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Polyethylenimine 
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a,b 

Various amounts of a branched polyethylenimine are 

impregnated into a porous aromatic framework. PEI(40 

wt%) ⊂⊂⊂⊂ PAF-5 shows exceptionally high capacity and 

selectivity of CO2 adsorption at 313 K. The material also 

displays fast adsorption/desorption kinetics and low energy 

penalty for regeneration in addition to water stability. 

In order to mitigate the recent environmental crises such as 

global warming and ocean acidification, efficient carbon 

dioxide (CO2) capture technologies from flue gas or ambient air 

should be developed.1-4 Typical post-combustion flue gas from 

a coal-fired power plant contains N2 (73-77%), CO2 (15-16%), 

H2O (5-7%), and other gases such as O2 (3-4%), SO2 (800 

ppm), SO3 (10 ppm), NOx (500 ppm), HCl (100 ppm), CO (20 

ppm), and hydrocarbon (10 ppm), with the emission 

temperature of 313 ~ 343 K.1 Therefore, CO2 capture material 

for flue gas should have a high adsorption selectivity for CO2 

over N2 at a low CO2 partial pressure and outstanding water 

stability as well as a high CO2 uptake capacity at elevated 

temperatures, fast adsorption and desorption kinetics, and 

regenerability.1 As CO2 capture materials, numerous solid 

adsorbents such as silica5 and carbon materials,6 metal-organic 

frameworks,7 and porous organic polymers8-14 have been 

developed. In particular, some porous organic polymers have 

attracted great attention due to their high surface areas, low 

density, and excellent thermal, chemical, and water stability.8-15 

Especially, the low density of porous organic polymers formed 

by the covalent bonds of only light elements such as C, N and 

H may lead to a high gas uptake per unit mass of the 

adsorbent.11,12 In addition, the porous organic polymers display 

superior stability against water,13 which is crucial for a post-

combustion CO2 capture material. Therefore, porous organic 

polymers must be an optimal class of CO2 capture materials 

provided that their selectivity for CO2 over N2 is also high. 

Zhou and co-workers 

 

Scheme 1. Schematic description of PAF-5 impregnated with branched 
PEI (Mw = ca. 800). 

significantly improved CO2 capture ability of a porous organic 

polymer, PPN-6, by tethering various polyamines or 

ammonium sulfonate to PPN-6.8(b),14 

 In this study, we impregnated various amounts of a 

branched PEI (Mw = ca. 800, water content ≤ 2%) into PAF-5 

and investigated the CO2 capture abilities of the materials. 

PAF-5 is a porous aromatic framework with a 2D layered 

hexagonal structure constructed from only phenyl rings. It 

displays a high surface area (BET: 1503 m2 g-1) as well as a 

large pore width (1.66 nm) and pore volume (1.57 cm g-1).16 

We expected that flexible polymer PEI would block the large 

windows of PAF-5 to interfere the N2 adsorption while CO2 can 

open up the windows and enter the pores due to its high 

polarizability and quadrupole moment.4 Furthermore, numerous 

amine functional groups of PEI would strongly interact with 

CO2, which should increase the capacity and selectivity of CO2 
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Fig. 1. Gas sorption properties of PAF-5 (★), PEI(10 wt%)⊂PAF-5 (●), PEI(30 wt%)⊂PAF-5 (▲), and PEI(40 wt%)⊂PAF-5 (■). a) N2 at 77 K. b) CO2 
at 313 K. c) Isosteric heat of CO2 adsorption. Filled shapes: adsorption process; Open shapes: desoprtion process. 

adsorption. Although there have been a few reports on PEI 

incorporation in silica materials17-23 and metal organic 

frameworks (MOF),24,25 none of them has fully met the 

requirements for the aforementioned post-combustion CO2 

capture material. PEI-impregnated silica materials such as FS-

PEI-5021 and A-PEI/silica23 showed high CO2 uptake capacities 

at 298 K under the ambient air (1.71 and 2.26 mmol g-1, 

respectively), but the equilibrium adsorption time (420 min and 

392 min, respectively) was too long for practical applications. 

In the case of PEI-impregnated MOFs, PEI-MIL-101-125, a 

high temperature (383 K) as well as a vacuum condition should 

be applied for an hour to regenerate the adsorbent, resulting in a 

high energy penalty.24,25 To the best of our knowledge, 

incorporation of PEI into porous organic polymers for CO2 

capture is unprecedented. In the present work, PEI-impregnated 

PAF-5 shows a remarkable increase in the CO2 uptake capacity 

and selectivity for CO2 over N2 under 0.15 atm of CO2 at 298, 

313, and 323 K. In particular, PEI(40 wt%)⊂PAF-5 showed 

the CO2/N2 adsorption selectivity of 2160 at 313 K, adsorbing 

10.8 wt% of CO2 under a stream of 15% (v/v) CO2 in N2 at 313 

K within 20 min, and it was completely regenerated within 10 

min at 343 K under a N2 flow. Even after exposure to water 

vapor for 7 days at 313 K followed by reactivation, the material 

hardly loses its CO2 adsorption capacity, demonstrating its 

superior water stability.  

 PAF-5 was prepared by a nickel(0)-catalyzed Yamamoto 

type Ullmann cross-coupling reaction of 1,3,5-tris-(4-

bromophenyl)benzene,16 and then a branched PEI (Mw = ca. 

800, water content ≤ 2%) was impregnated into PAF-5 by using 

the conventional wet impregnation method.17 To impregnate 

PEI in PAF-5, various amounts of PEI (1.0~3.0 g) were 

dissolved in methanol (25 mL), and the activated PAF-5 (ca. 

0.2 g) was added to the solutions. After the solutions were 

stirred and sonicated for various time (1~6 h), the resulting 

slurry was filtered and washed with methanol (10 mL x 3) to 

remove extra PEI adsorbed on the surface of PAF-5. The PAF-

5 impregnated with various amount of PEI was activated at 373 

K under reduced pressure for 24 h. (Table S1, ESI†). The 

amount of impregnated PEI was determined by 

thermogravimetric analyses (TGA) and elemental analysis data 

for the activated samples. In TGA, while dried PAF-5 is stable 

up to 873 K, PEI-impregnated PAF-5 samples show a sharp 

weight loss between 573 and 673 K, which is attributed to the 

thermal decomposition of impregnated PEI (Figure S1†). The 

weight percent of PEI in PAF-5 was determined by the weight 

loss in this stage. In the elemental analyses, the increase in 

weight percent of nitrogen was observed as more PEI was 

impregnated into PAF-5 (Table S2†). The activated samples 

show a broad peak at ca. 3300 cm-1 in the IR spectrum, 

corresponding to the amine functional groups that form 

extensive hydrogen bonding (Figure S4†). 

To investigate the porosity of PAF-5 and the PEI-

impregnated PAF-5, the materials were activated at 373 K 

under vacuum for 24 h, and N2 adsorption/desorption isotherms 

were measured. The N2 adsorption isotherm measured at 77 K 

indicates that pristine PAF-5 has a BET surface area of 2070 

m2g-1, and pore width of 2.11 nm and pore volume of 1.43 cc g-

1, as calculated by non-local density functional theory (NLDFT) 

applying the model of carbon as an adsorbent and slit pore. 

These values are slightly higher than previously reported values 

of PAF-5.16 For PEI(x wt%) ⊂ PAF-5, N2 uptake at 77 K 

decreases gradually as the weight percent of loaded PEI 

increases as shown in Figure 1a) and Table 1, indicating that 

PEI are impregnated in the pores of PAF-5 instead of the solid 

surface. For PEI(40 wt%)⊂PAF-5, BET surface area and pore 

volume are reduced to less than 3% of those of PAF-5 (40.3 m2 

g-1 and 0.046 cc g-1, respectively), indicating that PEI fills 

almost completely the channel spaces of PAF-5. It should be 

noted that impregnated PEI was not released even under the 

high vacuum condition, and this stability must be attributed to 

the C-H···π interactions between the ethylene groups of PEI 

and phenyl rings of PAF-5. N2 adsorption and desorption 

isotherms of PAF-5 and its PEI-loaded samples were also 

measured at 298, 313, and 323 K up to 1 atm, and the data were 

used in the calculation of selectivity for CO2/N2 adsorption 

(Figure S6†). 

CO2 adsorption/desorption isotherms were measured for 

PAF-5 and PEI-impregnated samples at 298, 313, and 323 K up 

to 1 atm. Pristine PAF-5 shows linearly increasing CO2 

adsorption isotherms under 298, 313, and 323 K, uptaking very  
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Table 1. Porosity and CO2 gas sorption properties of PAF-5 and PEI(x wt%)⊂PAF-5 and comparisons with the properties of other materials. 

a Values are for the samples activated by heat-evacuation method, and those in the parentheses are for PAF-5 activated by supercritical CO2 drying method. b 
Uptake under 0.15 atm of CO2 in the gas adsorption isotherms measured at 298/313/323 K. c From the gas cycling data measured at 313 K under a stream of 

15% (v/v) CO2 in N2. 
d Calculated by using the molar ratio of the CO2 uptake at 0.15 atm and the N2 uptake at 0.85 atm at 298/313/323 K. e Measured under a 

flow of 20% CO2 in N2 at 348 K for 120 min using a TGA.  f Calculated by using the molar ratio of the CO2 uptake at 0.15 atm and the N2 uptake at 0.75 atm at 
298/323 K. g Calculated from Henry’s law constants for single-component adsorption isotherms. h Measured at 295 K. i Calculated ideal adsorbed solution 

theory.  j The weight change of the adsorbent was measured on a TGA analyzer under pure 1atm CO2 at 323 K. k Measured under a flow of 10% CO2 in N2 at 

298 K for 12 hours using a TGA. l From the gas isotherm measured at 298 K and 323 K up to 0.15 atm. No desorption isotherm was reported.  

Fig. 2. Gas cycling data of PAF-5 (black), PEI(10 wt%)⊂PAF-5 (green), 
PEI(30 wt%)⊂PAF-5 (blue), and PEI(40 wt%)⊂PAF-5 (red) measured 
under the stream of 15 % CO2 (v/v) in N2 at 313 K, followed by a pure 
N2 stream at 323 K for PEI(10 wt%)⊂PAF-5, and at 343 K for PEI(30 
wt%)⊂PAF-5 and PEI(40 wt%)⊂PAF-5. The adsorption and desorption 
time were given with 20 min in each process although the materials 
were completely regenerated in 10 min. The wt% in y axis refers to 
(observed weight/initial weight)×100. 

small amount of CO2 under 0.15 atm of CO2 pressure, 1.2, 0.8, 

and 0.7 wt%, respectively (Figure 1b and Figure S7†). However, 

CO2 adsorption isotherms of PEI-loaded adsorbents change to 

type-I curve at all three different temperatures, resulting in a 

drastic increase in CO2 uptake capacities at 0.15 atm. In 

particular, PEI(40 wt%)⊂PAF-5 adsorbs 11.7 wt%, 11.1 wt%, 

and 10.9 wt% of CO2 under 0.15 atm of CO2 pressure at 298 K, 

313 K, and 323 K, respectively, which are 10, 14, and 16 times 

greater than those of pristine PAF-5. The drastic increase in 

CO2 uptake capacity at low CO2 pressure stems from the strong 

interactions between the amine groups impregnated in PAF-5 

and CO2 molecules. Isosteric heat (Qst) of the CO2 adsorption in 

PAF-5 and PEI-impregnated PAF-5 were calculated by using 

Clausius-Clapeyron equation based on Dual-site Langmuir fit 

parameters obtained from the adsorption isotherms at 298, 313, 

and 323 K (Table 1, and Figure S8-S11†). As shown in Figure 

1c, the plot of Qst values versus CO2 uptake shows two 

distinctive regions. In particular, 30 wt% and 40 wt% PEI-

loaded adsorbents display high Qst values (65.8 – 68.7 kJ mol-1) 

up to ca. 1.5 and 2.0 mmol g-1 of CO2 loading, respectively, 

which decrease to low Qst values (23.3 – 18.5 kJ mol-1) in the 

higher CO2 loading. Interestingly, the first region of high Qst 

values covers broader ranges of CO2 uptake capacity as more 

amount of PEI is impregnated in PAF-5. These clearly indicate 

that the first region corresponds to chemisorption of CO2 on 

PEI and the second region to physisorption on the surface of 

PAF-5. The ratios of the adsorbed CO2 amounts by chemi- and 

physisorption calculated for PEI(10 wt%) ⊂ PAF-5, PEI(30 

wt%)⊂PAF-5, and PEI(40 wt%)⊂PAF-5 at 313 K, based on 

Figure 1, are 0.43, 1.49, and 1.72, respectively.  

The CO2 adsorption selectivity over N2 based on IAST 

(Ideal Adsorbed Solution Theory) could not be calculated, since 

extremely low N2 adsorption data for the PEI-impregnated 

adsorbents could not be reasonably fitted. Therefore, it was 

calculated by using the single component adsorption isotherms 

by using the molar ratio of the CO2 uptake at 0.15 atm and the 

N2 uptake at 0.85 atm at 298, 313, and 323 K. For the PEI-

loaded adsorbents, a sharp increase in the CO2 uptake at low 

CO2 pressure together with the large decrease in the N2 uptake 

synergistically enhances the CO2/N2 adsorption selectivity at 

298, 313, and 323 K. As shown in Table 1, PEI(40 wt%)⊂

PAF-5 shows the highest selectivity (2160) at 313 K. To the 

best of our knowledge, this selectivity is the highest value 

reported so far. 

To test the possibility of practical application of PEI-

impregnated PAF-5 in post-combustion CO2 capture, a gas 

cycling experiment was conducted on a thermogravimetric  

Compound SBET (m2 g-1)a Vtotal (cm3 g-1)a 
CO2 adsorption capacity 

Selectivityd Qst (kJ mol-1) Ref 
Pure CO2 (wt%)b 15% CO2 (wt%)c 

PAF-5 2070 (2150) 1.43 (1.34) 1.2/0.8/0.7 0.4 9.3/9.7/15.6 26.0-14.3 This work 

PEI(10 wt%)⊂PAF-5 1640 0.836 3.2/2.7/2.3 1.9 37.3/74.4/45.9 70.7-16.4 This work 

PEI(30 wt%)⊂PAF-5 233 0.152 8.8/8.1/7.6 8.4 403/407/677 65.8-23.3 This work 

PEI(40 wt%)⊂PAF-5 40.3 0.046 11.7/11.1/10.9 10.8 1200/2160/1750 68.7-18.5 This work 

MC400/10PEI%83 6.16 0.016 - 18e - - 5(a) 

NPOF-4-NH2 554 0.28 4.8/2.3/ - - 81/29/ - f 30.1 10 
BILP-2 708 0.49 6.4/ - / - - 113/71/ - g 28.6 12 

PPN-6-CH2DETA 555 0.264 - /11.8h/ 10.0 - 442i - 14 

MCM-41-PEI-50 4.2 0.011 - / - /4.4j - - - 17 
PEI/Zr11-SBA-15 230 0.613 - 6.9k - - 20 

PEI-MIL-101-125 182.9 0.095 16.9/ - /17.4l - 770/ - /1200f - 24 
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Fig. 3. Temperature swing adsorption (TSA) data of PEI(40 wt%)⊂PAF-5. 
A stream of 15% CO2 (v/v) in N2 was applied at 313 K for 10 min and 
then the temperature was increased to 413 K at a rate of 10 K/min 
under a stream of 1 atm CO2. For the complete regeneration of the 
sample, the temperature of 413 K was maintained for 10 min. The wt% 
in y axis refers to the observed weight/initial weight × 100. 

(TG) apparatus. For the adsorption process, the adsorbents were 

exposed to a stream of 15% (v/v) CO2 in N2 at 313 K, which 

approximately mimics flue gas. After the adsorption process, a 

pure N2 stream was applied to regenerate the adsorbents at the 

elevated temperatures, at 313 K for PAF-5, at 323 K for PEI(10 

wt%)⊂PAF-5, and at 343 K for PEI(30 wt%)⊂PAF-5 and 

PEI(40 wt%) ⊂ PAF-5. As shown in Figure 2, PAF-5 and 

PEI(10 wt%) ⊂ PAF-5 reached an equilibrium of CO2 

adsorption quickly, within 20 min, at 313 K. They showed 

relatively low CO2 uptake capacities, 0.4 wt% and 1.9 wt%, 

respectively, and they were regenerated in 10 min under a N2 

flow at 313 and 323 K, respectively. Contrary to these, PEI(30 

wt%)⊂PAF-5 and PEI(40 wt%)⊂PAF-5 adsorbed 8.4 wt% 

and 10.8 wt% of CO2, respectively, at 313 K in 20 min, and 

they were completely regenerated in 10 min at 343 K, 

significantly low desorption temperature considering their very 

high Qst values of the CO2 adsorption. The 10.8 wt% weight 

increase of PEI(40 wt%)⊂PAF-5 in the gas cycling experiment 

is similar to 11.1 wt% CO2 uptake at 0.15 atm in the CO2 single 

component adsorption isotherm measured at 313 K. This 10.8 

wt% of CO2 uptake under a stream of 15% CO2 in N2 (v/v) at 

313 K is one of the highest uptake capacities ever reported. 

Previously reported adsorbents such as PEI/Zr14-SBA-1520, 

65PEI/monolith22, PEI-MIL-101-12524, and mmen-

Mg2(dobpdc)26 suffered from a slow adsorption (12 h)20 or 

desorption process (ca. 100 min),22 in addition to a high energy 

penalty derived from a high regeneration temperature.24,26 

However, PEI(40 wt%) ⊂ PAF-5 in this report adsorbs 

remarkably high amount of CO2 and the material can be 

regenerated quickly at a slightly increased temperature (343 K). 

Furthermore, even after 10 cycles of adsorption/desorption, the 

adsorbent shows neither material decomposition nor decrease 

of CO2 uptake capacity (Figure 2). 

To exclude the possibility of cooperative N2 adsorption27 

from a CO2/N2 gas mixture and validate the highly selective 

CO2 adsorption in PEI(40 wt%)⊂PAF-5, similar gas cycling 

experiments were performed by using a CO2/He mixture, since 

He cannot be adsorbed by any adsorbents. In the gas cycling 

experiment under the CO2/He (15/85, v/v) gas mixture at 313 

K, PEI(40 wt%)⊂PAF-5 increased its weight by 11.3 wt% 

within 20 min (Figure S13†), same as the weight increase under 

the CO2/N2 (15/85, v/v) gas mixture, and the material was 

completely regenerated under a N2 stream at 353 K within 30 

min. The discrepancy of 0.5 wt% under two different gas 

mixtures may be originated from the slight difference in the 

CO2 content, and the results suggest that the material adsorbs 

only CO2 from the CO2 and N2 gas mixture. 

Since industrial flue gas contains water vapor and other 

acidic impurities such as SO2, SO3, NOx, and HCl, CO2 capture 

material should be highly stable against water vapor and the 

acidic impurities. To evaluate the water stability, PEI(40 wt%)

⊂PAF-5 was exposed to water vapor in a closed bottle for 7 

days at 313 K and then activated under reduced pressure at 373 

K for 48 hours. The adsorbent showed the same weight changes 

in the gas cycling experiment carried out under the stream of 

15% CO2 in N2 at 313 K followed by a pure N2 gas stream at 

343 K, indicating the robustness of the adsorbent against water 

(Figure S14†). Furthermore, water vapor adsorption and 

desorption isotherms were measured for PEI(40 wt%)⊂PAF-5 

at 313 K (Figure S15†). The sample adsorbed 5.0 wt% of water 

vapor at P/P0 = 0.68, which corresponds to 0.05 atm of water 

vapor pressure in the post-combustion flue gas. According to 

the previous report by Cooper et al., POPs with hydrophilic 

functional groups showed reduced CO2 uptake capacity after 

exposure to the ambient atmosphere (~50% relative humidity 

conditions). In the present case also, water vapor might 

compete with CO2 for adsorption on the polar PEI. 28 In 

addition, the acidic impurities in flue gas might react with PEI 

base that is impregnated in PAF-5, and the repetitive exposure 

of the material to the flue gas might gradually reduce the CO2 

capture ability, even though the concentrations of acidic 

impurities are extremely low and PAF-5 is stable even in 

concentrated HCl.12  

Working capacity of PEI(40 wt%) ⊂ PAF-5 in a 

temperature swing adsorption (TSA) process was also 

estimated by using the equation, ∆N = Nads - Ndes, where Nads is 

the amount of CO2 adsorbed in the adsorption condition, under 

a flow of 15 % (v/v) CO2 in N2, and Ndes is the amount of CO2 

adsorbed in the regeneration condition, under a pure CO2 

stream at regeneration temperature.29 As shown in Figure 3, 

under a stream of 15% (v/v) CO2 in N2, PEI(40 wt%)⊂PAF-5 

shows 11.1 wt% of CO2 uptake at 313 K within 10 min. When 

the temperature was increased to 413 K at a rate of 10 K/min 

under a pure CO2 stream, the sample began to lose its weight by 

releasing adsorbed CO2 and was completely regenerated at 413 

K. This reveals 11.1 wt% of working capacity on TSA process 

between 313 K and 413 K. The CO2 uptake capacities slightly 

fluctuated during the 10 cycles of TSA, showing the highest 

amount of CO2 (11.7 wt%) adsorption in the 6th cycle. 

However, the difference of the CO2 uptake capacities between 
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the first and 10th cycle is only 0.23 wt% indicating the 

robustness of the material (Figure S16†). 

Conclusions 

We have impregnated various amounts of PEI in PAF-5 and 

demonstrated that PEI(40 wt%) ⊂ PAF-5 is an effective 

material for CO2 capture from the post-combustion flue gas. 

The material shows high CO2 uptake capacity (11.1 wt% at 313 

K under 0.15 atm of CO2), high selectivity for CO2 adsorption 

over N2 (2160 at 313 K), fast adsorption and desorption kinetics 

(within 10 min.), water stability, and yet low energy penalty for 

regeneration of the adsorbents (413 K with 11.1 wt% working 

capacity). For the practical application of this material in CO2 

capture from flue gas, however, we should solve several 

problems still left such as cost down of the material and 

development of large scale up methods, which might be 

challenging. 
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A porous organic framework (PAF-5) impregnated with a polyethylenimine (PEI) 

displays excellent properties for post-combustion CO2 capture. 
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