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ABSTRACT: Herein, we present a membrane-based system designed to capture CO2 from dilute mixtures and convert the 
captured CO2 into value-added products in a single, integrated process operated continuously at mild conditions. Specifically, 
we demonstrate that quaternized poly(4-vinylpyridine) (P4VP) membranes are selective CO2 separation membranes that are 
also catalytically active for cyclic carbonate synthesis from the cycloaddition of CO2 to epichlorohydrin. We further demon-
strate that quaternized P4VP membranes can integrate CO2 capture, including from dilute mixtures down to 0.1 kPa CO2, with 
CO2 conversion to cyclic carbonates at 57 °C and atmospheric pressure. The catalytic membrane acts as both the CO2 capture 
and conversion medium, providing an energy-efficient alternative to sorbent-based capture, compression, transport, and 
storage. The membrane is also potentially tunable for CO2 conversion to a variety of products, including chemicals and fuels 
not limited to cyclic carbonates, which would be a transformative shift in carbon capture and utilization technology.   
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INTRODUCTION 

The Paris Agreement1 set a goal to limit the global tempera-
ture increase to below 2 °C and preferably below 1.5 °C, rel-
ative to pre-industrial temperatures, to avoid catastrophic 
consequences of global warming. According to a recent In-
tergovernmental Panel on Climate Change (IPCC) special re-
port,2 limiting global warming to less than 2 °C will require 
widespread deployment of carbon capture technologies 
that capture CO2 emissions from industrial processes (point 
source capture) or remove CO2 directly from air (direct air 
capture), and either utilize it or store it permanently under-
ground. However, current commercial carbon capture pro-
cesses are sorbent-based technologies that are extremely 
inefficient and prohibitively expensive because they require 
energy-intensive regeneration stages to release CO2 and re-
generate the sorbent.3, 4 Additionally, they produce CO2 
streams that must be compressed and transported to sites 
for utilization or storage, which reduces efficiency.  

To reduce the energy intensity and costs associated with 
CO2 capture, there is currently significant interest in the de-
velopment of intensified processes that integrate CO2 cap-
ture with CO2 conversion to valuable products.  For exam-
ple, there are recent examples in the literature5-16 of multi-
functional catalytic materials with amine or alkali-metal hy-
droxide functional groups for capturing CO2 from dilute 
streams such as flue gas or air, and catalytic sites (e.g., met-
als, halogens) for converting the captured CO2 with H2, 
steam, or epoxides to produce methane, formic acid, syngas 
(H2 + CO), or cyclic carbonate products. While such multi-
functional materials could improve the efficiency of CO2 cap-
ture by eliminating the need to compress and transport 
high-pressure CO2, these technologies require a two-step 
temperature-swing process to first capture CO2 at low tem-
peratures and then convert CO2 at higher temperatures in a 
separate unit process (i.e., similar to sorbent-based carbon 
capture; see Figure 1a). A process that completely inte-
grates the CO2 capture and conversion processes in a single 
unit process could improve the energy efficiency of CO2 cap-
ture even further. 

 

 

Figure 1. Schematic of (a) sorbent-based and (b) mem-
brane-based integrated CO2 capture and conversion.  

 

Towards this end, this work introduces a multi-functional 
membrane concept that enables the integration of CO2 cap-
ture from dilute sources with CO2 conversion in a single unit 
process operated continuously—not cyclical—at mild tem-



 

peratures and pressures (see Figure 1b). The multi-func-
tional membrane is polymeric with (a) amine groups at-
tached to the polymer chain to selectively capture CO2 from 
air or more concentrated point sources and facilitate CO2 
transport across the membrane via carbamate (NCOO-) or 
bicarbonate (HCO3-) species;17-24 and (b) catalytic groups 
(e.g., amines, halides, metals) to catalyze conversion of CO2 
on the permeate side of the membrane to value-added 
chemicals and/or fuels. The membrane ideally couples CO2 
transport across the membrane to CO2 conversion on the 
permeate side through common molecular intermediates 
(NCOO-/HCO3-) in both the transport and conversion pro-
cesses.  

In principle, the multi-functional membrane can couple CO2 
capture with any transformation that involves carbamate 
(NCOO-) or bicarbonate (HCO3-) species including, but not 
limited to, cyclic carbonate synthesis from epoxides,25-

28urea synthesis from NH3,29methanol synthesis from H2,16, 

30, 31and formic acid from H2O.32 A key challenge is that the 
CO2 capture and conversion processes occur in a single unit 
process and thus the operating conditions (e.g., tempera-
ture) for CO2 capture and CO2 conversion cannot be inde-
pendently optimized but, rather, the operating conditions 
for both the CO2 capture and conversion processes must be 
nearly identical. This is a significant challenge because CO2 
capture is typically carried out at low temperatures (<~70 
°C) where CO2 uptake is more favorable, but CO2 conversion 
reactions are typically carried out at much higher tempera-
tures. 

Cyclic carbonate synthesis from the cycloaddition of CO2 to 
epoxides is one particularly promising reaction for demon-
strating the proof-of-principle and the potential of multi-
functional polymer membranes for integrated CO2 capture 
and conversion. Cyclic carbonate synthesis is: (i) thermody-
namically favorable at mild temperatures and pressures; 33 
(ii) known to be catalyzed by organic amines, including pol-
ymeric amines;25-28, 34 (iii) believed to occur through carba-
mate and/or bicarbonate intermediates;25-27, 34 and (iv) a 
100% atom-economical “green” reaction that produces val-
uable cyclic carbonate products. Integrating CO2 capture 
with more thermodynamically and kinetically challenging 
CO2 conversion reactions, such as methanol synthesis, may 
require external stimulus (e.g., electricity, light) to enable 
operation at mild temperatures and pressures. Thus, cyclic 
carbonate synthesis is an ideal model reaction to demon-
strate the proof-of-principle of multi-functional polymer 
membranes for integrating CO2 capture and conversion be-
cause of its relative simplicity and thermodynamic and ki-
netic favorability of the reaction at mild temperatures.  

To integrate CO2 capture and conversion in a single unit 
process, a membrane is required that satisfies several crite-
ria: (1) separates CO2 from air or more concentrated point 
sources with high selectivity and permeability; (2) catalyzes 
CO2 conversion on the permeate side of the membrane with 
high activity and selectivity at mild temperature and pres-
sure; and (3) is stable for extended operation.  In our previ-
ous work,34 we demonstrated that poly(4-vinylpyridine) 
(P4VP), a polymer with pyridinic nitrogen groups attached 
to the polymer chain (see Scheme 1), is catalytically active 
for CO2 cycloaddition to epoxides (epichlorohydrin) to give 

the corresponding cyclic carbonate product at mild temper-
ature (57 °C) and atmospheric pressure (criterion 2). Fur-
ther, P4VP membranes are permeable and selective to CO2 
separation from mixed gases (criterion 1).35, 36 However, 
P4VP does not satisfy the third criterion (stability), and thus 
is not suitable for integrating CO2 capture with CO2 cycload-
dition to epichlorohydrin, due to its high solubility in the 
epichlorohydrin reactant. 

 

Scheme 1. Procedure for converting P4VP to bromoethane-
quaternized P4VP (P4VP-C2-Br), and anion-exchange of 
P4VP-C2-Br with KHCO3 to give P4VP-C2-HCO3. 

In this work, we demonstrate that synthetic quaternization 
of P4VP enhances the CO2 separation performance, the cat-
alytic activity, and the stability of the polymer in epichloro-
hydrin. We further demonstrate that P4VP-C2-HCO3 mem-
branes (see Scheme 1), synthesized by quaternization of 
P4VP with bromoethane (P4VP-C2-Br) followed by anion 
exchange of bromine with bicarbonate, can integrate CO2 
capture, including from extremely dilute CO2/N2 feed gas 
mixtures (0.1 kPa CO2) similar to the concentration of CO2 
in air, with cyclic carbonate synthesis in a single membrane 
reactor unit operated continuously at mild temperature (57 
°C) and atmospheric pressure. The P4VP-C2-HCO3 material 
has not been reported in the literature to our knowledge. 
Other work has also shown that metal electrocatalytic func-
tionality can be incorporated into P4VP-based materials for 
electrochemical CO2 reduction, and polymer encapsulation 
of the metal catalyst can even enhance the activity, selectiv-
ity, and stability of the catalyst.37-40 Thus, P4VP-based mem-
branes are not only useful for demonstrating the proof-of-
principle of the multi-functional polymer membrane con-
cept for integrated CO2 capture and conversion in a single 
unit process; they are also a highly tunable platform for in-
tegrating CO2 capture with CO2 conversion potentially to a 
variety of chemicals and fuels by incorporating metal elec-
trocatalytic functionality into the membrane.  

EXPERIMENTAL SECTION 

Reagents. All chemicals were used as received without fur-
ther purification: poly(4-vinylpyridine) (~160,000 MW, 
Sigma-Aldrich), bromoethane (VWR, ≥99.0%), dimethyl 
sulfoxide (TCI Chemicals, >99%), epichlorohydrin (VWR), 
1,3,5-trimethoxybenzene (VWR, ≥99%), chloroform-d 
(VWR, ≥99.8%), potassium bicarbonate (Sigma-Aldrich, 
99.7%), acetone (VWR, >99.5%), methanol (VWR, >99.8%). 
Polyvinylidene fluoride (PVDF) ultrafiltration substrates 
with a molecular weight cut off 100kDa were kindly do-
nated by Philips’ lab at the University of Notre Dame. 

Synthesis of P4VP-C2-Br and P4VP-C2-HCO3. Bromoeth-
ane-quaternized P4VP (P4VP-C2-Br; see Scheme 1) was 



 

synthesized by first dissolving 1 g of P4VP in 12 mL of dime-
thyl sulfoxide at room temperature. Then 23.9 mmol of bro-
moethane was added into the mixture and the reaction was 
conducted at 50 ℃ for 2 days. After the reaction, the poly-
mer was purified by precipitating in acetone. The final 
quaternized P4VP was dried in a vacuum oven for 2 days at 
room temperature. The degree of quaternization was 
~100%, which was confirmed by 1H NMR spectroscopy 
(Figure S1).  

Synthesis of P4VP-C2-HCO3 was carried out by anion-ex-
change of P4VP-C2-Br with KHCO3. 0.4 g of P4VP-C2-Br was 
dissolved into methanol to prepare a 20 wt% solution. Then 
4.6 mmol of KHCO3 was added into the P4VP-C2-Br solution, 
and the mixture was stirred at room temperature for 48 h. 
After the reaction, the solution was filtered with a Nylon fil-
ter (size 0.45 µm) to remove the side product KBr. The 
structure of P4VP-C2-HCO3 was confirmed using Attenu-
ated Total Reflection Infrared (ATR-IR) spectroscopy. The 
ATR-FTIR measurements were performed using a Bruker 
Tensor 27 FTIR spectrometer, with a spectral resolution of 
4 cm-1 and 64 scans-per-spectrum. The ATR-IR spectrum of 
P4VP-C2-HCO3 (Figure S2) displayed bands associated with 
bicarbonate at 1673 cm-1, 1399 cm-1, 1278 cm-1, and 1005 
cm-1, which were not present in the spectrum of P4VP-C2-
Br.  The band at 1673 cm-1 is close to the asymmetric stretch 
of C-O (~1650 cm-1) in species HCO3- reported in the litera-
ture,41 while the band at 1399 cm-1 is close to the symmetric 
stretch of C-O in bicarbonate (~1365 cm-1).41-43 Addition-
ally, the band at 1278 cm-1 is close to the bending mode of 
C-OH in bicarbonate (~1300 cm-1).41, 43 The band at 1005 
cm-1 is same as the asymmetric stretch of -C-OH in bicar-
bonate.41, 43 The higher values of the asymmetric and sym-
metric stretch of-C-O, and the bending mode of C-OH in our 
study may be attributed to the presence of the pyridine ion, 
a conjugate cation whose π system may interact with the bi-
carbonate anion. Overall, these spectral assignments con-
firm the successful synthesis of P4VP-C2-HCO3.  

Preparation of P4VP, P4VP-C2-Br, and P4VP-C2-HCO3 
membranes. All the membranes utilized in this study were 
prepared by knife casting on PVDF substrates. Specifically, 
a 20 wt% methanol solution of P4VP-C2-HCO3 was em-
ployed and directly cast onto a PVDF substrate with a cer-
tain wet thickness to fabricate the P4VP-C2-HCO3 mem-
branes. All membrane thickness values mentioned in this 
work are wet thicknesses. For the fabrication of P4VP-C2-
Br membrane, a 20 wt% aqueous solution of P4VP-C2-Br 
was used, while a 20 wt% ethanol solution of P4VP was em-
ployed for the preparation of the P4VP membranes. Follow-
ing the casting process, all membranes were left to dry over-
night for subsequent analysis.   

CO2/N2 separation performance measurements. All gas 
separation performance measurements were conducted 
with a gas permeation apparatus shown in Figure S3. The 
membranes were cut to 19 mm in OD and installed into the 
permeation cell. Aluminum gaskets were used on both sides 
of the membrane for sealing. The effective membrane sur-
face area was determined to be ~1.77 cm2. CO2/N2 gas mix-
tures with varying 𝑥% CO2 and (100-𝑥)% N2 at a flow rate 
of 53 mL/min were used as the feed gas for permeation 
measurements. Ar with a flow rate of 10 mL/min was used 

as the sweep gas. The two streams were saturated with wa-
ter vapor at 57 ℃, and the feed and sweep were both at at-
mospheric pressure.  The outlet gas compositions of the 
sweep side were analyzed by an online gas chromatograph 
(Agilent 7890) equipped with a Carboxen® 1010 PLOT ca-
pillary column and a TCD detector. CO2 permeance and 
CO2/N2 selectivity were calculated from GC analysis of the 
permeate. 

CO2 cycloaddition reactivity measurements. The reactiv-
ity of P4VP, P4VP-C2-Br, and P4VP-C2-HCO3 for CO2 cy-
cloaddition to epichlorohydrin was investigated using the 
batch reactor setup described in our previous study.34 In 
this experimental configuration, a 25 mL Schlenk tube 
equipped with a gas bag was employed as the reactor. To 
commence the experimental procedure, 0.95 mmol of cata-
lyst was introduced into the batch reactor, which was sub-
sequently followed by the addition of a 5 mL solution of 
epichlorohydrin containing 0.1 g of 1,3,5-trimethoxyben-
zene, which was incorporated as the inner standard. After 
undergoing three cycles of CO2 purging, a 1 L of pure CO2 
bag was connected to the reactor. The reaction was con-
ducted at 57 ℃ under atmospheric pressure of CO2 for 24 
hours. Subsequently, the resulting solution was analyzed 
with 1H NMR spectroscopy (Bruker AVANCE III HD 400 
Nanobay spectrometer). Chloroform-d was used as the sol-
vent for the 1H NMR analysis.   

Integrated CO2 capture and conversion measurements. 
The apparatus used for integrated CO2 capture and conver-
sion measurements was the same as that used for gas sepa-
ration performance measurements, except instead of using 
an Ar sweep, the epichlorohydrin reactant was cycled 
through the permeate side of the membrane (see Figure 2).  
In all the integrated CO2 capture and conversion measure-
ments, 5 mL of epichlorohydrin with 0.1 g of 1,3,5-tri-
methoxybenzene as the internal standard was used and cy-
cled through the permeate side of the membrane with a VICI 
M6 pump. The epichlorohydrin was circulated through the 
reactor with a flux of 1000 µL/min. Same as the gas separa-
tion measurements, a water vapor-saturated gas mixture 
with 𝑥% CO2 and (100- 𝑥)% N2 with a total flow rate of 53 
mL/min was used as the feed gas. After reacting at 57 ℃ for 
24 h, the reaction solution was analyzed by 1H-NMR spec-
troscopy using chloroform-d as the solvent. 

 

Figure 2. Schematic of the membrane reactor apparatus 
used for integrated CO2 capture and conversion measure-
ments.  

 

 



 

RESULTS AND DISCUSSION 

CO2/N2 separation performance of P4VP, P4VP-C2-Br 
and P4VP-C2-HCO3. The CO2 permeance and CO2/N2 selec-
tivity of P4VP, P4VP-C2-Br and P4VP-C2-HCO3 membranes 
with wet thicknesses of 0.356 mm were measured at 57℃ 
and atmospheric pressure using a permeation apparatus 
depicted in Figure S3. The feed gas employed for the exper-
iments consisted of 15% CO2 and 85% N2 (dry basis), which 
was saturated with water vapor by passing through a water 
bubbler. The sweep gas was pure Ar, which was also satu-
rated with water vapor using a bubbler.  To ensure reliable 
and accurate measurements, three membrane samples 
were evaluated for each material. The CO2 permeance and 
CO2/N2 selectivity of the P4VP, P4VP-C2-Br and P4VP-C2-
HCO3 membranes are summarized in Figure 3.  

 

Figure 3. Comparison of the CO2 permeance (orange) and 
CO2/N2 selectivity (green) of P4VP, P4VP-C2-Br, and P4VP-
C2-HCO3 membranes (Conditions: feed side: humidified 
15% CO2 and 85% N2 (dry basis) with a total flow rate of 53 
mL/min, 1 atm; sweep side: humidified Ar with a flow rate 
of 10 mL/min, 1 atm; 57 ℃). Each data point represents the 
average of three membranes.  

The CO2 permeance of P4VP was 6.5 ± 0.2 GPU, with a 
CO2/N2 selectivity of 18 ± 2. The CO2 permeance of P4VP-
C2-Br (140 ± 10 GPU) was significantly higher, but the 
CO2/N2 selectivity of P4VP-C2-Br (4 ± 2) was significantly 
lower, than that of P4VP. To understand the underlying 
cause of the reduced CO2/N2 selectivity exhibited by P4VP-
C2-Br membranes at 57 ℃, gas separation measurements 
were conducted at room temperature. The results (Figure 
S4a) show that the CO2/N2 selectivity reached 57 ± 8. How-
ever, upon increasing the temperature to 57 ℃ (Figure 
S4b), the CO2/N2 selectivity decreased to 5.6 ± 0.2. The rea-
son for the decrease in the CO2/N2 selectivity of P4VP-C2-Br 
membranes at 57℃ is not clear, but it could be due to the 
dissolution of P4VP-C2-Br in water vapor at this elevated 
temperature. 

To improve the thermal stability of the P4VP-C2-Br mem-
brane, an ion exchange process was employed to substitute 

the bromide counter ion with bicarbonate ions (see Scheme 
1). This strategy was based on the hypothesis that bicar-
bonate ions could engage in hydrogen bonding interactions, 
thereby improving the overall stability of the membrane. 
Additionally, the use of bicarbonate ions offers environmen-
tal advantages over bromide ions, bicarbonate ions are re-
active towards epoxides,44 and bicarbonate ions were re-
ported as key intermediates in coupled CO2 capture and 
conversion.45-47 The ion exchange process was carried out 
using KHCO3 as the exchange agent (see Experimental Sec-
tion).  

The replacement of bromide with bicarbonate as the coun-
ter ion yielded noteworthy improvements in the CO2/N2 se-
lectivity of the membrane (see Figure 3). Specifically, at 57 
℃, the CO2/N2 selectivity increased significantly from 4 ± 2 
for P4VP-C2-Br to 109 ± 6 for P4VP-C2-HCO3. This substan-
tial enhancement in the CO2/N2 selectivity clearly indicates 
the superior performance of the P4VP-C2-HCO3 membrane 
compared to both P4VP-C2-Br and P4VP in terms of selec-
tive separation of CO2 and N2. The enhanced CO2/N2 selec-
tivity of P4VP-C2-HCO3 at 57 °C compared to P4VP-C2-Br 
may be related to the ability of bicarbonate ions to engage 
in hydrogen bonding interactions that may enhance its ther-
mal stability, as hypothesized above, or the lower water sol-
ubility of P4VP-C2-HCO3. The lower CO2 permeance, but 
higher CO2/N2 selectivity, of P4VP-C2-HCO3 compared to 
P4VP-C2-Br is most likely related to the well-known “per-
meability-selectivity tradeoff” inherent to polymer mem-
brane separations48-50: membranes that are more permea-
ble are generally less selective, and vice-versa.  

In order to comprehensively evaluate the gas separation 
performance of P4VP-C2-HCO3, the CO2 permeance and 
CO2/N2 selectivity of P4VP-C2-HCO3 was measured as a 
function of CO2 partial pressure from 0.1 kPa (i.e., similar to 
the CO2 concentration in air) up to 86 kPa. As shown in Fig-
ure 4, the CO2 permeance and CO2/N2 selectivity increase 
with decreasing CO2 partial pressure, which suggests that 
the P4VP-C2-HCO3 membrane behaves like a facilitated 
transport membrane.51-53  Notably, at a low CO2 partial pres-
sure of approximately 0.1 kPa, the P4VP-C2-HCO3 mem-
brane exhibited a high CO2 permeance of 1300 ± 100 GPU 
and a high CO2/N2 selectivity of 3000 ± 1000. The high un-
certainty in the CO2/N2 selectivity measurement at 0.1 kPa 
is likely due to the small amount of CO2 in the permeate 
stream at this pressure, and hence the relatively low signal-
to-noise ratio of the CO2 peak in gas chromatography. These 
results indicate that the P4VP-C2-HCO3 membrane is effec-
tive at separating CO2 from gas mixtures under conditions 
that closely resemble atmospheric compositions.  

P4VP membranes exhibited a similar trend of increasing 
CO2 permeance and CO2/N2 selectivity with decreasing CO2 
partial pressure (Figure S5), but with a lower CO2 perme-
ance and CO2/N2 selectivity compared to P4VP-C2-HCO3. 
The CO2 permeance and CO2/N2 selectivity of P4VP-C2-Br 
was not evaluated as a function of CO2 partial pressure at 57 
℃ due to its poor thermal stability, as discussed above. 

 



 

 

Figure 4. CO2 permeance (black; left axis) and CO2/N2 selec-
tivity (red; right axis) of P4VP-C2-HCO3 versus feed CO2 par-
tial pressure (Conditions: feed side: humidified 𝑥 % CO2 and 
 (100 − 𝑥)  % N2 (dry basis) with a total flow rate of 53 
mL/min, 1 atm; sweep side: humidified Ar with a flow rate 
of 10 mL/min, 1 atm; 57 ℃). Each data point represents the 
average of three membranes. 

CO2 cycloaddition reactivity of P4VP, P4VP-C2-Br, and 
P4VP-C2-HCO3. The catalytic performance of P4VP, P4VP-
C2-Br, and P4VP-C2-HCO3 for the CO2 cycloaddition reac-
tion was evaluated at 57 °C and 1 atm CO2 for 24 h using a 
batch reactor setup described previously (see Figure S6).34 
By comparing the 1H NMR spectra of the epichlorohydrin 
solution before and after the reaction involving P4VP, P4VP-
C2-Br (Figure S7), and P4VP-C2-HCO3 (Figure S8), distinct 
peaks emerged that were identified as cyclic carbonate, ver-
ified through comparison with the 1H NMR spectrum of the 
cyclic carbonate (Figure S9). Thus, both P4VP-C2-Br and 
P4VP-C2-HCO3 exhibit catalytic activity in the cycloaddition 
reaction between CO2 and epichlorohydrin at mild temper-
atures and CO2 pressures. Trace amounts of diols, with char-
acteristic 1H NMR peaks at 3.75-4 ppm, were also observed.   

The production rate of cyclic carbonate was calculated for 
P4VP, P4VP-C2-Br, and P4VP-C2-HCO3 for comparison. The 
production rate is reported in mmol of product per hour per 
reactive site, where we assume that there is one active site 
per pyridine unit in each polymeric material. Figure 5 
shows the cyclic carbonate production rate of P4VP, P4VP-
C2-Br, and P4VP-C2-HCO3.  The results show that, while the 
cyclic carbonate production rate is similar for the three ma-
terials, P4VP-C2-HCO3 exhibited a significantly higher cyclic 
carbonate production rate (10.3 ± 0.6 mmol/h/active site) 
compared to P4VP-C2-Br (6.9 ± 0.6 mmol/h/active site) and 
P4VP (8.0 ± 0.3 mmol/h/active site). The similarity in the 
catalytic activity of P4VP, P4VP-C2-Br, and P4VP-C2-HCO3 
may suggest that the active sites in these different materials 
is similar, and the activity of this site is sensitive to quater-
nization and anion-exchange, which may influence the reac-
tion mechanism directly or indirectly (by influencing the 
electronic structure of the active site, for example). Never-
theless, these results show that catalytic activity of P4VP 
can be tuned and enhanced by synthetic quaternization.  

 

Figure 5. Comparison of the cyclic carbonate production 
rate of P4VP, P4VP-C2-Br, and P4VP-C2-HCO3 in the batch 
reactor under 1 atm CO2 at 57 ℃ after reaction for 24 h. Each 
data point represents the average and standard deviation of 
four batches. 

 

Integrated CO2 capture and conversion using P4VP-C2-
HCO3. Our CO2/N2 separation performance measurements 
and CO2 cycloaddition activity measurements show that 
P4VP-C2-HCO3 is selective for CO2/N2 separation at 57 °C; is 
active for the CO2 cycloaddition reaction at 57 °C; and is in-
soluble in the epichlorohydrin reactant. P4VP and P4VP-C2-
Br, on the other hand, do not satisfy these criteria for select-
ing a membrane for integrated CO2 capture and conversion 
to cyclic carbonates because P4VP is solubilized by epichlo-
rohydrin, and P4VP-C2-Br is not selective for CO2/N2 sepa-
ration at 57 °C. Thus, P4VP-C2-HCO3 is the most promising 
membrane in this study for integrating CO2 capture and con-
version to cyclic carbonates.  

The integration of CO2 capture with CO2 conversion to cyclic 
carbonates was evaluated in the membrane reactor (Figure 
2) using a P4VP-C2-HCO3 membrane with a wet thickness 
of 0.356 mm. The procedure for testing the overall rate of 
integrated CO2 capture and conversion using the P4VP-C2-
HCO3 membrane initially involved verifying its CO2/N2 se-
lectivity through gas separation performance testing. The 
testing was performed using a feed gas consisting of 15% 
CO2, 85% N2 (dry basis) saturated with water vapor with a 
total dry gas (CO2 and N2) flow rate of 53 mL/min at atmos-
pheric pressure. After verifying the CO2/N2 selectivity of the 
membrane, the integration of CO2 capture and CO2 conver-
sion to cyclic carbonates was then investigated by changing 
the sweep from Ar to epichlorohydrin containing 1,3,5-tri-
methoxybenzene as an inner standard without changing the 
feed side setup. The composition of the reaction solution 
containing the epichlorohydrin reactant and the cyclic car-
bonate produced from the reaction was monitored with 1H 
NMR in CDCl3. 1H NMR results (see Figure S10) indicate 
that a significant amount of cyclic carbonate was produced 
during integrated CO2 capture and conversion using P4VP-
C2-HCO3. This confirms that P4VP-C2-HCO3 can effectively 
capture CO2 from mixed gas streams and convert the cap-
tured CO2 to cyclic carbonate in a single, continuous unit 



 

process at mild temperatures (57 °C) and atmospheric pres-
sure.  

To further investigate the role of the P4VP-C2-HCO3 mem-
brane in the CO2 capture and conversion process, a control 
experiment was conducted using the batch reactor with the 
P4VP-C2-HCO3 membrane as the catalyst. The reaction con-
ditions and gas composition were kept the same as in the 
membrane reactor system used for integrated CO2 capture 
and conversion to mimic the conditions in the membrane 
reactor. The membrane was suspended in the batch reactor 
at the gas-liquid interface, identical to its position in the 
membrane reactor (Figure S11). To simulate water vapor 
in the CO2/N2 feed, 113 µL of DI water (see Section S3 for 
calculation) was added to the liquid, and 1L of simulated 
flue gas (15% CO2 and 85% N2) was introduced into the re-
actor. The reaction was carried out at 57 ℃ and sampled at 
certain time intervals up to 48 hours. The time-resolved 1H 
NMR spectra of the reaction solution with the membrane at 
the gas-liquid interface is shown in Figure S12b. The 1H 
NMR results show that there was not a significant amount 
of cyclic carbonate produced during the 48-hour of reaction 
in the control experiment using a batch reactor with the 
P4VP-C2-HCO3 membrane as the catalyst. 

An additional control experiment was conducted in the 
batch reactor under the same conditions, with the exception 
that the membrane was immersed in the epichlorohydrin 
liquid (Figure S13). The resulting 1H NMR spectra are pre-
sented in Figure S14, and similarly, only trace amounts of 
cyclic carbonate were detected. Therefore, we can conclude 
that the P4VP-C2-HCO3 plays a crucial role in separating CO2 
from the CO2/N2 gas mixture and delivering concentrated 
CO2 to the catalytically active sites of the membrane at the 
gas-solid-liquid interface for conversion with epichlorohy-
drin to cyclic carbonate. Additionally, the membrane acts as 
a barrier preventing evaporation of the volatile epichloro-
hydrin reactant.  

The influence of membrane thickness and CO2 partial 
pressure on the rate of integrated CO2 capture and con-
version using P4VP-C2-HCO3. To investigate the influence 
of membrane thickness on the CO2/N2 separation perfor-
mance and the integrated CO2 capture and conversion pro-
cess, P4VP-C2-HCO3 membranes with varying wet thick-
nesses from 0.178 mm to 0.712 mm were prepared and 
evaluated in the membrane reactor apparatus. We are not 
necessarily limited to membranes in the wet thickness 
range of 0.178 to 0.712 mm, but membranes thinner than 
0.178 mm wet thickness are difficult to prepare reproduci-
bly.  

As expected, the CO2 flux (Figure 6, green bars, left axis) and 
the CO2 permeance (Figure S15) decreased monotonically 
with increasing P4VP-C2-HCO3 membrane thickness. The 
CO2/N2 selectivity of P4VP-C2-HCO3 increased as the mem-
brane wet thickness increased from 0.178 mm (65 ± 7) to 
0.356 mm (150 ± 20), as expected, and then decreased to 
109 ± 4 as the membrane wet thickness increased further to 
0.712 mm (Figure S15). This non-monotonic trend in the 
CO2/N2 selectivity of P4VP-C2-HCO3 is surprising as selec-
tivity in facilitated transport membranes is expected to in-
crease with increasing membrane thickness.51 The origin of 
this unexpected trend is not clear, but the CO2/N2 selectivity 

of P4VP-C2-HCO3 is still quite high in the 0.178 to 0.712 mm 
wet thickness range.   

 

Figure 6. Comparison of the CO2 flux (green bars; left axis) 
and cyclic carbonate production rate (blue data points; right 
axis) during integrated CO2 capture and conversion with 
different membrane wet thicknesses. (Feed gas composi-
tion: 15% CO2 and 85% N2 (dry basis) with a total flow rate 
of 53 mL/min, water vapor saturated, 1 atm; sweep side: 
humidified Ar at a flow rate of 10 mL/min, 1 atm; 57 ℃; re-
action temperature: 57 ℃; reaction time: 24 hours). Each 
data point represents the average and standard deviation of 
three different membranes.  

 

The overall rate of integrated CO2 capture and conversion to 
cyclic carbonates using P4VP-C2-HCO3 membranes with dif-
ferent membrane thickness is shown in Figure 6 (blue data 
points; right axis). The overall rate of cyclic carbonate pro-
duction remains roughly constant at (7.7 ± 0.8) × 10-4 
mmol/s/m2 as the membrane wet thickness increases from 
0.178 mm to 0.712 mm. If CO2 transport across the mem-
brane was the rate-limiting step in the overall CO2 capture 
and conversion sequence, then one would expect the cyclic 
carbonate production rate to decrease with increasing 
membrane thickness, similar to the trend observed in the 
CO2 flux (Figure 6, green bars, left axis). The observation 
that the cyclic carbonate production rate is independent of 
the membrane thickness suggests that the rate-limiting step 
in the combined CO2 capture and conversion process is the 
conversion of CO2 to cyclic carbonates. This conclusion is 
further supported by our observation that the CO2 fluxes 
across the P4VP-C2-HCO3 membranes are more than an or-
der-of-magnitude larger than the rate of integrated CO2 cap-
ture and conversion to cyclic carbonates.  

The performance of P4VP-C2-HCO3 for integrated CO2 cap-
ture and conversion was further evaluated by examining its 
performance under varied CO2 partial pressures, using 
P4VP-C2-HCO3 membranes with a wet thickness of 0.356 
mm. Figure 7 shows that the CO2 flux across the membrane 
increases as the feed CO2 partial pressure increases from 0.1 
kPa to 86 kPa, as expected. Additionally, while there is a rel-
atively large uncertainty in the cyclic carbonate production 



 

rate measured at 15 kPa CO2, there is a general trend of in-
creasing rate of cyclic carbonate production with increasing 
CO2 partial pressure. As our membrane thickness-depend-
ent measurements (Figure 6) suggest that conversion of 
CO2 to cyclic carbonates is the rate-limiting step in the com-
bined CO2 capture and conversion process, the increase in 
the cyclic carbonate production rate with increasing CO2 
partial pressure is most likely due to an increase in the con-
centration of dissolved CO2 in the membrane, and not nec-
essarily due to an increase in the CO2 flux across the mem-
brane. It is also noteworthy that P4VP-C2-HCO3 exhibited 
the ability to capture and convert CO2 into cyclic carbonate 
even at extremely low CO2 partial pressures of 0.1 kPa 
(0.1%), which is close to the CO2 partial pressure in air (0.04 
kPa). Thus, the catalytic membrane is promising for direct 
air capture and conversion of CO2. 

 

Figure 7. CO2 flux (black; left axis) and cyclic carbonate pro-
duction rate (blue; right axis) of P4VP-C2-HCO3 versus feed 
CO2 partial pressure in the integrated CO2 capture and con-
version system. (Membrane wet thickness: 0.356 mm; feed 
gas composition:  𝑥% CO2 and (100 − 𝑥)% N2 (dry basis) 
with a total flow rate of 53 mL/min, water vapor-saturated, 
1 atm; sweep side: humidified Ar at a flow rate of 10 
mL/min, 1 atm; 57 ℃; reaction temperature: 57 ℃; reaction 
time: 24 h). Each data point represents the average and 
standard deviation of three different membranes. 

Stability of P4VP-C2-HCO3 during integrated CO2 cap-
ture and conversion. The stability of the P4VP-C2-HCO3 
membrane during integrated CO2 capture and conversion to 
cyclic carbonates was evaluated by measuring the cyclic 
carbonate production rate as a function of time from 0 to 48 
h of reaction. The results, presented in Figure S16a, show 
that the cyclic carbonate production rate decreased from an 
initial value of ~2.8 × 10-3 mmol/s/m2 to a nearly constant 
value of ~1 × 10-3 mmol/s/m2 at reaction times greater than 
~30 h.  

To investigate the underlying reason for the decrease in the 
cyclic carbonate production rate over time, the P4VP-C2-
HCO3 membrane was analyzed by ATR-FTIR spectroscopy 
before and after the reaction. The ATR-FTIR results, pre-
sented in Figure S17, revealed small but significant changes 

in several FTIR bands over the course of the reaction. We 
postulate that the decrease in membrane reactivity may be 
attributed to the formation of byproducts, such as glycidol 
or 3-chloro-1,2-propanediol, that may adsorb strongly on 
the membrane surface. The strong OH stretch54-56 band ob-
served at approximately 3301 cm-1 and the shift in the 
asymmetric stretch of C-OH in bicarbonate from 1005 cm-1 
to 1043 cm-1 could be evidence of this deactivation. Addi-
tionally, the band observed at 1043 cm-1 may also contrib-
ute to the shift of C-O groups in 3-chloro-1,2-propanediol 
(which is normally observed at ~1031 cm-1).54 These obser-
vations may suggest that byproducts such as 3-chloro-1,2-
propanediol are bound to the membrane surface rather 
than in solution. These byproducts may block active sites on 
the P4VP-C2-HCO3 membrane surface, thereby decreasing 
the rate of conversion of CO2 to cyclic carbonate, which was 
determined to be the rate-limiting step in the combined CO2 
capture and conversion process. The presence of these po-
tential byproducts may be difficult to distinguish via 1H 
NMR because of their low concentrations and adsorption on 
the membrane, although peaks were detected at 3.75-4 
ppm.  

In addition to a decrease of the production rate of cyclic car-
bonate over reaction time, the CO2/N2 selectivity of P4VP-
C2-HCO3 was also compromised by exposure to the epichlo-
rohydrin reaction mixture, as depicted in Figure S16b. 
Prior to exposure to epichlorohydrin, the CO2/N2 selectivity 
of P4VP-C2-HCO3 was 109 ± 6, which decreased to 5 ± 5 af-
ter epichlorohydrin exposure. The CO2 flux across P4VP-C2-
HCO3 is quite stable prior to exposure to the epichlorohy-
drin reactant, during exposure to humidified 15% CO2 / 
85% N2 (dry basis) with a humidified Ar sweep (Figure 
S18). This suggests that the integrity of the membrane 
might have been compromised during the reaction from ex-
posure to epichlorohydrin and potentially stemming from 
the formation of byproducts such as glycidol or 3-chloro-
1,2-propanediol. Another plausible cause for the compro-
mised membrane integrity is the dissolution of the mem-
brane in the epichlorohydrin reaction solution, which has 
the potential to induce structural damage to the membrane.  

Based on our results and a mechanism reported in the liter-
ature for bicarbonate-catalyzed cyclic carbonate synthesis, 
57 the proposed reaction mechanism of P4VP-C2-HCO3, in-
cluding formation of byproducts, is illustrated in Figure 8. 
The bicarbonate counter ion in the membrane opens the 
epoxide ring of epichlorohydrin to form intermediate I. 
Then, the intermediate I can attack CO2 to form intermedi-
ate II, and further release the desired product (cyclic car-
bonate) and reform bicarbonate ion, which can further re-
act with epoxide and CO2 to form the desired product. Be-
sides the desired reaction process, the intermediate I may 
also form the intermediate III and intermediate IV, which 
can be further converted to side products glycidol and 3-
chloro-1,2-propanediol. As mentioned previously, although 
the P4VP-C2-HCO3 membrane is more selective for CO2/N2 
separation than P4VP-C2-Br at 57 ℃, the stability towards 
the epichlorohydrin reactant still needs to be improved by 
further materials research and development.  



 

 

Figure 8. Proposed mechanism of the CO2 capture and conversion process, including the formation of byproducts. 

 

CONCLUSIONS 

This work demonstrates that synthetically-quaternized 
P4VP membranes are a promising and tunable platform for 
integrating CO2 capture and conversion in a single, continu-
ous process at mild conditions. Remarkably, the P4VP-C2-
HCO3 membrane system can capture and convert CO2 even 
from streams with low CO2 concentration (such as 0.1 kPa), 
which is approximately the CO2 concentration to air. Thus, 
this work provides a promising approach for direct CO2 cap-
ture and conversion, opening new opportunities in this 
field. While this work focuses on CO2 conversion to cyclic 
carbonates as a model system, due to its relative simplicity 
and the thermodynamic and kinetic favorability of this re-
action at mild temperatures, the catalytic membrane is po-
tentially tunable for CO2 conversion to a variety of chemicals 
and/or fuels by incorporating metal electrocatalytic func-
tionality into the membrane, for example. If the technology 
is capable of being sufficiently scaled up, this would be a 
transformative shift in carbon capture and utilization tech-
nology that could have a large impact on chemical engineer-
ing in the future.   
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