu-
tions. However, the liquid film mass transfer of DMEDA(aq.) is relatively
more constrained by its higher viscosity. As the temperature rises, its
viscosity decreases significantly, resulting in a relatively larger increase
in k. For the EFH series, take EFH5 as an example, the k; increased by
7.7 x 1077 mol-m 2.5 !.Pa~! from 303.15 K to 333.15 K, with the ab-
solute increase of 1.7 times that of DMEDA (aq.) and 10.4 times that of
DMF, despite the viscosity reduction is not as obvious as that of DMEDA
(aq.). As can be seen from Table 2, the chemical enhancement factor E of
EFH increased by 54.8 %, higher than 31.1 % of DMEDA (aq.), which
shows that temperature increase within a certain range has a more
significant enhancement effect on the chemical reaction of EFH to
absorb CO,. And it also revealed that there are differences in the reac-
tion mechanism of EFH and DMEDA(aq.) to absorb COx,.

3.4. Effect of COz loading on kinetics

The kinetic parameters of DMEDA(aq.) and EFH series under
different CO5 loadings at 313.15 K were measured, k; was shown in
Fig. 9. CO loading dependence of liquid film mass transfer coefficient
(k;), and other parameters were shown in Table 4.

The variation of k; reveals significant differences in the mass transfer
kinetics of EFH5 and DMEDA(aq.). The k; of the fresh EFH5 can reach
3.6 times that of DMEDA (aq.). As the CO, loading increases, the k) of
both decreases. But it is worth noting that before the loading reaches
about 0.56 mol/mol, the k; of EFH5 is higher than that of DMEDA(aq.).
This shows a broader operating range for EFH5 compared to DMEDA
(aq.), consistent with our previous bubble absorption tests.

In addition, the k; of EFH5 shows a sharp decrease between 0.40 and
0.55 mol/mol. The decrease in k; within this range accounts for 63.5 %
of the total decrease, although the viscosity increase within this range
was only 21.1 % of the total increase(Fig. 3). This means that the
reduction of the k; is not only attributed to the physical mass transfer
limitation caused by the increase in viscosity, but also to the change in
the rate-determining step of the reaction, which is likely caused by the
substantial consumption of free amine. The 82.9 % decrease in E shown
in Table 3 also reflects this point.

EFH10 demonstrates a k; comparable to EFH5, showing an abrupt
decline within the 0.48-0.65 mol/mol loading range. However, with
reduced organic solvent concentration, EFH20 and EFH30 exhibit
significantly lower initial k; values, and no distinct inflection points
emerge with increasing loading. While physical mass transfer advan-
tages gradually weaken, EFH30 containing the minimal organic solvent
concentration still exhibits superior mass transfer performance
compared to DMEDA(aq.) until 0.7 mol/mol loading. This reveals that
proton transfer no longer governs chemical reaction kinetics at this
water content level. Instead, the stabilizing effect of organic solvents on
carbamate ion pairs promotes the deprotonation of carbamate
zwitterions.

3.5. Mass transfer kinetics of absorption process

In the early stages of the absorption reaction, the reaction paths of
EFH series and DMEDA (aq.) are similar. Due to the strong basicity of
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Table 3
CO: absorption kinetics parameters at different temperatures
T Kg* ky* ki k9 H 121 Dco2i Hecoz E*
K mol-m2.s~1.Pa~! m/s mPa-s kg/m® m%/s Pa-m®mol !
MEA(aq.) 303.15 1.76E-06 3.28E-05 1.86E-06 7.90E-05 2.03 1009.0 1.02E-09 3436 80.9
313.15 1.95E-06 3.27E-05 2.07E-06 9.07E-05 1.68 1003.0 1.27E-09 4175 95.5
323.15 2.08E-06 3.14E-05 2.22E-06 1.07E-04 1.33 998.1 1.64E-09 5080 106
333.15 2.20E-06 3.09E-05 2.36E-06 1.21E-04 1.14 993.5 1.99E-09 6194 121
DMEDA 303.15 1.23E-06 3.27E-05 1.28E-06 4.81E-05 4.81 967.4 5.14E-10 2931 77.8
(aq.) 313.15 1.42E-06 3.21E-05 1.49E-06 5.86E-05 3.59 961.2 6.92E-10 3717 94.4
323.15 1.55E-06 3.12E-05 1.63E-06 7.23E-05 2.62 954.7 9.52E-10 4310 97.2
333.15 1.64E-06 3.05E-05 1.73E-06 9.97E-05 1.58 947.1 1.53E-09 5850 102
DMF 303.15 3.06E-05 1.42E-07 1.43E-04 \ 0.70 940.3 2.40E-09 540.8
313.15 3.00E-05 1.83E-07 1.54E-04 0.65 934.2 2.71E-09 654.6 \
323.15 2.93E-05 1.99E-07 1.76E-04 \ 0.54 926.8 3.37E-09 803.0
333.15 2.85E-05 2.16E-07 1.84E-04 0.53 916.5 3.67E-09 973.5 \
EFHS5 303.15 4.41E-06 3.29E-05 5.09E-06 9.17E-05 1.52 920.5 1.29E-09 884.4 49.1
313.15 4.63E-06 3.22E-05 5.41E-06 1.04E-04 1.29 914.7 1.57E-09 1063 55.4
323.15 4.81E-06 3.15E-05 5.68E-06 1.21E-04 1.04 905.4 1.99E-09 1380 64.7
333.15 4.92E-06 3.09E-05 5.86E-06 1.38E-04 0.87 895.0 2.47E-09 1798 76.0
EFH10 303.15 4.09E-06 3.26E-05 4.67E-06 7.98E-05 1.94 925.4 1.06E-09 1017 59.5
313.15 4.24E-06 3.18E-05 4.89E-06 8.96E-05 1.68 920.1 1.27E-09 1238 67.6
323.15 4.47E-06 3.12E-05 5.21E-06 1.03E-04 1.38 910.2 1.59E-09 1570 79.2
333.15 4.66E-06 3.07E-05 5.50E-06 1.18E-04 1.16 901.3 1.96E-09 2094 97.7
303.15 3.62E-06 3.27E-05 4.07E-06 6.92E-05 2.51 935.4 8.65E-10 1328 78.1
EFH20 313.15 3.81E-06 3.23E-05 4.32E-06 7.88E-05 211 929.1 1.06E-09 1637 89.8
323.15 3.95E-06 3.14E-05 4.52E-06 9.24E-05 1.69 923.3 1.36E-09 2052 100
333.15 4.15E-06 3.04E-05 4.81E-06 1.07E-04 1.37 912.9 1.72E-09 2666 119
303.15 2.96E-06 3.29E-05 3.25E-06 5.94E-05 3.30 944.3 6.95E-10 1635 89.4
EFH30 313.15 3.19E-06 3.21E-05 3.54E-06 7.08E-05 2.55 939.5 9.10E-10 2062 103
323.15 3.42E-06 3.11E-05 3.84E-06 8.33E-05 2.02 926.5 1.17E-09 2428 112
333.15 3.60E-06 3.04E-05 4.08E-06 1.01E-04 1.52 917 1.58E-09 3221 130

" The values in this column are the arithmetic means of measurements taken at four different CO- partial pressures.
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Fig. 9. CO; loading dependence of liquid film mass transfer coefficient(k;)

primary amine group, carbamate zwitterion tends to convert to carba-
mate. This process is extremely rapid, so the mass transfer performance
of the liquid film at the beginning of the reaction depends on the
physical mass transfer performance. EFH series have an advantage with
its low viscosity, high CO, diffusion coefficient and CO solubility.
Subsequently, since the carbamate is easily hydrolyzed in aqueous so-
lution to form carbamic acid, and can exist relatively stable in the form
of ion pairs in aprotic polar solvent, the neutral acid content in DMEDA
(aq.) is significantly higher than that in EFH series.

As the reaction proceeds, the deprotonation of carbamate zwitterion
is impeded, and the neutral carbamic acid formed via intramolecular

10

proton transfer gradually becomes the dominant product. Meanwhile,
the concentration of free amine decreases, prompting carbamate to
further participate in the reaction. This step of the reaction is relatively
slow. However, the liquid film mass transfer performance of DMEDA
(aq.) is consistently dominated by physical mass transfer properties, and
water, acting as a proton carrier, facilitates the deprotonation of pro-
tonated amine, resulting in a relatively gradual decrease in k;. In
contrast, the proton transfer of carbamate ion pairs in EFH series be-
comes a key step in reaction kinetics, as shown in Fig. 10. Proton transfer
of carbamate ion pairs. Due to the stabilizing effect of organic solvents
on carbamate ion pairs, the k; of EFH5 and EFH10 decreases sharply. In
contrast, EFH20 and EFH30, with their relatively higher water content,
undergo hydrolysis of the carbamate, resulting in an increase in carba-
mic acid content under lower loadings. In addition, the large amount of
carbamic acids generated at this stage can form strong hydrogen bonds
with polar solvent molecules. And due to the polarity gap on both sides
of DMEDA carbamic acid molecule, when the concentration of carbamic
acid reaches a certain level, an ordered structure is likely to form in the
solution, resulting in a significant increase in viscosity. Similar phe-
nomena have been described in the literature [31,32].

Given the identical principal reactant DMEDA, the species distribu-
tions in aqueous and water-lean solutions become increasingly similar as
saturation is approached. The carbamic acid, with its 1:1 stoichiometric
ratio in the chemical reaction, emerges as the predominant product in
the end. Since the extremely low concentration of free amine at this
point, the k; values of the aforementioned solutions are limited by the
protonation rate of carbamate ions. As a result, they exhibit similar k;
and display a comparable downward trend. However, the difference in
water content leads to the different amount of bicarbonate that even-
tually forms, which is why aqueous amine solutions are generally
considered to have a larger saturation capacity, although the absorption
rate is quite low at this time, and it is usually not economical to continue
running until the absorbent tends to be saturated. However, given that
EFH20 and EFH30 can still maintain robust mass transfer performance
under certain loadings, moderately increasing water content to broaden
the operational range of water-lean absorbents could be considered in



Z. Chen et al.

Chemical Engineering Journal 519 (2025) 164527

Table 4
CO: absorption kinetics parameters at 313.15 K under different CO, loadings
o Kg* kg~ ki K9 My 121 Dcozy Hcozp E*
mol/mol mol-m~2.s~1.pa~! m/s mPa-s kg/m® m%/s Pa-m®mol !
0 1.42E-06 3.21E-05 1.49E-06 5.86E-05 3.59 961.2 6.92E-10 3716.64 94.4
0.1 1.29E-06 3.23E-05 1.34E-06 5.86E-05 3.60 976.8 6.90E-10 3716.64 84.8
DMEDA 0.33 9.71E-07 3.22E-05 1.00E-06 5.86E-05 3.64 1011.4 6.84E-10 3716.64 63.5
() 0.51 5.46E-07 3.18E-05 5.56E-07 5.84E-05 3.69 1038.1 6.77E-10 3716.64 35.3
0.62 4.10E-07 3.23E-05 4.15E-07 5.83E-05 3.72 1053.9 6.72E-10 3716.64 26.4
0.77 3.11E-07 3.21E-05 3.14E-07 5.81E-05 3.76 1076.8 6.67E-10 3716.64 20.0
0.95 2.01E-07 3.18E-05 2.02E-07 5.80E-05 3.81 1104.1 6.60E-10 3716.64 13.0
0 4.63E-06 3.22E-05 5.41E-06 1.04E-04 1.29 914.7 1.57E-09 1063.39 55.4
0.25 4.14E-06 3.23E-05 4.74E-06 9.70E-05 1.46 932.6 1.42E-09 1063.39 52.0
0.40 3.47E-06 3.24E-05 3.88E-06 9.04E-05 1.66 945.7 1.28E-09 1063.39 45.6
EFH5 0.45 2.65E-06 3.23E-05 2.88E-06 8.78E-05 1.75 948.5 1.23E-09 1063.39 34.9
0.50 1.37E-06 3.23E-05 1.43E-06 8.34E-05 1.92 953.2 1.14E-09 1063.39 18.3
0.55 5.69E-07 3.22E-05 5.80E-07 7.89E-05 2.12 956.4 1.05E-09 1063.39 7.81
0.60 3.27E-07 3.21E-05 3.30E-07 7.46E-05 2.34 960.6 9.74E-10 1063.39 4.70
0.85 2.16E-07 3.22E-05 2.17E-07 5.99E-05 3.47 977.1 7.11E-10 1063.39 3.86
0 4.24E-06 3.18E-05 4.89E-06 8.96E-05 1.68 920.1 1.27E-09 1238.44 67.6
0.36 3.39E-06 3.20E-05 3.79E-06 7.91E-05 2.10 949.7 1.06E-09 1238.44 59.3
0.48 2.77E-06 3.18E-05 3.03E-06 7.43E-05 2.36 971.2 9.66E-10 1238.44 50.5
EFH10 0.58 1.91E-06 3.21E-05 2.04E-06 7.05E-05 2.59 971.2 8.97E-10 1238.44 35.7
0.65 8.08E-07 3.21E-05 8.29E-07 6.56E-05 2.96 983.5 8.07E-10 1238.44 15.6
0.75 3.10E-07 3.18E-05 3.13E-07 5.93E-05 3.54 983.5 7.00E-10 1238.44 6.53
0.89 1.90E-07 3.21E-05 1.91E-07 5.04E-05 4.74 1001.6 5.54E-10 1238.44 4.70
0 3.81E-06 3.23E-05 4.32E-06 7.88E-05 2.11 929.1 1.06E-09 1637.34 89.8
0.22 3.31E-06 3.20E-05 3.69E-06 7.27E-05 2.45 956.2 9.40E-10 1637.34 83.0
0.45 2.64E-06 3.20E-05 2.88E-06 6.52E-05 2.99 985.3 8.01E-10 1637.34 72.3
EFH20 0.55 2.22E-06 3.18E-05 2.38E-06 5.96E-05 3.51 994.3 7.04E-10 1637.34 65.4
0.66 1.44E-06 3.20E-05 1.51E-06 5.32E-05 4.30 1002.9 5.98E-10 1637.34 46.4
0.8 3.29E-07 3.20E-05 3.32E-07 4.45E-05 5.91 1015.2 4.64E-10 1637.34 12.2
0.92 1.97E-07 3.21E-05 1.98E-07 3.96E-05 7.30 1025.7 3.92E-10 1637.34 8.17
0 3.19E-06 3.21E-05 3.54E-06 7.08E-05 2.55 939.5 9.10E-10 2062.57 103
0.21 2.52E-06 3.17E-05 2.74E-06 5.86E-05 3.60 974.9 6.90E-10 2062.57 96.3
EFH30 0.43 1.72E-06 3.22E-05 1.81E-06 5.05E-05 4.74 1011.4 5.54E-10 2062.57 74.1
0.72 3.85E-07 3.20E-05 3.89E-07 4.18E-05 6.66 1032.8 4.22E-10 2062.57 19.2
0.95 1.80E-07 3.18E-05 1.81E-07 3.20E-05 10.74 1063.8 2.88E-10 2062.57 11.7
" The values in this column are the arithmetic means of measurements taken at four different CO: partial pressures.
CO, +
N ‘/ - N _om Hz o
-+ ~ ~
| (0] | (0] | 0

Fig. 10. Proton transfer of carbamate ion pairs

practical production, albeit at the cost of sacrificing some peak mass
transfer efficiency.

4. Conclusion

Although the aqueous solution of linear terminal diamine DMEDA
has advantages in CO2 capacity and regeneration rate, the mass transfer
coefficient of the liquid film is slightly lower than that of the traditional
amine-based absorbent MEA (aq.). Replacing water in DMEDA(aq.) with
aprotic polar solvent DMF inhibits chemical reactions to some extent.
However, its low viscosity, excellent diffusion property, and high
physical solubility of CO, greatly improve the physical mass transfer
property of DMEDA absorbent, and promotes the entry and distribution
of CO;, into the liquid phase. This allows DMEDA water-lean absorbent
to exhibit significantly high mass transfer property under low CO»
loading. At 313.15 K, the k; of fresh EFH5 can reach 3.6 times that of
DMEDA(aq.).

The 'C NMR spectrum shows significant differences in the trans-
formation of species in EFH series and DMEDA(aq.). Although these
absorbents have similar reaction kinetics due to the same main agent,
the differences in the solvent environment lead to different forms of the
products. In the early stage of the reaction, the carbamate is easily hy-
drolyzed in aqueous solution to form carbamic acid, but exists in the
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form of carbamate ion pairs in aprotic polar solvent. As the CO loading
increases, the free amine concentration decreases. In EFH5 and EFH10,
the absorption rate is limited by the proton transfer rate of the carba-
mate ion pairs, hence the appearance of the inflection point in kj.
However, due to their superior physical mass transfer performance,
these absorbents still retain a broader operational range. This advantage
holds true even for EFH20 and EFH30, despite their relatively low
organic solvent concentrations.

Therefore, in the development of amine-based water-lean absor-
bents, on the one hand, the physical mass transfer process in the early
stage of the absorption should be enhanced, with viscosity and CO5
solubility being the primary factors in solvent selection. On the other
hand, the chemical reaction process in the middle stage of the reaction
should be enhanced. Introducing a relatively more proton acceptors can
ensure that the deprotonation process of carbamate zwitterion is not
hindered, thereby broadening the operating range of the absorbent.
Additionally, since the extensive formation of carbamic acid can lead to
a sharp increase in viscosity, selecting a solvent with strong polarity can
inhibit the hydrolysis of carbamate ion pairs through solvation effects,
thereby delaying the formation of carbamate and helping to maintain
the stability of the absorbent.
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