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A B S T R A C T

Lower regeneration energy and superior cyclic capacity have enabled biphasic absorbents great potential in the
area of flue gas CO2 capture. The liquid film mass transfer coefficient(kL) is a vital parameter in the development
of absorbents with efficient CO2 absorption mass transfer performance, while the phase separation behavior of
biphasic solutions could be an essential factor for the absorption mass transfer and the stability of absorber.
However, systemic kinetic research towards biphasic absorbents, especially the impact of phase separation
behavior, is limited. In this study, a typical amide-based biphasic absorbent diethylenetriamine(DETA)/dieth-
anolamine(DEA)/N, N-dimethylacetamide(DMAC) which has achieved great reduction in regeneration energy,
was selected as the subject of kinetic investigation in a wetted wall column. The CO2 overall mass transfer co-
efficient(KG) of DETA/DEA/DMAC exceeded other biphasic solvents, blended amine solution, and 40% K2CO3
solution, with 3 times that of 40% K2CO3 solution. Moreover, various operational conditions including ab-
sorption temperature, gas flow rate, and water content of solution were taken into account to build a multiple-
condition kinetic mechanism to offer guidance for biphasic absorbents. Furthermore, phase separation behavior
was revealed as the main blame for the deterioration in the liquid film chemical mass transfer process of biphasic
solvents in the CO2 absorption process, resulting in the kL of DETA/DEA/DMAC before phase separation
decreased by 75.3% at the phase separation stage. Therefore, it is crucial to ensure that the CO2 loading of the
solution entering absorber is lower than the phase separation point in applications. After phase separation,
DETA/DEA/DMAC split into the organic and aqueous phases, the kL of the aqueous phase gradually exceeded
that of the organic phase as CO2 loading increased for its higher chemical enhancement factor(E).

1. Introduction

Carbon capture and storage (CCS) technology has shown great po-
tential in greenhouse gas emission reduction for effective decarbon-
ization[1]. Amine solution-based chemical absorption holds great
promise in CO2 capture currently for its advantages such as application
flexibility, high CO2 capture rate, and high safety and stability[2].
However, industry applications of traditional amine absorption, repre-
sented by 30 wt% monoethanolamine(MEA) absorbent, have shown
problems including high regeneration energy consumption and low
cycling capacity, which severely hinder the large-scale industrial

operation of chemical absorption[3].
To address this issue, a range of novel amine solvents have been

developed for chemical absorption. Among them, biphasic absorbents
have garnered significant attention for their lower regeneration energy
consumption and higher cyclic capacity[4,5]. Typically, driven by
changes in CO2 loading or temperature, biphasic absorbents gradually
separate into two phases including of the aqueous phase and the organic
phase in the CO2 absorption process. Most CO2 is concentrated in the
aqueous phase while the organic phase has very low CO2 content. Only
the aqueous phase is transferred to the stripper for regeneration, which
can achieve energy consumption reduction.
Several research has verified that biphasic absorbents can further
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reduce energy consumption while enhancing the cyclic capacity of the
solution. Bai et al.[6] developed a non-aqueous N-ethylethanolamine
(EMEA)/N,N-diethylethanolamine(DEEA) biphasic solvents which has a
low energy consumption of 1.71 GJ/ ton CO2 and an outstanding cyclic
capacity of 3.0 mol/L. Hong et al.[7] proposed 2-(methylamino)ethanol
(MAE)/diethylene glycol dimethyl ether(DGM)/water biphasic absor-
bent with a cyclic capacity of 1.32 mol/L and energy consumption of
only 2.28 GJ/ton CO2. Wang et al.[8] applied 1-propanol as phase
separator and diethylenetriamine(DETA) as reactive amine, and then a
30 wt% DETA/50 wt% 1-propanol biphasic absorbent was proposed
with a low energy consumption of 2.12 GJ/ ton CO2. Jin et al[9]
developed tetramethylethylenediamine (TMEDA)/MEA/Dimethyl sulf-
oxide (DMSO) with the highest cyclic capacity of 0.23 mol CO2/mol
amine and low regeneration energy of 2.28 GJ/ ton CO2.
Apart from regeneration energy and cyclic capacity, the CO2 mass

transfer performance including the CO2 overall mass transfer coefficient
(KG) as well as liquid film mass transfer coefficient(kL) is another vital
standard in the development of biphasic absorbent. Zhang et al.[4]
discovered that most biphasic absorbents with superior absorption mass
transfer performance typically exhibit elevated absorption and cyclic
capacity. However, it was found that the fluctuation of operational
conditions in practical industrial applications is a common issue
affecting the efficient absorption mass transfer process of biphasic ab-
sorbents[10]. In order to adjust the operational conditions in time and
effectively ensure the absorption performance of the absorbent in ap-
plications, many studies have been conducted to investigate the factors
influencing the KG of biphasic solution. An et al.[11] investigated the
influence of gas flow rate on the overall mass transfer process of DETA/
DEEA biphasic absorbent using a wetted wall column(WWC) and the KG
of solution at CO2 loading of 0.98 mol/L showed a slight increase with
rising gas flow rate. Zhang et al.[12] adjusted the absorption tempera-
ture to measure the KG of 1 M(mol amine/L(amine+H2O)) TETA/3MN,
N-dimethylcyclohexylamine (DMCA) biphasic solvent by a WWC and
the KG of solutions at various CO2 loading rose as temperature increased.
However, in the study by Wang et al[13], the KG of the N,N-
dimethylbutylamine (DMBA)/DEEA biphasic absorbent with high CO2
loading occurred reduction with a rise of temperature. Although various
operation conditions were found to be impact factors that would affect
the KG of biphasic solutions, a comprehensive kinetic analysis on the
influencing mechanism of different operation parameters to the kL
which represents the CO2 absorption mass transfer of biphasic solutions,
remains absent either. A systemic kinetic mechanism guidance for
biphasic absorbents is urgently needed for widespread industrial utili-
zation of biphasic solvents.
Moreover, studies have indicated that the CO2 absorption would

weaken the KG of the biphasic absorbent[14]. Wang et al.[15] investi-
gated the KG of triethylenetetramine (TETA)/DEEA biphasic absorbent
at various CO2 loading in a WWC at 318 K and the KG of solvent at CO2
loading of 1.23 mol/L was 74.5 % lower than that of unloaded solution.
Zhang et al.[12] measured the KG of TETA/DMCA biphasic solvent at
various CO2 loading in 313 K and the KG of solution at 0.75mol CO2/mol
amine was 8.7 % lower than that of solvent at 0.25 mol CO2/mol amine.
Moreover, according to studies about the phase separation mechanism
of physical solvent-based biphasic absorbents, amines in biphasic ab-
sorbents gradually convert to carbamates in the CO2 absorption process,
which exhibit significantly higher polarity in water compared to organic
solvents[16,17]. The polarity difference causes carbamates to prefer-
entially associate with water, while physical solvents gradually precip-
itate at phase separation stage with increasing CO2 loading. Upon
reaching a critical CO2 loading, which was referred to as the phase
separation point, the single-phase solution eventually completes its
separation into biphasic solution including the aqueous and organic
phases, showing differences in amine concentration and phase CO2
loading between each phase after phase separation[17,18]. For instance,
the DETA amine concentration in the aqueous phase of saturated DETA/
diethanolamine(DEA)/N, N-dimethylacetamide(DMAC) biphasic solu-
tion was 1.92 mol CO2/kg (amine + H2O) after phase separation, which
was 6.6 times that of organic phase[19]. The phase separation behavior
of biphasic solvents within absorber could be an essential factor for the
absorption mass transfer process of absorbents and the stability of
absorber[20,21]. Moreover, it would continue to affect the CO2 ab-
sorption kinetics of both the organic and aqueous phases after phase
separation. However, kinetic research on the phase separation behavior
of biphasic solvents, is limited at present.
A typical amide-based biphasic absorbent, DETA/DEA/DMAC/H2O

(2DE1AC) solvent was proposed with the viscosity regulation of DEA on
the DETA/DMAC/H2O(DEAC) solvent in our previous study[19], which
has great potential in CO2 capture for its great superiority in the
reduction of regeneration energy and the enhancement of cyclic ca-
pacity. To reveal the CO2 absorption kinetics of the absorbent. In this
work, DETA/DEA/DMAC was selected as the subject of systemic kinetic
investigation in a WWC. A method for determining the phase separation
point of physical solvent-based biphasic absorbents by measuring the
inflection point of the CO2 absorption reaction rate curve was proposed.
The CO2 absorption kinetic parameters of absorbents were obtained. A
multiple-condition kinetic mechanism for biphasic absorbents consid-
ering various operational conditions including absorption temperature,
gas flow rate, and water content of solutions was built. The kinetic
analysis of 2DE1AC and DEAC biphasic absorbents in the CO2 absorption
process was investigated. The impact of phase separation behavior on

Nomenclature

M The molar concentration (mol/L)
r CO2 absorption rate (mol CO2/kg⋅s)
α The molality (mol/kg)
PCO2* CO2 equilibrium vapor pressure (Pa)
H Henry’s Law constant (Pa⋅cm3⋅mol− 1)
NCO2 CO2 flux (mol/(cm2•s))
q Molar gas flow rate (mol/s)
Q Gas flow rate (L/min)
φ CO2 volume fraction (%)
VM Molar volume of standard gas
KG CO2 overall mass transfer coefficient (mol/(cm2•s•Pa))
Pd Driving force for gas-phase mass transfer (Pa)
kL Liquid film mass transfer coefficient (mol/(cm2•s•Pa))
kg Gas film mass transfer coefficient (mol/(cm2•s•Pa))
Sh Sherwood number

Re Reynolds number
Sc Schmidt numbers
R Ideal gas constant
d Hydraulic diameter of the wetted wall column (cm)
h Height of the wetted wall column (cm)
kL0 Liquid film physical mass transfer coefficient (cm/s)
u Liquid flow rate (cm3/s)
W Circumference of the wetted column (cm)
A Gas-liquid contact area of the wetted wall column (cm2)
ρ Density (g/cm3)
μ Viscosity (cp)
g Gravitational acceleration
D Diffusion coefficient (cm2/s)
E The chemical enhancement factor
Ha The Hatta number
E∞ The infinite enhancement factor
ν The stoichiometric coefficient
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the CO2 absorption kinetics of biphasic solutions was revealed. The CO2
equilibrium partial pressure and Henry’s constants of the biphasic ab-
sorbents under various operating conditions were measured in a Vapor-
liquid equilibria (VLE) setup.
Finally, this study aims to provide an efficient biphasic absorbent

and offer guidance for the design base, as well as the adjustment of
operating conditions in the CO2 chemical absorption process.

2. Experiments

2.1. Material

DMAC(≥99.5 %), DETA(≥99 %), DEA(≥99 %) were all obtained
from Aladdin. Pure CO2, N2, and N2O gases were obtained from Hang-
zhou Jingong GAS Co., Ltd, Hangzhou, China.

2.2. Experimental setup

2.2.1. CO2 absorption experiment
According to Chen et al[19] and Hu et al[22], for physical solvent-

based biphasic absorbents, the CO2 absorption reaction rates rCO2(mol
CO2/kg(amine + H2O)⋅s), which measured the amount of CO2 absorbed
per unit mass of absorbent solution per unit time, as depicted in Eq. S1,
would occur significant decrease at specific CO2 loading which was
exactly the phase separation point of biphasic solvent.
Therefore, using a bubbling reactor column(Fig. S1), the instanta-

neous CO2 absorption rate rCO2 curves of 2DE1AC and DEAC solution
were measured at 303, 313, 323, and 333 K(the measurement process
was provided in the Supplementary Material). The inflection point of the
rCO2 in the absorption process for each solution, indicating the phase
separation points, was determined. As seen in Fig. S2, the phase sepa-
ration point of 2DE1AC and DEAC at various temperatures was 1.39 mol
CO2/kg (amine+ H2O) and 1.48 mol/kg, respectively. At this point, two
immiscible phases were first observed in the 2DE1AC and DEAC solution
during the CO2 absorption process, as seen in Fig. S3 d) and Fig. S4 d).
Additionally, 2DE1AC and DEAC solutions at various CO2 loading in

the CO2 absorption process were prepared by weighing method at 313 K
(the preparation process was provided in the Supplementary Material).
The mass ratio of DETA: DEA: DMAC: H2O in the 2DE1AC solution was
kept at 13 %: 7 %: 40 %: 40 %. The mass ratio of DETA: DMAC: H2O in
the DEAC solution was kept at 20 %: 40 %: 40 %. The states of various
solutions after settling were recorded in Figs. S3 and S4. The phase
separation points for 2DE1AC and DEAC solution were further validated
in the Supplementary Material. The CO2 loading measured by acid-base
titration as well as amine concentration in the aqueous and organic
phases of various solutions obtained using Cation Ion Chromatography
(IC) at 313 K were listed in Table S1 and Table S2.

αCO2 =
mc

MrCO2 • (msol +mc/1000)
(1)

Where αCO2 denotes the CO2 loading of solution, mol CO2/kg (amine
+ H2O), mc represents the change in mass of the absorbent before and
after CO2 absorption, g. msol represents the mass of the solution involved
in the absorption reaction, kg. MrCO2 is the molecular weight of CO2, 44
g/mol.

2.2.2. Wetted-wall column
As seen in Fig. 1, the main setup of the WWC(9) consists of two

layers. The outer layer was used to regulate the temperature stability of
the inner layer using a water bath(10)(at the temperature of 303, 313,
323, and 333 K) and the inner layer was the reaction zone. TheWWC has
a diameter of 1.2 cm, a height of 8.31 cm, and a gas–liquid contact area
of 31.328 cm2. A mixed gas of CO2 and N2, under the control of mass
flow controllers(3) (SEC-E40-V, accuracy 0.5%), passed through a vapor
saturator(4) to form saturated gas with water vapor and subsequently
entered the bottom of theWWC. The CO2 partial pressure was controlled

at 2.03 to 10.13 kPa, while the gas flow rate ranged from 1 to 3 L/min.
The prepared absorbents at different CO2 loading were stored in a tank
(5), totaling 1.5 L. A gear pump(8) was used to pump the solutions to the
WWC continuously to form a uniform liquid film (flow rate of 200 ml/
min). At this point, gas and liquid underwent countercurrent contact in
the WWC, where CO2 absorption reaction and mass transfer occurred.
The CO2 volume fraction in the mixed gas after the reaction was
recorded through a CO2 analyzer(12) (GHX-3010F, accuracy 1 %). The
solutions after the reaction returned to the solution tank(5) via the reflux
pipe(13) to facilitate recycling experiments. The temperature of the
incoming gas and liquid was monitored using two thermocouples.
To simulate the homogeneous state of solutions under flow distur-

bances in the practical absorber. All solutions were maintained in a
homogeneous state under agitation by an overhead stirrer(7) (rotating
at 350 r/min) in the experiments. Among them, for the 2DE1AC and
DEAC mixed solutions at CO2 loading of 1.5 and 1.7 mol/kg after phase
separation, although it would generate immiscible aqueous and organic
phases after settling, it failed to phase splitting under agitation and kept
in homogeneous states, as seen in Fig. S3 g) and i) and Fig. S4 g) and i).
The homogeneous states of solutions after phase separation in the WWC
were verified in the Supplementary Material. The measurement for the
CO2 loading of solution after phase separation was also provided in the
Supplementary Material. The CO2 loading of solutions remained stable
during a batch experiment.
However, it was difficult to maintain the homogeneous state of the

solution at the phase separation point under stirring disturbance. The
solution was found to easily revert from the unstable biphasic state
depicted in Fig. S3 (e) and Fig. S4 (e) back to a single-phase state in
Fig. S3 (c) and Fig. S4 (c). The instability of the solution state could
potentially affect the accuracy of experimental analysis. Therefore, in
this study, the phase separation stage of 2DE1AC and DEAC solutions

Fig. 1. The WWC setup schematics (1) CO2 gas, (2) N2 gas, (3) mass flow
controllers, (4) gas saturation bottle, (5) solution tank, (6) water bath, (7)
agitator, (8) pump, (9) wetted wall column, (10) constant temperature water
bath, (11) drying tube, (12) CO2 analyzer, (13) reflux pipe.
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was established between 1 to 1.5 mol/kg because this range closely
corresponded to the phase separation points of solutions. It can not only
effectively reflect the CO2 absorption mass transfer characteristic at the
phase separation stage of solutions, but also demonstrate good experi-
mental stability, which was advantageous for the kinetic analysis on the
CO2 absorption at phase separation stage. Moreover, CO2 loading from
0 to 1 mol/kg was designated as the before separation stage to ensure
that the solution had not yet undergone phase separation. CO2 loading
from 1.5 to 1.7 mol/kg was identified as the after phase separation stage,
as shown in Fig. S3 and Fig. S4.
The CO2 absorption kinetic parameters of the solutions at CO2

loading of 0, 1, 1.5, and 1.7 mol/kg under various conditions were
measured using theWWC. Subsequently, the solution was separated into
the organic and aqueous phase using a separatory funnel, and their ki-
netic parameters were measured separately at 313 K.

2.2.3. Vapor-liquid equilibria
The Vapor-liquid equilibria (VLE) apparatus schematics is shown in

Fig. 2. The method corresponds to that applied by Sutar et al.[23],
Jagushte and Mahajani[24] and Nath[25].
The volume of reactor(5) Vr and gas vessel(4) Vg is 485 cm3 and 500

cm3, respectively. The volume of the absorbent added, V1, is controlled
within the range of 60–100 ml. The speed of magnetic stirring(6) was
kept at 200 r/min, where the solutions of the biphasic absorbents
remained homogeneous at this speed after phase separation. The tem-
perature inside the reactor and gas vessel was controlled by a constant
temperature water bath(7). The equilibrium vapor pressure PCO2* of
CO2 in the solvent and the N2O Henry’s Law constant, HN2O at various
temperature can be obtained by introducing different gas(CO2 and N2O)
into the VLE device[26].
We measured the CO2 solubility of 30 wt% MEA using the VLE

apparatus in Fig. 2 at 313 K and 373 K, and compared it with literature
data[27–30], as shown in Fig. S6. The experiment data are listed in
Table S7. As seen in Fig. S6, the CO2 solubility in this work is in line with
the published data, especially in the CO2 partial pressure range of
(3–150) kPa. Thus, the VLE setup and experimental method are reliable.

2.3. Dynamics parameters

2.3.1. Kinetic parameters
The CO2 flux NCO2 (mol/(cm2•s)) entering the absorbent solution per

unit time in the WWC can be calculated using Eq. (2):

NCO2 =
qCO2,in − qCO2,out

A
(2)

Where A represents the gas–liquid contact area of the WWC. qCO2,in

and qCO2,out denote the inlet and outlet CO2 flow rates of the WWC,
respectively, mol/s. These values are calculated according to Eq. (3) and
(4).

qCO2,in =
Qgas

60 • VM
•
Ts

Ti
• φCO2,in (3)

qCO2,out =
(100 − φCO2,in) • Qgas

(100 − φCO2,out) • VM • 60
•
Ts

Ti
• φCO2,out (4)

φ(CO2,in) and φ(CO2,out) denote the CO2 volume fraction of the mixture
gas entering and exiting the WWC, respectively, %. Qgas denotes the gas
flow rate at the inlet of the WWC, L/min. VM represents the ideal gas
molar volume at standard condition, which is 22.4 L/mol, Ts represents
standard condition temperature, 273 K.Ti denotes absorption tempera-
ture, K.
The CO2 overall mass transfer coefficient KG (mol/(cm2•s•Pa)) for

the WWC can be calculated using Eq. (5).

KG =
NCO2

Pd
(5)

Where Pd is the driving force for gas-phase mass transfer, calculated
by Eq. (6).

Pd =
(Pin − P*CO2) − (Pout − P*CO2)

In( Pin − P*CO2
Pout − P*CO2

)
(6)

Pin and Pout represents the inlet and outlet CO2 partial pressures in
the WWC, calculated by Eq. (7).

Pin(out) = P • φCO2,in(out) (7)

P is the total gas pressure, set to 1 atm in the experiment. P*CO2 rep-
resents the CO2 equilibrium partial pressure of each solution under
different conditions, obtained from the VLE experiment in Pa (The P*CO2
of the unloaded solution is 0 Pa).
Using the WWC apparatus, CO2 absorption mass transfer of 30 %

MEA was measured to validate the experimental method, as depicted in
Fig. 3.
As shown in Fig. 3, the relative error of CO2 flux under each driving

force was within 3 % compared with the data from the literature[30],
indicating the correctness of the experimental method.
According to the two-film theory[31], in theWWC, the gas phase and

the liquid phase counter-currently contact each other, forming gas and

Fig. 2. The Vapor-liquid equilibria (VLE) apparatus schematics (1) N2O gas, (2)
CO2 gas, (3) mass flow controllers, (4) gas vessel, (5) reactor, (6) magnetic
stirring, (7) constant temperature water bath.

Fig. 3. Validation of CO2 absorption in 30 % MEA under different driving force
measured by the WWC at 313 K.
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liquid films on both sides of the gas–liquid contact surface. CO2 initially
diffuses from the gas phase to the gas film. The majority of CO2 is sub-
sequently rapidly consumed by chemical reaction with the absorbent
near the liquid film area, while a small portion of CO2 and reaction
products diffuse from the liquid film and enter the liquid phase. Due to
the large Qgas and volume of the solution, the composition of the gas and
liquid bulks (i.e., the absorption solution) can be considered constant in
the experiment. The KG is composed of the liquid film mass transfer
coefficient kL (mol/(cm2•s•Pa)) and the gas film mass transfer coeffi-
cient kg (mol/(cm2•s•Pa)), as shown in Eq.8.

1
KG

=
1
kL

+
1
kg

(8)

The kg represents the diffusion mass transfer process of CO2 from the
gas phase to the gas film, which is decided by the geometric dimensions
of the WWC equipment and the gas flow rate, which can be obtained
from Eq. (9) and Eq.10[32].

Sh = 1.075
(

Re⋅Sc⋅
d
h

)0.85

(9)

Sh =
kg⋅R⋅T⋅d
DCO2,g

(10)

Sh is Sherwood number. Where d and h are the hydraulic diameter
and height of the WWC, cm. R denotes ideal gas constant, 8.314 J/
(mol⋅K). T is the temperature of gas, K. DCO2,g represents the CO2
diffusion coefficient in the gas phase, cm2/s. Re and Sc are Reynolds and
Schmidt numbers, respectively, as depicted in Supplementary Material.
The kL represents the absorption mass transfer process of CO2

through the gas film into the liquid film of the absorbent which com-
prises chemical reaction and physical diffusion, as depicted in Eq. (11)
[33]. The chemical reaction is influenced by the reaction characteristics
of the absorbent composition, while physical diffusion is affected by the
physical properties of the absorbent, Qgas, as well as the geometric di-
mensions of the WWC.

kL =
E⋅k0L

HCO2,sol
(11)

Where kL0 represents the liquid film physical mass transfer coeffi-
cient, cm/s, as depicted in Eq. (12)[31]. E denotes the chemical
enhancement factor. HCO2,sol represents the Henry’s constant of CO2 in
different absorbents under various conditions, Pa•cm3/mol, and ob-
tained from VLE experiments.

k0L = (
3
1
3 • 2

1
2

π
1
2

) • (
u
1
3
l • h

1
2 •W

2
3

A
) • (

ρg
μ )
1
6 • D

1
2
CO2,sol (12)

Where ul represents the solution flow rate. W represents the
circumference of the wetted column. ρ denotes the density of solutions,
measured by the Kyoto Electronics Manufacturing DA-130 N with a
density accuracy of 0.001 g/cm3. μ denotes the viscosity of solutions,
measured by a digital rotational viscometer (DV-II+Pro, accuracy of 1
%). g denotes the gravitational acceleration. DCO2,sol represents the CO2
diffusion coefficient in the solution.
The chemical enhancement factor E is related to the Hatta number

(Ha) and the infinite enhancement factor (E∞), which can be obtained
using Eq. (13) and (14)[34].

Ha =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
rCO2DCO2,sol

αCO2

√

k0L
(13)

E∞ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
DCO2,sol

DR,sol

√

• (1+
DR,sol

DCO2,sol
•
HCO2,sol • αR,sol • ρsol

νR • Pd
) (14)

Where DR,sol is the diffusion coefficient of the absorption reaction
product in the solvent, cm2/s. αR,sol is the concentration of the absorption
reaction product in the solvent, respectively, mol/kg. ρsol is the density
of the solvent. νR is the stoichiometric coefficient of the absorption re-
action product.
When 3 < Ha≪E∞, the pseudo-first-order reaction can be employed

to describe the CO2 absorption process of absorbents[35]. In this case, E
is equal to Ha[36,37]. Eq. (11) can be simplified to:

kL =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
rCO2DCO2,sol

αCO2

√

HCO2,sol
(15)

2.3.2. Diffusion coefficient
The CO2 diffusion coefficient in the solvent is dependent on the

viscosity of the absorbent and temperature and can be calculated using
Eq. (16)[26]. The CO2 diffusion coefficient in the water at various
temperatures can be obtained by Eq. (17).

DCO2,sol = DCO2,water • (
μw

μ )
0.8 (16)

DCO2,water = 2.35× 10− 6exp(− 2119/T) (17)

2.4. CO2 physical solubility

Since the reaction rate between CO2 and absorbents was rapid, the
N2O analogy method[38] was employed to obtain the Henry’s Law
constant of CO2 at different temperatures, which can be obtained using
Eq. (18).

HCO2 ,sol = HN2O,sol(
HCO2 ,water
HN2O,water

) (18)

HN2O,sol can be obtained from VLE experiments. The Henry’s Law
constants for CO2 and N2O in water are as follows[39]:

HCO2 ,water = 2.82× 106exp(-2044/T) (19)

HN2O,water = 8.55× 106exp(-2284/T) (20)

3. Results and discussion

3.1. CO2 overall mass transfer coefficient of 2DE1AC solution

The CO2 overall mass transfer coefficient(KG) of the unloaded
2DE1AC solution was measured. Compared the KG of 2DE1AC solution
with two types of lipophilic biphasic absorbents (DMBA/DEEA[13] and
DETA/DEEA[11] solutions), traditional 30 wt% MEA[40] solution,
MEA/DEEA blended solution[41] and conventional K2CO3 solution[42].
As seen in Fig. 4, the KG of the 2DE1AC solvent was the highest among all
biphasic absorbents, being 2–3 times that of other solutions. The KG of
the 2DE1AC solvent was 2.7 times that of the 2 M(mol amine/L(amine+
H2O)) DMBA/4M DEEA solution. Additionally, the KG of the 2DE1AC
solution was 15.0 % and two times higher than that of the 3 MMEA/3M
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DEEA blended amine solution and 40 % K2CO3 solution, respectively,
indicating that the 2DE1AC solvent has outstanding mass transfer per-
formance in the CO2 chemical absorption. Limited by the relatively low
original amine concentration of the solution, the KG of the unloaded
2DE1AC solvent was 12.7 % lower than that of the 30 % MEA solution.

3.2. Multiple-condition kinetic mechanism for biphasic absorbent

To provide guidance for adjusting operating parameters and
ensuring the efficient CO2 absorption mass transfer performance of the
absorbent, various operational conditions were taken into account to
build a multiple-condition kinetic mechanism in this section.

3.2.1. Kinetic mechanism of temperature on absorption mass transfer
To investigate the influence of absorption temperature on the CO2

absorption mass transfer process of biphasic absorbents, this study
selected 303, 313, 323, and 333 K as the absorption temperatures for
DEAC and 2DE1AC absorbents under different CO2 loadings. The liquid
filmmass transfer coefficient(kL) of each solution at various CO2 loading

was measured, as shown in Fig. 5. Relevant kinetic parameters are listed
in Table 1. The kg and PCO2* of various solutions under different con-
ditions in this work were listed in the Supplementary Material.
As seen in Fig. 5, it was indicated that for various solutions, the kL

increased gradually with a rise in temperature. For example, when the
CO2 loading was 0 mol/kg, an increase of the temperature from 303 K to
333 K led to a 56.3 % and 75.8 % significant enhancement in kL for the
2DE1AC and DEAC solutions, respectively.
Analyzed from Table 1, it was found that, for most solutions, the

reason for enhanced kL lay in a rise in both kL0 and E with increasing
temperature. However, it was noteworthy that for 2DE1AC and DEAC at
CO2 loading of 1 mol/kg, the enhancement effect of rising temperature
on E from 323 to 333 K occurred a slight decrease compared with that on
E from 303 to 313 K. Specially, rising temperature from 303 to 313 K led
to a 5.8 % and 4.2 % improvement in E for 2DE1AC and DEAC solution
at CO2 loading of 1 mol/kg, while rising temperature from 323 to 333 K
led to a 4.2 % and 3.1 % enhancement in E for 2DE1AC and DEAC so-
lutions, respectively. Moreover, when the CO2 loading reached 1.5 mol
CO2/kg(amine + H2O) and 1.7 mol/kg, increasing temperature even led
to a reduction in E for 2DE1AC and DEAC solution, indicating that the
CO2 chemical mass transfer of solutions deteriorated with rising tem-
perature. For instance, the E for the 2DE1AC solution at CO2 loading of
1.7 mol/kg under 333 K was 25.5 % lower than that of solution under
323 K. For the DEAC mixed solution at CO2 loading of 1.5 and 1.7 mol/
kg, increasing temperature from 303 to 333 K continuously deteriorated
the chemical mass transfer process of the solution, resulting in E for
DEAC solutions at CO2 loading of 1.5 and 1.7 mol/kg at 333 K being
21.5 % and 24.4 % lower than that of DEAC at CO2 loading of 1.5 and
1.7 mol/kg under 303 K, respectively.
Therefore, it was revealed that when the kL0 maintained an upward

trend with a rise in temperature, the strengthening effect of increasing
temperature on the chemical mass transfer gradually weakened, or even
reversed with increasing CO2 loading. It would weaken the improve-
ment effect of rising temperature on the CO2 absorption mass transfer
process of biphasic absorbent, especially in high-loading solutions
[11,13]. For example, when the CO2 loading reached 1.7 mol/kg, the
enhancement effect of increasing temperature from 303-333 K only led
to a 7.1 % and 13.5 % increase on the kL for the 2DE1AC and DEAC
solutions, respectively, which was significantly weaker than that on kL
for 2DE1AC and DEAC unloaded solutions.

Fig. 4. CO2 overall mass transfer coefficients of various unloaded solutions at
313 K(gas flow rate at 3 L/min).

Fig. 5. The liquid film mass transfer coefficient of various solutions under different temperatures (gas flow rate at 3 L/min) (a) 2DE1AC solution (b) DEAC solution.
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3.2.2. Kinetic mechanism of gas flow rate on absorption mass transfer
Gas flow rate can be one of the important factors that may influence

the kL of biphasic absorbents. This study selected 1, 2, 3, and 4 L/min as
Qgas for DEAC and 2DE1AC absorbents under different CO2 loadings and
the kL of each solution was measured.
As shown in Fig. 6, Table 1, and Table S3, it can be observed that for

both 2DE1AC and DEAC solutions, the kL kept increasing with a rise of
Qgas, which was mainly attributed to the improvement of both E and kg
for each solution. When CO2 loading was 0 mol/kg, increasing Qgas from

1 to 4 L/min led to a 61.9 % and 47.9 % significant enhancement in kL
for the 2DE1AC and DEAC solutions, respectively. However, as seen in
Fig. 6, the enhancement effect of increasing Qgas from 3 to 4 L/min on
the kL of various 2DE1AC and DEAC solutions was limited, leading to the
steady kL between solutions at Qgas of 3 L/min and 4 L/min.
Additionally, analyzed from Table 1, the enhancement effect of ris-

ing Qgas on the kL of 2DE1AC and DEAC solution diminished with
increasing CO2 loading. For instance, at CO2 loading of 1.5 mol/kg,
increasing Qgas from 1 to 4 L/min led to a 42.8 % and a 34.8 % increase

Table 1
CO2 absorption kinetic parameters of 2DE1AC and DEAC absorbent. 2DE1AC:

CO2 a T Qgas KG kL kL0 ρ μ DCO2,soln HCO2,soln E

(mol/kg) (K) (L/min) (mol⋅cm− 2⋅s− 1⋅Pa− 1) (cm/s) (g/cm3) (cp) (cm2/s) (Pa⋅cm3⋅mol− 1)
0 303 3 1.54E-10 1.60E-10 4.15E-03 1.020 6.47 4.05E-06 1.80E+09 65.6
0 313 3 1.90E-10 1.99E-10 5.22E-03 1.020 4.57 5.71E-06 1.83E+09 70.0
0 323 3 2.25E-10 2.38E-10 6.24E-03 1.020 3.53 7.51E-06 2.67E+09 102.0
0 333 3 2.35E-10 2.50E-10 7.58E-03 1.020 2.98 1.47E-05 3.53E+09 117.4
0 313 1 1.17E-10 1.26E-10 5.22E-03 1.020 4.57 5.71E-06 1.83E+09 44.3
0 313 2 1.71E-10 1.81E-10 5.22E-03 1.020 4.57 5.71E-06 1.83E+09 63.5
0 313 4 1.96E-10 2.04E-10 5.22E-03 1.020 4.57 5.71E-06 1.83E+09 71.5
1 303 3 1.08E-10 1.11E-10 3.30E-03 1.056 9.81 2.91E-06 1.80E+09 59.0
1 313 3 1.39E-10 1.44E-10 4.20E-03 1.056 6.77 4.17E-06 1.83E+09 62.4
1 323 3 1.45E-10 1.50E-10 5.21E-03 1.056 4.91 5.77E-06 2.67E+09 76.8
1 333 3 1.48E-10 1.54E-10 6.80E-03 1.056 3.65 8.90E-06 3.53E+09 80.0
1 313 1 8.78E-11 9.28E-11 4.20E-03 1.056 6.77 4.17E-06 1.83E+09 40.4
1 313 2 1.24E-10 1.29E-10 4.20E-03 1.056 6.77 4.17E-06 1.83E+09 56.2
1 313 4 1.44E-10 1.48E-10 4.20E-03 1.056 6.77 4.17E-06 1.83E+09 64.4
1.5 303 3 2.78E-11 2.80E-11 2.35E-03 1.084 17.97 1.79E-06 1.80E+09 21.3
1.5 313 3 3.53E-11 3.56E-11 2.94E-03 1.084 12.80 2.50E-06 1.83E+09 22.2
1.5 323 3 3.68E-11 3.71E-11 3.67E-03 1.084 9.18 3.50E-06 2.67E+09 27.0
1.5 333 3 3.70E-11 3.74E-11 5.04E-03 1.084 6.25 5.79E-06 3.53E+09 26.2
1.5 313 1 2.53E-11 2.57E-11 2.94E-03 1.084 12.80 2.50E-06 1.83E+09 16.0
1.5 313 2 3.20E-11 3.23E-11 2.94E-03 1.084 12.80 2.50E-06 1.83E+09 22.0
1.5 313 4 3.64E-11 3.67E-11 2.94E-03 1.084 12.80 2.50E-06 1.83E+09 22.9
1.7 303 3 2.25E-11 2.26E-11 2.17E-03 1.089 20.76 1.60E-06 1.80E+09 18.8
1.7 313 3 2.31E-11 2.32E-11 2.85E-03 1.089 13.56 2.39E-06 1.83E+09 14.9
1.7 323 3 2.38E-11 2.39E-11 3.38E-03 1.089 10.62 3.11E-06 2.67E+09 23.6
1.7 333 3 2.41E-11 2.42E-11 4.54E-03 1.089 7.52 4.99E-06 3.53E+09 18.8
1.7 313 1 1.70E-11 1.72E-11 2.85E-03 1.089 13.56 2.39E-06 1.83E+09 11.0
1.7 313 2 1.81E-11 1.82E-11 2.85E-03 1.089 13.56 2.39E-06 1.83E+09 11.7
1.7 313 4 2.33E-11 2.34E-11 2.85E-03 1.089 13.56 2.39E-06 1.83E+09 15.0

DEAC:
CO2 a T Qgas KG kL kL0 ρ μ DCO2,soln HCO2,soln E

(mol/kg) (K) (L/min) (mol⋅cm− 2⋅s− 1⋅Pa− 1) (cm/s) (g/cm3) (cp) (cm2/s) (Pa⋅cm3⋅mol− 1)
0 303 3 1.55E-10 1.61E-10 4.12E-03 1.017 6.53 4.02E-06 2.39E+09 93.4
0 313 3 1.97E-10 2.07E-10 5.17E-03 1.017 4.63 5.65E-06 2.54E+09 101.9
0 323 3 2.40E-10 2.55E-10 6.20E-03 1.017 3.57 7.44E-06 2.67E+09 110.0
0 333 3 2.64E-10 2.83E-10 7.59E-03 1.017 2.98 1.05E-05 3.13E+09 116.8
0 313 1 1.32E-10 1.44E-10 5.17E-03 1.017 4.63 5.65E-06 2.54E+09 70.7
0 313 2 1.78E-10 1.89E-10 5.17E-03 1.017 4.63 5.65E-06 2.54E+09 92.7
0 313 4 2.04E-10 2.13E-10 5.17E-03 1.017 4.63 5.65E-06 2.54E+09 104.5
1 303 3 1.16E-10 1.19E-10 3.18E-03 1.054 10.46 2.76E-06 2.39E+09 90.1
1 313 3 1.47E-10 1.52E-10 4.13E-03 1.054 6.97 4.07E-06 2.54E+09 93.8
1 323 3 1.70E-10 1.77E-10 4.62E-03 1.054 6.06 4.87E-06 2.67E+09 102.2
1 333 3 1.72E-10 1.80E-10 5.36E-03 1.054 5.56 6.36E-06 3.13E+09 105.4
1 313 1 1.02E-10 1.09E-10 4.13E-03 1.054 6.97 4.07E-06 2.54E+09 67.2
1 313 2 1.41E-10 1.45E-10 4.13E-03 1.054 6.97 4.07E-06 2.54E+09 90.4
1 313 4 1.50E-10 1.55E-10 4.13E-03 1.054 6.97 4.07E-06 2.54E+09 95.3
1.5 303 3 7.51E-11 7.65E-11 2.46E-03 1.075 16.55 1.91E-06 2.39E+09 74.5
1.5 313 3 7.60E-11 7.74E-11 2.78E-03 1.075 14.07 2.32E-06 2.54E+09 70.6
1.5 323 3 8.83E-11 9.03E-11 3.65E-03 1.075 9.25 3.48E-06 2.67E+09 66.0
1.5 333 3 8.90E-11 9.10E-11 4.65E-03 1.075 7.20 5.17E-06 3.13E+09 61.3
1.5 313 1 5.68E-11 5.89E-11 2.78E-03 1.075 14.07 2.32E-06 2.54E+09 51.7
1.5 313 2 6.95E-11 7.11E-11 2.78E-03 1.075 14.07 2.32E-06 2.54E+09 64.8
1.5 313 4 7.81E-11 7.94E-11 2.78E-03 1.075 14.07 2.32E-06 2.54E+09 72.4
1.7 303 3 6.05E-11 6.14E-11 2.03E-03 1.080 23.14 1.46E-06 2.39E+09 72.3
1.7 313 3 6.73E-11 6.84E-11 2.65E-03 1.080 15.34 2.17E-06 2.54E+09 65.4
1.7 323 3 6.81E-11 6.93E-11 2.99E-03 1.080 13.14 2.62E-06 2.67E+09 61.8
1.7 333 3 6.85E-11 6.97E-11 3.75E-03 1.080 10.50 3.83E-06 3.13E+09 58.1
1.7 313 1 5.15E-11 5.32E-11 2.65E-03 1.080 15.34 2.17E-06 2.54E+09 50.7
1.7 313 2 6.34E-11 6.47E-11 2.65E-03 1.080 15.34 2.17E-06 2.54E+09 61.9
1.7 313 4 6.91E-11 7.01E-11 2.65E-03 1.080 15.34 2.17E-06 2.54E+09 67.0

a mol CO2/kg (amine + water).
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in kL for 2DE1AC and DEAC, which was weaker than that in the kL for the
2DE1AC and DEAC unloaded solutions. When the CO2 loading reached
1.7 mol/kg, the enhancement effect of increasing Qgas from 1 to 4 L/min
only led to a 36.0 % and 31.8 % increase on the kL for the 2DE1AC and
DEAC solutions, respectively. It was indicated that the reason lay in the
fact that the enhancement effect of increasing Qgas on the chemical mass
transfer process in the liquid film gradually weakened for high-loading
solutions, leading to a deterioration of the rise in E with increasing
gas flow rate. In this case, when the CO2 loading was 0 mol/kg, the E of
2DE1AC and DEAC solutions increased by 61.4 % and 47.8 %, respec-
tively, as the gas flow rate rose from 1 to 4 L/min. However, when the
CO2 loading was 1.7 mol/kg, the enhancement effect of increasing Qgas
from 1 to 4 L/min on the E for the 2DE1AC and DEAC solutions
decreased to 36.4 % and 32.1 %, respectively. As a result, the sensitivity
of the kL to Qgas gradually decreased with increasing CO2 loading.
In conclusion, for the adjustment of absorption temperature as well

as gas flow rate, biphasic solutions at relatively low CO2 loading within
absorber would be easier to regulate the absorption performance, which
is advantageous for the operation efficiency.

3.2.3. Kinetic mechanism of solution water content on absorption mass
transfer
To analyze the kinetic impact mechanism of water content on the

CO2 absorption mass transfer of 2DE1AC biphasic absorbents at various
CO2 loading. In this section, the mass ratio of H2O in the 2DE1AC so-
lution is altered (with initial amine concentrations of DETA and DEA
unchanged), resulting in DETA/DEA/DMAC(50 wt%)/H2O(30 wt%)
and DETA/DEA/DMAC(30 wt%)/H2O(50 wt%) biphasic solvents as
well as DETA/DEA aqueous solution. The kL of each solution at various
CO2 loading was measured, as indicated in Fig. 7. Relevant kinetic pa-
rameters are listed in Table 2.
As seen in Fig. 7, when the water content decreased from 40 % to 30

% in the 2DE1AC biphasic solvent, the kL of the solution showed a slight
decrease at various CO2 loading. Meanwhile, increasing water content
from 40 % to 50 % decreased kL for 2DE1AC at 0 and 1 mol/kg CO2
loading, while slightly enhancing the kL in the solution at CO2 loading
reached 1.5 and 1.7 mol/kg. The opposite impact of increasing water
mass ratio on the kL of the 2DE1AC solution at different CO2 loading
persisted until the 2DE1AC transformed into DETA/DEA aqueous
solution.
As indicated in Fig. 8, it can be observed that for the DETA/DEA/

DMAC biphasic solvents, a rise in water mass ratio resulted in higher kL0

values and lower E values at various CO2 loadings. It can be revealed
that for amide-based biphasic absorbents, an increase in water content
can enhance the physical mass transfer process, which was associated
with a decrease in solution viscosity and an increase in CO2 diffusion
coefficients in the solutions, as seen in Table 2. On the other hand,
increasing water content would deteriorate the chemical mass transfer
in the liquid film between the absorbent and CO2 and lead to lower E.
Therefore, when the water content of the solution decreased from 40

% to 30 %, the physical mass transfer process in the 2DE1AC solution at
CO2 loadings of 0 and 1 mol/kg was weakened, leading to a decrease of
15.3 % and 20.5 % in kL0 for each solution, respectively. However, the E
of 2DE1AC only increased by 4.6 % and 9.8 % in this case compared to
DETA/DEA/DMAC (50 wt%)/H2O (30 wt%) at CO2 loadings of 0 and 1
mol/kg, respectively. Moreover, when the CO2 loading reached 1.5 and
1.7 mol/kg, CO2 absorption led to a decrease in the concentration of
active amines in the solution, resulting in relatively low E values [14]. At
this moment, a decrease in water content from 40% to 30% only led to a
9.9 % and 10.1 % increase in E for the 2DE1AC at CO2 loading of 1.5 and

Fig. 6. The liquid film mass transfer coefficient of various solutions under different gas flow rate at 313 K (a) 2DE1AC solution (b) DEAC solution.

Fig. 7. The liquid film mass transfer coefficients of DETA/DEA/DMAC biphasic
solutions with different water mass ratio and DETA/DEA aqueous solution at
313 K(gas flow rate at 3 L/min).
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1.7 mol/kg, respectively, while it still notably weakened the physical
mass transfer process, resulting in a 19.7 % and 21.8 % decrease in kL0 for
2DE1AC solution at CO2 loading of 1.5 and 1.7 mol/kg, respectively.
Therefore, for 2DE1AC solution at various CO2 loading, the weakening
effect of decreasing water content on the CO2 absorption physical mass
transfer process dominated the variation in kL of the 2DE1AC solution,
leading to a slight decrease in kL for the solution. For instance, at CO2
loading of 0 and 1 mol/kg, the kL of DETA/DEA/DMAC(50 wt%)/H2O
(30 wt%) was 2.1 % and 4.3% lower than that of 2DE1AC at CO2 loading
of 0 and 1 mol/kg, respectively.
As the water content gradually increased in the 2DE1AC solution, the

kL0 of various 2DE1AC solutions was enhanced, as observed in Fig. 8.
Among them, the kL0 in the DETA/DEA/DMAC (30 wt%)/H2O (50 wt%)
solution at CO2 loadings of 0 and 1 mol/kg was 9.9 % and 18.3 % higher
than that in the 2DE1AC, respectively. However, rising water content
from 40 % to 50 % exhibited great weakening effect on the E of 2DE1AC
at CO2 loadings of 0 and 1 mol/kg, leading to a decrease of 12.9 % and
24.7 % at each 2DE1AC solution, respectively. In this case, the variation
in kL of 2DE1AC at CO2 loading of 0 and 1 mol/kg was primarily
influenced by the weakening impact of rising water content on the CO2
chemical absorption mass transfer, resulting in a 17.1 % and 22.9 %
decrease for the kL of each solution as water mass ratio increased from
40 % to 50 %. Moreover, the kL of the DETA/DEA aqueous solution was

32.7 % lower than that of 2DE1AC solution.
Therefore, for the 2DE1AC solution at CO2 loadings of 0 and 1 mol/

kg which commonly encountered in absorber, fluctuation of solution
water content in industrial operations, whether decreased or increased,
would weaken the CO2 absorption mass transfer for biphasic solvents.
Thus, to avoid the deterioration in the absorption performance of ab-
sorbents, measures should be taken to maintain steady water content in
the circulation system of the absorbent.
When CO2 loading reached 1.5 and 1.7 mol/kg, a decrease in the

concentration of active amines in the solution led to lower E values. As
shown in Fig. 8, at this point, the weakening effect of increasing water
content on E gradually diminished. Specifically, a rise in water content
from 40 % to 50 % resulted in a decrease of 8.1 % and 4.7 % in E for the
2DE1AC solution at 1.5 and 1.7 mol/kg, respectively. At the same time,
the difference of kL0 between the 2DE1AC and DETA/DEA/DMAC(30 wt
%)/H2O(50 wt%) further widened. An increase in solution water con-
tent from 40 % to 50 % resulted in a significant strengthening effect of
45.2 % and 39.6 % in kL0 for the 2DE1AC solution at CO2 loadings of 1.5
and 1.7 mol/kg, respectively. Therefore, for high-loading 2DE1AC so-
lutions, the primary factor influencing kL variation shifted to the
enhancement impact in CO2 absorption physical mass transfer with
increasing water content. At this stage, the variation trend of kL for
2DE1AC solutions at CO2 loading of 0 and 1 mol/kg as water content

Table 2
CO2 absorption kinetic parameters of aqueous DEAC and 2DE1AC solution at 313 Ka.

CO2
(mol/kg)

KG kL kL0

(cm/s)
ρ
(g/cm3)

μ
(cp)

DCO2,soln
(cm2/s)

HCO2,soln
(Pa⋅cm3⋅mol− 1)

E
(mol⋅cm− 2⋅s− 1⋅Pa− 1)

DETA/DEA/DMAC(50 %)/H2O(30 %)
0 1.86E-10 1.95E-10 4.42E-03 1.025 5.26 4.52E-06 1.66E+09 73.2
1 1.34E-10 1.38E-10 3.34E-03 1.058 7.12 3.02E-06 1.66E+09 68.5
1.5 3.44E-11 3.47E-11 2.36E-03 1.087 18.78 1.84E-06 1.66E+09 24.4
1.7 2.19E-11 2.20E-11 2.23E-03 1.093 20.96 1.69E-06 1.66E+09 16.4

DETA/DEA/DMAC(30 %)/H2O(50 %)
0 1.59E-10 1.65E-10 5.74E-03 1.017 3.85 6.55E-06 2.13E+09 61.0
1 1.08E-10 1.11E-10 4.97E-03 1.053 5.01 5.30E-06 2.13E+09 47.0
1.5 4.05E-11 4.09E-11 4.27E-03 1.076 6.60 4.25E-06 2.13E+09 20.4
1.7 2.63E-11 2.65E-11 3.98E-03 1.087 7.51 3.84E-06 2.13E+09 14.2

DETA/DEA/H2O
0 1.45E-10 1.50E-10 8.37E-03 1.014 1.98 1.11E-05 2.51E+09 45.0
1 6.74E-11 6.85E-11 7.73E-03 1.051 2.30 9.89E-06 2.51E+09 22.2
1.5 5.72E-11 5.80E-11 7.63E-03 1.075 2.37 9.65E-06 2.51E+09 19.1
1.7 3.00E-11 3.02E-11 7.59E-03 1.085 2.40 9.56E-06 2.51E+09 12.0

a kg = 4.12E-9 mol⋅cm− 2⋅s− 1⋅Pa− 1.

Fig. 8. The liquid film mass transfer process of the DETA/DEA/DMAC biphasic solutions with different water mass ratio and DETA/DEA aqueous solution at 313 K
(gas flow rate at 3 L/min) (a) The chemical enhancement factor of various solutions, (b) The liquid film physical mass transfer coefficient of various solutions.
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increased from 40% to 50% reversed, showed an increase of 14.9 % and
14.2 % in the 2DE1AC solution at CO2 loadings of 1.5 and 1.7 mol/kg,
respectively. Additionally, the kL of DETA/DEA aqueous solution was
32.7 % and 62.9 % higher than that of 2DE1AC solution at CO2 loading
of 1.5 and 1.7 mol/kg.

3.3. Kinetic analysis of 2DE1AC and DEAC solution in the CO2
absorption process

The CO2 absorption behavior of biphasic solvents varied as CO2
loading increased. To analyze the kinetic characteristics of biphasic
absorbents in the CO2 absorption process, especially the impact of phase
separation behavior on the absorption kinetics of biphasic absorbents
and relevant mechanisms, the analysis in this section was divided into
two parts: kinetic analysis on the overall CO2 absorption process and
kinetic analysis on the phase separation behavior of biphasic absorbents.

3.3.1. Kinetic analysis on the overall CO2 absorption process
The liquid film mass transfer coefficient(kL) of 2DE1AC and DEAC

mixed solutions under different CO2 loading were investigated in Fig. 9.
Overall, the kL of the absorbent gradually decreased with increasing

CO2 loading. During the transition from 0 to 1.7 mol/kg of CO2 loading,
the kL of 2DE1AC and DEAC solutions significantly decreased by 88.3 %
and 67.0 %, respectively.
Analyzed from Table 1, it was mainly due to the decrease in the kL0

and E of the absorbent, which was associated with the rising viscosity,
weakening CO2 diffusion coefficient, and deteriorating reactivity of
DETA and DEA amine species in 2DE1AC and DEAC solutions with
increasing CO2 loading. Specially, for 2DE1AC solution, the kL0 and E
decreased by 45.4 % and 78.7 % in the CO2 absorption process from 0 to
1.7 mol/kg, respectively. For DEAC solution, the kL0 and E decreased by
48.7 % and 35.8 % in the CO2 absorption process from 0 to 1.7 mol/kg,
respectively.
Moreover, for the DEAC and 2DE1AC systems, DETA, as a tertiary

amine with three amino groups, had a stronger CO2 absorption capacity
than DEA. Consequently, under the same CO2 loading, DEAC solutions
exhibited higher E values than 2DE1AC solutions, while kL0 values were
relatively close, which resulted in lower kL values for 2DE1AC solutions
compared to DEAC solutions.

3.3.2. Kinetic analysis on the phase separation behavior of biphasic
absorbents
As seen in Fig. 9, it was found that the kL of 2DE1AC and DEAC

decreased sharply at the CO2 loading of 1 to 1.5 mol/kg, which was
exactly the phase separation stage of 2DE1AC and DEAC in the CO2
absorption process. To reveal the CO2 absorption kinetic characteristics
of biphasic absorbents, the kL of various types of solutions including
single amine solution, blended amine solution, and biphasic solvents,
were obtained in Fig. 10.
As seen in Fig. 10, for unloaded solutions, the kL of 2DE1AC and

DEAC was higher than that of DETA/H2O and DETA/DEA blended
amine solutions. With a rise in CO2 loading, CO2 absorption gradually
weakened the kL of various absorbents. However, as indicated in Fig. 10,
the slope of the kL-CO2 loading curves of 2DE1AC and DEAC biphasic
absorbents at the phase separation stage was much higher than that of
30 wt% MEA, DETA and DETA/DEA aqueous solution. It was revealed
that the weakening effect of CO2 absorption on the kL of biphasic ab-
sorbents at phase separation stage was significantly stronger than that
on the single amine as well as blended amine solutions whose the rate of
decrease in kL remained relatively stable as CO2 loading increased. It led
to greater deterioration in kL of 2DE1AC and DEAC biphasic solvents,
resulting in the kL of 2DE1AC and DEAC being surpassed by DETA/DEA
and DETA aqueous solutions, respectively. After phase separation, the
rate at which kL decreased with increasing CO2 loading gradually slowed
down compared to that at the phase separation stage for both 2DE1AC
and DEAC.
Therefore, phase separation behavior was assumed to be the main

blame for the deterioration of the kL for biphasic absorbents in the whole
CO2 absorption process. Specially, analyzed from Table 1, it was indi-
cated that the kL of 2DE1AC mixed solution at CO2 loading of 1 mol/kg
significantly decreased by 75.3 % at phase separation stage, while it
reduced by 27.6 % and 34.8 % at before and after phase separation
stage, respectively. Likewise, for DEAC solutions, the kL of absorbent at
CO2 loading of 1 mol/kg decreased by 49.1 % at phase separation stage,
while it reduced by 26.6 % and 11.6 % at before and after phase sepa-
ration stage.
Analyzed from Table 1, it was indicated that the main reason for this

phenomenon was the weakening effect of CO2 loading variation on the
both liquid film physical and chemical mass transfer of the solution
significantly enhanced during phase separation. For the 2DE1AC solu-
tion, before phase separation, a rise in CO2 loading from 0 to 1 mol/kg
led to a decrease of 19.5 % and 10.9 % in kL0 and E of solution, respec-
tively, whereas during the phase separation stage, the decreases in kL0

Fig. 9. The liquid film mass transfer coefficients of 2DE1AC and DEAC solution
at different CO2 loading at 313 K (gas flow rate at 3 L/min).

Fig. 10. The liquid film mass transfer coefficients of various solutions in
different CO2 loading at 313 K (gas flow rate at 3 L/min).
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and E of 2DE1ACwith a rise in CO2 loading from 1 to 1.5 mol/kg jumped
to 30.0 % and 64.4 %, respectively. Similarly, for the DEAC solution,
before phase separation, the decrease in kL0 and E was 20.1 % and 7.9 %,
respectively, whereas during the phase separation stage, these decreases
increased to 32.7 % and 24.7 %, respectively. For biphasic absorbents,
the phase separation behavior primarily involves the transfer and
accumulation of amine species in the CO2-rich phase, as seen in
Tables S1 and S2. This process would significantly weaken the CO2 ab-
sorption mass transfer in the liquid film, particularly the liquid film
chemical mass transfer, thereby reducing the kL, as seen in Fig. 11.
In order to guarantee an efficient absorption mass transfer perfor-

mance of biphasic solvents and system stability, it is crucial to ensure
that the CO2 loading of the solution entering absorber is lower than the
phase separation point in industrial operation.
Additionally, to investigate the impact of phase separation behavior

on the CO2 absorption kinetics of the organic and aqueous phases after
phase separation, the kL of the CO2-lean and CO2-rich phase was
measured separately after phase separation as shown in Fig. 12 and the
kinetic parameters were listed in Table 3.

By comparing the value of kL in the CO2-rich, and CO2-lean phase at
different CO2 loadings after phase separation, it was observed that the
relative magnitudes of kL between the CO2-rich phase and the CO2-lean
phase varied in the CO2 absorption process. After phase separation, as
shown in Fig. 12, it was revealed that when CO2 loading reached 1.5
mol/kg, the kL of each solution exhibited the order of CO2-lean phase >
CO2-rich phase; whereas at a CO2 loading of 1.7 mol/kg, this order
changed to CO2-rich phase > CO2-lean phase.
As seen in Tables 3, S1, S2, and Fig. 13, it was indicated that at a CO2

loading of 1.5 mol/kg which was close to the phase separation points of
2DE1AC and DEAC, the transfer and accumulation of amine species in
the aqueous phase was limited. It resulted in the amine concentration,
phase CO2 loading as well as chemical enhancement factor in the
organic phase being relatively close to those in the aqueous phase.
Specifically, for the 2DE1AC solution, the total amine concentration
(including DETA and DEA species) and the phase CO2 loading of the
aqueous phase was 40.9 % and 12.5 % higher than that of the organic
phase, respectively. And the E in the aqueous phase was 1.8 times that in
the organic phase. For the DEAC solution, the total amine concentration
(including DETA and DEA species) and the phase CO2 loading of the
aqueous phase was 56.1 % and 19.0 % higher than that of the organic
phase, respectively. And the E in the aqueous phase was 1.2 times that in
the organic phase. However, due to the higher diffusion coefficient of
CO2 in the organic physical solvent which was associated with relatively
low viscosity of the organic phase, the kL0 in the organic phase of the
2DE1AC solution was 2.1 times that in the aqueous phase, and for the
DEAC solution, the kL0 in the organic phase was 1.7 times that in the
aqueous phase. Therefore, at this point, the comparison of kL between
the organic and aqueous phases was mainly influenced by the liquid film
physical mass transfer, resulting in the kL of the organic phase exceeding
that of the aqueous phase.
As the CO2 loading reached 1.7 mol/kg, most amine species transited

and accumulated in the aqueous phase. Specially, the total amine con-
centration(including DETA and DEA species) in the aqueous phase of the
2DE1AC and DEAC solution was 2.8 and 3.5 times significantly higher
than that of each organic phase, respectively. And the phase CO2 loading
of the aqueous phase for 2DE1AC and DEAC was 8.3 and 13.6 times that
of the organic phase in each solution, respectively. Consequently, there
was a significant increase in E in the aqueous phase. Among them, the E
in the aqueous phase of the 2DE1AC and DEAC solution was 9.1 and 4.8
times that in each organic phase, respectively. In this case, the kL0 of the
aqueous phase of 2DE1AC and DEAC solutions was 3.0 and 2.8 times

Fig. 11. The liquid film mass transfer process of the 2DE1AC and DEAC biphasic solutions in the CO2 absorption process at 313 K(gas flow rate at 3 L/min) (a)
2DE1AC solution (b)DEAC solution.

Fig. 12. The liquid film mass transfer coefficients of the CO2-lean, CO2-rich,
and mixed solution in various CO2 loading at 313 K(gas flow rate at 3 L/min).
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that of their organic phase, respectively. Therefore, the chemical mass
transfer process dominated the comparison of kL at this point, resulting
in the kL of the aqueous phase exceeding that of the organic phase as well
as the mixed solution.

4. Conclusion

The overall mass transfer coefficient (KG) of DETA/DEA/DMAC
exceeded other biphasic solvents, blended amine solution as well as 40
% K2CO3 solution, with 3 times that of 40 % K2CO3 solution. Increasing
absorption temperature and gas flow rate has significant enhancement
effect on the liquid film mass transfer coefficient(kL) of DETA/DEA/
DMAC, while it would weaken with increasing CO2 loading. A rise in
water content would enhance the liquid film physical mass transfer
process while weakening the chemical mass transfer between the
absorbent and CO2 for amide-based biphasic absorbents.
Phase separation behavior was revealed as the main blame for the

deterioration in the liquid film chemical mass transfer of biphasic sol-
vents in the CO2 absorption process, resulting in the kL of DETA/DEA/
DMAC before phase separation decreased by 75.3 % at the phase

separation stage. Therefore, solution at CO2 loading being lower than
phase separation point within absorber is advantageous for the opera-
tion efficiency. After phase separation, DETA/DEA/DMAC split into the
organic and aqueous phases, it was found that the kL in the aqueous
phase of biphasic solutions gradually exceeded that of the organic phase
with increasing CO2 loading because of its higher chemical enhanced
factor(E) which was 9.1 times that of the organic phase.
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Table 3
CO2 absorption kinetic parameters of the CO2-lean, CO2-rich and mixed solution of 2DE1AC and DEAC after phase separation at 313 Ka.

CO2
(mol/kg)

Solution
state

KG kL kL0

(cm/s)
ρ
(g/cm3)

μ
(cp)

DCO2,soln
(cm2/s)

HCO2,soln
(Pa⋅cm3⋅mol− 1)

E
(mol⋅cm− 2⋅s− 1⋅Pa− 1)

2DE1AC
1.5 Homog-

eneous
3.53E-11 3.56E-11 2.94E-03 1.084 12.80 2.50E-06 1.83E+09 22.2

1.5 CO2-lean 4.27E-11 4.31E-11 4.66E-03 1.046 5.61 4.84E-06 1.79E+09 16.6
1.5 CO2-rich 2.73E-11 2.75E-11 2.23E-03 1.139 21.16 1.67E-06 2.43E+09 30.0
1.7 Homog-

eneous
2.31E-11 2.32E-11 2.85E-03 1.089 13.56 2.39E-06 1.83E+09 14.9

1.7 CO2-lean 1.87E-11 1.88E-11 5.43E-03 1.036 4.27 6.03E-06 1.71E+09 5.9
1.7 CO2-rich 3.65E-11 3.68E-11 1.79E-03 1.171 31.59 1.22E-06 2.61E+09 53.8

DEAC
1.5 Homog-

eneous
7.60E-11 7.74E-11 3.27E-03 1.075 14.07 2.32E-06 2.54E+09 70.6

1.5 CO2-lean 8.23E-11 8.40E-11 3.83E-03 1.048 7.94 3.67E-06 2.84E+09 62.3
1.5 CO2-rich 6.43E-11 6.53E-11 2.24E-03 1.102 20.8 1.82E-06 2.50E+09 72.9
1.7 Homog-

eneous
6.73E-11 6.84E-11 2.65E-03 1.080 15.34 2.17E-06 2.54E+09 65.4

1.7 CO2-lean 5.49E-11 5.56E-11 5.03E-03 1.021 4.87 5.42E-06 2.37E+09 26.2
1.7 CO2-rich 8.00E-11 8.16E-11 1.82E-03 1.143 30.21 1.26E-06 2.80E+09 124.3

a kg = 4.12E-9 mol⋅cm− 2⋅s− 1⋅Pa− 1.

Fig. 13. The liquid mass transfer process of the mixed, CO2-rich, and CO2-lean phase of 2DE1AC and DEAC biphasic solutions at various CO2 loading at 313 K(gas
flow rate at 3 L/min) (a)2DE1AC solution (b)DEAC solution.
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