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A B S T R A C T

The synthesis of propylene carbonate (PC) from CO2 and propylene oxide (PO) is a typical gas-liquid
biphasic system, where gas-liquid mass transfer efficiency significantly influences CO2 cycloaddition re-
actions. Here, we proposed a microchannel reaction system for the CO2 cycloaddition reaction catalyzed by
ionic liquid within an aqueous environment. The effect of liquid flow rate, temperature and residence time
on gas-liquid flow pattern, catalytic performance and mass transfer were systematically investigated. The
results revealed that the PC generation rate reached 560.11 mmol·ml- 1·h- 1) at a 50 cm of flow distance
under reaction conditions of 105 ◦C, 2.5 MPa, QG = 176 ml·min- 1 and QL = 0.3 ml·min- 1. Variations in
mass transfer rate and reaction rate at different flow distances were experimentally studied. The reaction
efficiency gradually decreased with increasing flow distance, which were attributed to the reduction of
mass transfer caused by decreasing bubble velocity. Optimizing bubble velocity at an appropriate position
enhanced reaction efficiency by improving mass transfer, achieving a 97.7% PC yield within 2.85 min.
Furthermore, a kinetic model coupling intrinsic kinetics with gas-liquid mass transfer was developed for
CO2 cycloaddition reaction. The kinetic model was applied to predict PC reaction rates in microchannel
reactors at various temperatures and liquid flow rates, achieving an average relative error of 9.6%.
© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Driven by fossil fuel reliance and escalating deforestation, at-
mospheric CO2 concentration has risen from 0.028% in the 1750s to
0.042% in 2022 [1]. To mitigate CO2 emissions’ impact on global
climate, nations worldwide have implemented carbon peaking
and neutrality policies. Carbon capture, utilization and storage has
been proposed to convert CO2 into value-added products by uti-
lizing it as a C1 resource, offering an alternative solution to curb
excessive CO2 emission [2,3]. However, the high-value utilization
of CO2 faces significant challenges due to the kinetic and ther-
modynamic stability. Activating CO2 with PO to form cyclic car-
bonate is widely regarded as an environmentally benign and cost-
effective synthetic route [4,5]. Cyclic carbonates are important

chemical compounds, extensively used in synthesizing biocom-
patible polymers, serving as electrolytes in lithium-ion batteries,
and functioning as aprotic solvents [6].

The synthesis of cyclic carbonate primarily depends on the
ring-opening reaction of epoxides. A key limitation of the cyclo-
addition reaction between CO2 and PO include the requirement for
severe reaction conditions (180—200 ◦C, 5—8 MPa) [7,8]. With
improved understanding of the mechanism involving nucleophile-
promoted epoxide ring-opening, various catalytic systems have
been developed, including metal-organic frameworks [9—11],
deep eutectic solvents [12,13], organic catalysts [14], and ionic
liquids [15,16]. Ionic liquids (ILs) exhibit unique properties such as
hydrogen-bonding interactions, tunable structures, adjustable
acid-base polarity, and high CO2 solubility, enabling simultaneous
facilitation of epoxide ring-opening and enhancing CO2 adsorption
[17]. Guan et al. [18] designed a guanidine-based ionic liquid
tethering ―NH2 groups, which possessed abundant Lewis acidic
sites and hydrogen-bond donors synergized to activate the
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epoxide. This system achieved a 98.2% yield of chloropropene
carbonate with 99.2% selectivity under optimized conditions
(103.2 ◦C, 1.03 MPa, and 1.85 h). Cheng et al. [19] developed a
heterogeneous catalyst with hydrogen bond donors and ionic
liquids for CO2 cycloaddition reaction, obtaining a 94% of PC yield
at 105 ◦C, 2 MPa, and 3 h. The hydrogen-bond donor groups in ILs
activate epoxides via oxygen-directed interactions, increasing the
conversion efficiency by 20% compared to conventional ILs. Cao
et al. [20] synthesized bifunctional protic ionic liquids (DBPIL) as
single-component and metal-free catalysts for CO2 cycloaddition
reaction. The DBPIL catalyst showed a 92% yield of products within
6 h at 30 ◦C and 1 bar CO2. Notably, PC synthesis via CO2 cyclo-
addition reaction represents a typical gas-liquid biphasic system
where catalytic performance is governed by both reaction kinetics
and mass transfer limitations. Although most of ILs system shows a
remarkable yield of cyclic carbonate, extended residence times are
invariably required due to limited gas-liquid mass transfer effi-
ciency. Thus, gas-liquid mass transfer is a key factor for the CO2
cycloaddition reaction in batch reactors [21].

The emergence of microchannel reactors has provided new
possibilities for the highly efficient catalytic synthesis of PC from
CO2. Owing to their outstanding mass transfer efficiency and high
surface-area-to-volume ratio, microreactors facilitate intensified
mixing of multiphase reactants in gas-liquid reaction systems,
thereby increasing mass transfer rates under identical conditions
and reducing residence time by up to 90% compared to conventional
batch reactors [22—24]. Yue et al. [25] investigated hydrodynamics
and mass transfer during CO2 absorption in microchannels, report-
ing a mass transfer coefficient in the microchannel 10 times higher
than that of in conventional devices. Wu et al. [26] developed a
continuous-flow microreaction system for the highly efficient syn-
thesis of PC catalyzed by [BMIM]Br within a short residence time at
140 ◦C and 3.0 MPa. Previous studies revealed that adjusting
microchannel sizes significantly enhanced mass transfer rates, while
the effect of diffusion limitations on the reaction rate still existed
[27]. Moreover, the mass transfer process of the CO2 cycloaddition
reaction in microchannels needs to be systematically investigated,
as it directly governs the competition between the mass transfer and
reaction kinetics.

Herein, we present a continuous microchannel reactor for
synthesis of propylene carbonate by cycloaddition reaction of CO2
and PO. Flow pattern analysis using high-speed camera images
revealed an obvious enhancement in mass transfer due to
increased gas-liquid interfacial area. The effects of liquid flow
rate, temperature and residence time on the gas-liquid flow

pattern, catalytic performance and mass transfer were system-
atically investigated. The initial reaction rate was obtained in a
batch reactor to determine the reaction orders and intrinsic
activation energy. The developed kinetic model integrated mass
transfer effects with intrinsic kinetics, predicting PC generation
rate in microreactors under various operational conditions. The
competition between mass transfer and reaction kinetics at
different flow distance was systematically elucidated. We pro-
pose a modified microchannel design that enhanced mass
transfer, thereby significantly improving reaction efficiency.
Compared to the traditional microchannel reactor, the optimized
system achieves a higher PC yield with about 50% shorter resi-
dence time.

2. Experimental

2.1. Chemical materials

1-Hexyl-3-methylimidazolium bromide ([HMIM]Br) with 99%
purity was supplied by Shanghai Chengjie Co., Itd. Propylene oxide
(PO), 1,2-propanediol, propylene carbonate (PC) and 1,4-dioxane
with 99% purity were all purchased from Aladdin Industrial Co.,
Itd. Ethanol was supplied by Sinopharm Chemical Reagent Co., Itd.
The CO2 gas with 99.999% purity was provided by Beijing Beiwen
Gas Factory. Deionized water was provided by the laboratory. All
materials were used without any purification.

2.2. Experimental apparatus

The schematic of microchannel reactor system is shown in Fig. 1.
The liquid phase, which was composed of [HMIM]Br, H2O and PO at
the certain molar ratio of 0.14/0.25/1, was delivered using a high-
pressure liquid chromatography pump (CP-M305, CoMetro Tech-
nology). The flow rate ranged from 0.001 to 5 ml·min- 1, and the
operating pressure was 0—41 MPa. The gas flow was controlled by a
gas flowmeter with a maximum flow rate of 200 cm3·min- 1 (D07,
Beijing Aurasky Electronics Co., Itd.). The gas-liquid phase flow was
mixed in the T-shape micromixer (internal diameter 2.0 mm, 316 L)
before entering the microchannel reactor (internal diameter
2.0 mm, 316 L). An oil bath was used to control and maintain the
reaction temperature. To observe gas-liquid flow patterns, two
60 mm long transparent PFA tubes with an inner diameter of 2 mm
were connected to both ends of microchannel. A high-speed camera
(Lingyun, Itd.) with a resolution of 2336 × 700 pixels and a shutter
speed of 50 fps (1 fps = 0.304 m·s- 1) was employed for imaging.

Fig. 1. Schematic of the experimental setup for the fixation of CO2. A: CO2 cylinder; B: liquid tank; C: constant-flow pump; D: one-way valve; E: mass flowmeter; F: T-shaped
micromixer; G light source; H: high-speed camera; I: computer; J: spiral capillary in the oil bath; K: spiral capillary in the cold bath; L: back pressure valve; M; separator; N:
needle valve.
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The cold light source was positioned beneath the PFA tube to pro-
vide illumination. After stabilizing the flow system for 15 min,
bubble length, bubble width, slug length, and liquid film thickness
were captured. The flow patterns and mass transfer characteristics
were determined based on the recorded images. The 316 L micro-
channel was connected after the end of the microchannel reactor to
cool reactants. Finally, a gas-liquid separator collected liquid sam-
ples from the mixture after reaction completion.

2.3. Analysis methods

Liquid samples were analyzed by gas chromatography (GC,
Shimadzu QP2010) equipped with BID detector and an SH-RTX-1
column (30 m× 0.53 mm× 3.00 μm) using the carrier gas of he-
lium. 1,4-dioxane was selected as the internal standard. The
chromatographic temperature program was as follows: The col-
umn temperature was initially set at 35 ◦C for 3 min, then
increased at a rate of 5 ◦C·min- 1 to 50 ◦C. The temperature was
subsequently increased to 230 ◦C at 30 ◦C·min- 1 and held at this
final temperature.

The yield of PC was determined using the mass of the reactants
and the final product collected within 20 min. To ensure the reli-
ability and reproducibility of the experimental data, each experi-
ment must be repeated at least three times.

The yields (Y) of PC and PG are calculated as follows:

YPC =
nPC,1

nPO,0
× 100% (1)

YPG =
nPG,1

nPO,0
× 100% (2)

The production rate of the PC was calculated using Eq. (3).

rPC =
CPC,1 - CPC,0

t
(3)

The residence time in the microreactor was defined as

t =
Vc

QG + QL
=
Lc × π ×

d2
c

4
QG + QL

(4)

The gas bubble surface area and volume of Taylor unit were
calculated using Eq. (5) and Eq. (6), respectively.

S=π×d2
B +π×dB × (LB - d) (5)

VTaylor = (LB+LS) × π ×
d2

c
4

(6)

The gas-liquid interfacial area (a) was determined by Eq. (7):

Fig. 2. Enhance mass transfer characteristics of CO2 fixation in the microchannel reactor. (a) Schematic of the gas-liquid flow; (b) High-speed camera photographs of gas-liquid
flow at various liquid flow rates in a 2 mm of transparent polypropylene tube. The gas flow and reactor temperature were fixed at 10.36 ml·min- 1 and 105 ◦C; (c) Gas-interfacial
area obtained from gas-liquid flow pattern at various liquid flow rates with an identical gas flow rate; (d) Thickness of the liquid film obtained from gas-liquid flow pattern at
various liquid flow rates with an identical gas flow rate.
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a=
S

VTaylor
(7)

The space-time yield (STY) of the components can be calculated
by Eq. (8):

STY=
MPC
Mcatτ

(8)

3. Results and Discussion

3.1. Gas-liquid Taylor flow formation in a microchannel reactor

The flow pattern plays a significant role in the stability and
mass transfer performance of a microchannel reactor. The flow
pattern was investigated at different liquid flow rates as recorded
by a high-speed camera in transparent polypropylene tubes. Prior
to entering the microchannel reactor, the reactant CO2 and
aqueous solution composed of [HMIM]Br, H2O and PO with molar
ratio of 0.14, 0.25 and 1 were mixed in a T-junction microdevice,
leading to the formation of a Taylor flow (Fig. 2).

The Taylor flow pattern, which consists of gas bubbles, liquid
slugs and liquid film thicknesses between the bubble and the
microchannel wall, has been identified as a crucial factor for
enhancing mass transfer due to its high gas-liquid interfacial area
and stable internal circulation [28,29]. The effect of liquid flow rate
on flow patterns and mass transfer characteristics (such as liquid
film thickness and gas-liquid interfacial area) were investigated.
When increasing the liquid flow rate from 0.10 to 1.30 ml·min- 1 at
a given gas flow rate of 10.36 ml·min- 1, 105 ◦C, and 2.5 MPa, the
Taylor flow remained stable and the bubble length shortened (Fig.
2(b)), resulting in obviously reducing the gas-liquid interfacial area
per Taylor unit (Fig. 2(c)) as calculated based on the dimensions of
the gas and liquid phases in Taylor flow. The gas-liquid interfacial
area in this system reached 1700 m2·m- 3, substantially exceeding
the ～600 m2·m- 3 typical of conventional bubble column reactors
[30]. Liquid film thickness decreased with reducing liquid flow rate

(Fig. 2(d)). The increase in the gas-liquid interfacial area and
decrease in liquid film thickness were both beneficial for
enhancing the diffusion of CO2 molecules into the liquid phase
[31].

The effect of reaction temperature on the gas-liquid flow pat-
terns was also investigated in Fig. 3(a). When the reaction tem-
perature ranged from 100◦C to 115 ◦C, the flow patterns at the
microreactor's outlet retained Taylor flow characteristics. Fig. 3(b)
and (c) displayed the interfacial area and liquid film thickness at
various reaction temperatures and liquid flow rates. Reducing
liquid flow rate at a fixed temperature condition was beneficial to
increasing the interfacial area per unit of volume and promoting
the dissolution of CO2 to the liquid phase [32].

3.2. CO2 cycloaddition reaction in microchannel reaction

The evaluations of CO2 cycloaddition reaction were carried out
in a microchannel reactor (50 cm length) at 105 ◦C and 2.5 MPa. PC
was the main product of CO2 cycloaddition reaction under these
reaction conditions. A small amount of propylene glycol (PG) was
detected, which was primarily attributed to the hydrolysis of PO
[33—35].

A series of CO2 cycloaddition performances at different liquid
flow rates was evaluated under a given gas flow rate of
10.36 ml·min- 1 (Fig. 4(a)). When the liquid flow rate (QL)
decreased from 1.30 to 0.30 ml·min- 1, the PC generation rate
increased significantly from 170.62 to 560.11 mmol·ml- 1·h- 1,
which was attribute to the improvement in mass transfer, as
evidenced by the increase in gas-liquid interfacial area and
decrease in liquid film thickness (Fig. 2(c)-(d)). Nevertheless, the
PC generation rate decreased to 401.73 mmol·ml- 1·h- 1 as the
liquid flow rate further decreased from 0.30 to 0.10 ml·min- 1. As
evidenced by the trends in the yields of PC and PG at various
liquid flow rates, the PC yield decreased while the PG yield
exhibited a significant increase as the decrease in liquid flow rate
within the same range mentioned above. The volcano-shaped
variation in PC yield with increasing of liquid flow rate resulted

Fig. 3. (a) The flow pattern of gas-liquid in microchannels between inlet and outlet at various temperature. The gas flow rate and liquid flow rate were fixed at 10.36 ml·min- 1 and
0.2 ml·min- 1; (b)-(c) The effect of liquid flow rate and reaction temperature on the liquid film thickness and gas-liquid interfacial area.
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from the competition between mass transfer and reaction ki-
netics. Molecular dynamics simulations of the reaction system
revealed the spatial distributions of [HMIM]Br, H2O and PO, as
shown in Fig. 5, with water exhibiting preferential colocalizations
with [HMIM]Br (More detailed information about DFT calculation
and molecular dynamics simulations was listed in Section S2 of
the Supplementary Material). Quantitative binding energy cal-
culations demonstrated stronger interactions for water-[HMIM]
Br pairs (- 8.46 kcal·mol- 1) compared to water-PO pairs
(- 3.54 kcal·mol- 1), further validating the distribution of [HMIM]
Br and water. The concentration distribution of H2O, [HMIM]Br
and PO favored the generation of PC at high liquid flow rates and
hardly no PG was generated. When the gas flow rate remained
constant, the internal circulation in the liquid slug is enhanced
with decreasing liquid flow rate, which may promote the hy-
drolysis of PO through more efficient water-PO contact (Fig. 5(d))
[36]. Fig. 4(b) shows the effect of ionic liquid concentration on the
CO2 cycloaddition reaction and PO hydrolysis at a liquid flow rate
of 0.1 ml·min- 1. The experimental results conclusively validated
the preceding analysis: PO hydrolysis was markedly suppressed
with increasing ionic liquid concentration, as evidenced by a
drastic decline in PG yield from 6.34% to 0.54%, while PC yield

increased from 10.37% to 18.95%. It was further confirmed that
the reaction transitioned from mass-transfer-limited to kinetics-
controlled when QL was below 0.3 ml·min- 1.

The competition relationship between mass transfer and re-
action kinetics is recognized as a significant factor in CO2 cyclo-
addition reactions. Fig. 6(a) illustrated the catalytic performance of
[HMIM]Br in the synthesis of PC from CO2 and PO at various
temperatures and liquid flow rates. The PC generation rate
exhibited an obvious increase with higher reaction temperatures
at a fixed liquid flow rate. A more than a doubling of the PC gen-
eration rate was observed with a 15 ◦C temperature rise at fixed QL.
Furthermore, Fig. 6(b)-(e) displayed the effects of temperature and
liquid flow rate on the yields of PC and PG. PO hydrolysis occurred
at low liquid flow rates and the PG yield decreased with increasing
reaction temperature. Notably, when the reaction temperature
ranged from 100◦C to 110 ◦C, a consistent trend was observed in
the influence of liquid flow rate on the generation rate, where the
PC generation rate first rose and subsequently declined with
increasing liquid flow rates at the same reaction temperature. The
reaction is governed by kinetic control at low flow rate
(0.2 ml·min- 1) and transitions to mass transfer control at higher
flow rate. When the reaction temperature was 115 ◦C, the

Fig. 5. (a)-(c) The DFT analysis for distribution of [HMIM]Br, H2O and PO; (d) The schematic diagram of internal circulation in microchannels.

Fig. 4. (a) Product distributions and PC generation rate at various liquid flow rates; (b) The effect of ionic liquid molar fraction on the product distribution. (QG = 10.36 ml·min- 1).
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generation rate reached its maximum at the minimum liquid flow
rate of 0.2 ml·min- 1, suggesting that the reaction rate dominated
over the mass transfer rate at this temperature. The reaction
transitioned from kinetic control to mass transfer control.

3.3. Kinetics studies

The rate equation for the CO2 cycloaddition reaction catalyzed
by [HMIM]Br can be formulated as follows [27]:

r= k[CO2]
a
[[HMIM]Br]b[PO]

c (9)

Where [PO], [CO2] and [[HMIM]Br] represents the concen-
trations of PO, CO2 and [HMIM]Br, and a, b, and c are the orders

of reactions for PO, CO2 and [HMIM]Br. In order to simplify the
kinetic model, three assumptions were proposed based on the
reaction mechanism [37—39]: (1) The concentration of the
catalyst remained constant throughout the reaction; (2) The
consumption of CO2 concentration was constant due to a rapid
equilibrium between CO2 bubble in the microchannel and CO2
which had been dissolved in the liquid phase; (3) The reaction
was a pseudo-one-order reaction for PO. Eq. (9) can simplify to
as follows:

r = -
d[PO]

dt
= kobs[PO]

c (10)

kobs = ko[CO2]
a
[HmimBr]b (11)

Fig. 6. The effect of liquid flow rate (a) and reaction temperature (b)-(d) on the PC generation rate and PC yield.
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ln
[PO]

[PO]0
= - kobs × t + C (12)

kobs = A× e
- Ea

RT (13)

lnkobs = -
Ea

RT
+ ln A (14)

In this section, the kinetics of CO2 cycloaddition reaction
were investigated in a batch reactor under operational condi-
tions of 44—70 ◦C, 300—1100 r·min- 1 and 2—3 MPa. Initially, the
effect of residence time on the reaction rate was examined at
115 ◦C, 2.5 MPa and 700 r·min- 1 (Fig. 7(a)). The linear rela-
tionship between ln[PO]/[PO]0 and time based on Eq. (12) veri-
fied the pseudo-one-order assumption. To eliminate the effects
of internal and external diffusion on the reaction rate, optimi-
zations were performed for stirring rate, catalyst concentration,
and reaction pressure. As presented in Fig. S1, the operating
conditions were determined as 2.5 MPa, 10%(mol) and 700
r·min- 1. According to Eq. (11) and Eq. (13), the relationship
between lnkobs and 1/T was shown in Fig. 7(b). Temperature had
a positive effect on the reaction rate, with the rate increasing as
the increase in temperatures. The lnkobs data exhibited a strong
linear correlation with 1/T, and the regression coefficient ex-
ceeds 0.99. The activation energy was derived from the calcu-
lations as 75.82 kJ·mol- 1. According to the established kinetic
model, a 15 ◦C increase in reaction temperature theoretically
yielded a 2.57-fold enhancement in reaction rate. However,
experimental observations of [HMIM]Br-catalyzed CO2 cycload-
dition in microchannel reactors demonstrated only a 2.16-fold
rate increase under identical thermal conditions (as shown in
Fig. 6(a)). Furthermore, the activation energy of [HMIM]Br is
62.55 kJ·mol- 1 at the pressure of 2.5 MPa in the 2 mm micro-
reactor [27]. The difference in activation energy and reaction
rate indicated that the CO2 cycloaddition reaction was limited by
mass transfer in microchannel reactors.

In summary, the kinetic model for the cycloaddition reaction of
CO2 with PO catalyzed by [HMIM]Br to PC can be expressed by Eq.
(15):

r= kobs[PO] (15)

Previous studies revealed that characteristics of hydrody-
namics such as bubble length, liquid film thickness, and bubble
velocity were strongly correlated with liquid flow rate, gas flow
rate and kLa [40—43]. These parameters collectively determined

the mass transfer efficiency between the gas and liquid phases,
providing critical insights for optimizing mass transfer processes
in microchannel reactors. Consequently, the model should be
optimized by incorporating parameters that reflect mass transfer

characteristics into the reaction kinetic model, where the
(nL
nG

)e

and
(QL
QG

)f
can be considered as the influence of hydrodynamics

characteristics and mass transfer on the chemical reaction caused
by flow rate change.

Eq. (13) and Eq. (15) can be reformulated as:

r= d
(
nL
nG

)e(QL
QG

)f

e
- Ea

RT [PO] (16)

Where d, e and f are fitting parameters. nL/nG is the molar ratio
of PO and CO2. QL and QG are the flow rate of liquid and gas,
respectively. Ea is activation energy calculated by intrinsic kinetics,
which is 75.82 kJ·mol- 1.

The parameters of Eq. (16) were determined based on the gas-
liquid flow characteristics and reaction rates measured at 105 ◦C
and different liquid flow rates. As shown in Fig. 8, the equation was
subsequently applied to predict PC reaction rates under various
temperatures and liquid flow rates, achieving an average relative
error of 9.6%.

r=8.62×1010×

(
nL

nG

)- 0.2736
×

(
QL

QG

)- 0.1804
×e

- 75820
RT ×[PO]

(17)

3.4. Variations in mass transfer rate and reaction rate along flow
distances

Van Banten and Krishna developed a fundamental model for
describing the mass transfer in Taylor bubble, which consid-
ered contributions of the caps at either end of the bubble and
liquid film to mass transfer. The CFD simulations revealed that
the film contribution was the major contribution to mass
transfer. The concentration of CO2 in the main body of the
liquid phase can be considered negligible due to the rapid re-
action kinetics between CO2 and PO for cycloaddition reaction
[27]. Luo, Scott and Shilimkan [44—46] employed a dimen-
sionless empirical correlation for the determination of the
liquid-side volumetric mass transfer coefficient (KLa) and

Fig. 7. (a) First order plot of [PO]/[PO0] versus time in batch reactor; (b) Diagram of the Arrhenius curve of lnkobs versus 1/T in batch reactor.
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developed empirical correlations specific to different flow re-
gimes. As for slug flow:

ShL × a× dh = 0.084 × Re0.213
G × Re0.937

L × Sc0.5
L (18)

Where Re and Sc are the Reynolds number and Schmidt num-
ber. The subscripts L and G stand for the liquid and gas, respec-
tively. Eq. (18) can be reformulated as:

KL×a=0.084×
(

ρG×jG
μG

)0.213

×

(
ρL
μL

)0.437
×j0.937

L ×D0.5
CO2

×d- 0.85
c

(19)

For the liquid phase in this study, comprising water, propylene
oxide, and ionic liquid, the concentrations of the ionic liquid had the
most significant impact on the solubility of CO2. Therefore, the
dissolution of CO2 in the other two components was neglected, and
only its solubility in the ionic liquid was considered. C1 was
0.38 mol L- 1 calculated in the literature [27,47]. All the physical
properties required for calculating Eq. (19) can be obtained through
methods reported in the literature, experiments and Aspen simula-
tions, such asDCO2

and ρL (Section S3 in the Supplementary Material).
To analyze the mass transfer and kinetic characteristics of the

process of synthesizing PC from CO2 and PO catalyzed by [HMIM]
Br, a comprehensive study was performed to analyze the changes
in PO reaction rate, mass transfer rate, and Damköhler number
(Da) during different flow distances under varying liquid flow
rates. The introduction of the Da helped to clarify the dominant
mechanisms in the reaction system [48].

Da=
mixing time
reaction time

=
reaction rate

convective transport rate
=

k× [PO]

KL × a×C1

(20)

To investigate the reaction process of PC synthesis in micro-
channels, a series of PC yield and PC generation rate at different

Fig. 8. Comparison between predicted and experimental data of PC reaction rate.

Fig. 9. (a) The yield of PC at various flow distances and liquid flow rates; (b) The variation of the Da at different flow distances and liquid flow rates; (c) The bubble flow velocity at
different flow distance under the conditions of 105 ◦C, 2.5 MPa and gas flow rate of 176 cm3·min- 1; (d) The selectivity of PC and PG at various flow distances (QL = 0.3 ml·min- 1).
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microchannel lengths was performed in the range of 30—1200 cm
at 105 ◦C, 2.5 MPa and gas flow rate of 176 ml·min- 1. The results in
Fig. 9(a) showed that the PC yield exhibited a maximum at the
liquid flow rate of 0.3 ml·min- 1. The PC yield reached 14.1% at the
microchannel length of 50 cm. When the microchannel length
enlarged to 300 cm, the PC yield increased to 45.4%. Further
extension of the microchannel to 600 cm resulted in a 15.5% PC
yield improvement. However, the PC yield slightly increased at
8.1% across 600—1200 cm microchannel, demonstrating severe
deterioration in reaction efficiency. Fig. 9(b) showed the variation
of the Da during the reaction process at different liquid flow rates.
The mass transfer rate increased with decreasing liquid flow rate
and the calculated Da exhibited an obvious increase with the
extension of the microchannel length.

The mass transfer rate showed a larger decline than that of re-
action rater under different flow distance. The bubble velocity at
various flow distances was obtained through high-speed camera.
More than 200 images were captured for each set of experimental

conditions, and the average value was used for further analysis. Fig.
9(c) displays that an approximate 50% reduction in bubble velocity
at the 300 cm of flow distance. The decrease in bubble velocity
adversely affected gas-liquid mass transfer, leading to an increase in
theDa . The improvement of PC yield significantly decreased at flow
distances exceeding 300 cm, primarily attributed to reduced mass
transfer efficiency. As shown in Fig. 9(d), an increase in the micro-
channel length positively affected the PC selectivity. The PC selec-
tivity exhibited a significant enhancement from 95.0% to 99.2% as
the microchannel length extended from 50 cm to 1200 cm, which
indicated that the concentration of PG declined progressively with
extending residence time during PC production.

To investigate the effect of bubble velocity on the PC generation
rate, a T-junction mixer was installed at the 300 cm position of the
reactor to introduce nitrogen gas (non-reactive with PO) into the
microchannel, effectively increasing bubble velocity and enhancing
gas-liquid interfacial mass transfer. As shown in Fig. 10(a) and (b),
the reaction efficiency at flow distances ranging from 300 to 600 cm

Fig. 10. (a) The effect of N2 flow rate on the PC generation rate; (b) The PC generation rate. The reaction conditions were 105 ◦C, 2.5 MPa, CO2 flow rate of 176 ml·min- 1 and liquid
flow rate of 0.3 ml·min- 1; (c) The yield of PC under different residence time and reaction conditions.

Table 1
Comparison of PC yield between modified microchannel reactor and state-of-art catalytic performances in literature [27].

Catalyst Temperature/◦C Pressure/MPa PC Yield/% Residence time/min

PPh3BuI/H2O 125 2.0 97 60
[BMIM]Br 30 0.1 23 720
[BMIM]Cl 110 2.0 64 720
[HMIM]Br 120 1.5 94 120
[EMIM]BF4 100 14.0 61 120
Multi-hydroxyl ILS 120 2.0 100 180
[HMIM]Br/H2O 125 2.5 97.8 5.20
[HMIM]Br/H2O 125 2.5 97.7 2.85
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markedly increased due to introduction of N2, which a 300%
improvement in PC generation rate was achieved and the PC gen-
eration rate reached 314.6 mmol·ml- 1·h- 1. The results proved that
increasing localized bubble velocity in microchannel reactor exer-
ted a positive impact on reaction efficiency enhancement.

Fig. 10(c) displayed the PC yield at different residence time and
different reaction conditions. The PC yield increased from 60.9% to
63.8% after modifying the microchannel reactor at 105 ◦C and
1.78 min. The increase in PC yield was more pronounced with
increasing reaction temperature in the modified microchannel
reactor, which the PC yield reached 97.7% at 125 ◦C and 2.85 min.
Compared to the traditional microchannel reactor, the optimized
system achieves a higher PC yield with about 50% shorter resi-
dence time, demonstrating significantly enhanced reaction effi-
ciency (Table 1).

4. Conclusions

In this study, a continuous microchannel reactor was used for
efficient synthesis of propylene carbonate via CO2 cycloaddition
reaction. The excellent catalytic activity can be attributed to
significantly enhanced mass transport. The effects of liquid flow
rate, temperature and residence time on the gas-liquid flow
pattern, catalytic performance and mass transfer were systemat-
ically investigated. Analysis of the competition relationship be-
tween mass transfer and reaction kinetics at different flow
distances revealed that increasing bubble velocity at an appro-
priate position enhances reaction efficiency by improving mass
transfer, with the optimized system achieving a 97.7% PC yield
with about 50% shorter residence time. Furthermore, the intrinsic
kinetics for synthesizing PC by cycloaddition reaction of CO2 and
PO catalyzed by [HMIM]Br in the presence of water were deter-
mined in a batch reactor. The results illustrated that the reaction
rate displayed a pseudo-one-order dependence on PO and active
energy was 75.82 kJ·mol- 1 calculated by the Arrhenius equation.
The kinetic model should be optimized by incorporating param-
eters that reflected mass transfer and reaction kinetic character-
istics. With an average relative error of 9.6%, the kinetic model
demonstrated high reliability.
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Nomenclature

A pre-exponential factor
C1 CO2 concentration at the gas-liquid interface, mol·ml- 1

CL CO2 concentration in the main body of the liquid phase,
mol·ml- 1

CPC PC concentration, mol·ml- 1

Da Damköhler number
Dco2 diffusion coefficient of CO2 in the liquid phase, m2·s- 1

dB bubble diameter, m
dc microchannel diameter, m
Ea activation energy, kJ·mol- 1

KLa liquid-phase volume transfer coefficient, s- 1

KL liquid-phase transfer coefficient, m·s- 1

Kobs reaction rate constant, min- 1

LB bubble length, m
L microchannel length, m
LS liquid slug length, m
M mass, g
N mole number, mol
Q flow rate, ml·min- 1

R ideal gas constant (8.314 J·(mol·K) - 1)
S bubble superficial area, m2

Sh Sherwood number
T temperature, K
t residence time, s
Vc microchannel volume, m3

VTaylor Taylor volume, m3

α gas-liquid interfacial area, mm2·mm- 3

σ liquid film thickness, mm
τ residence time in microchannel reactor, min
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