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Abstract: Lowering the regeneration temperature for solid CO2-capture materials is one of the critical
tasks for economizing CO2-capturing processes. Based on reported pKa values and nucleophilicity,
we compared two different polyethylenimines (PEIs): branched PEI (BPEI) and linear PEI (LPEI).
LPEI outperformed BPEI in terms of adsorption and desorption properties. Because LPEI is a solid
below 73–75 ◦C, even a high loading amount of LPEI can effectively adsorb CO2 without diffusive
barriers. Temperature-programmed desorption (TPD) demonstrated that the desorption peak top
dropped to 50.8 ◦C for LPEI, compared to 78.0 ◦C for BPEI. We also revisited the classical adsorption
model of CO2 on secondary amines by using in situ modulation excitation IR spectroscopy, and
proposed a new adsorption configuration, R1(R2)-NCOOH. Even though LPEI is more expensive
than BPEI, considering the long-term operation of a CO2-capturing system, the low regeneration
temperature makes LPEI attractive for industrial applications.

Keywords: CO2 capture; polyethylenimine; regeneration temperature

1. Introduction

A record-high level of CO2 concentration in the atmosphere (ca. 415 ppm) poses
a global concern about how to suppress or stop anthropogenic CO2 emissions [1]. CO2
capture technology is considered to help to reduce the CO2 concentration in the atmosphere.
It falls into two categories: direct CO2 capture from the air (ca. 415 ppm CO2) [2] and CO2
capture from power plants and other industrial sectors (4–100% CO2) [3,4]. In either case,
the regeneration temperature to collect the adsorbed CO2 is as high as 80–120 ◦C. With
regard to adsorbent degradation and operation cost, lowering the regeneration temperature
is strongly desired [5,6]. Traditionally, liquid amine scrubbing has been employed for
CO2 capture [5,7]. However, its downsides, such as loss of volatile amine, corrosion, and
high energy consumption in the regeneration step, make industries long for an alternative
capturing system [8]. In this regard, solid adsorbents such as mesoporous oxides, zeo-
lites, and metal–organic frameworks (MOFs) have recently gained attention due to their
feasibility for desorbing CO2 from a material surface by simply heating the material. In
particular, porous materials functionalized with amines are under the spotlight due to
their high adsorption capacity and simple synthetic procedure (wet impregnation) [8–11].
Among amines reported so far, polyethylenimine (PEI) supported on mesoporous support
is advantageous over amines with low molecular weight, such as diethylenetriamine and
tetraethylenepentamine, because PEI is more thermally stable and tolerant to oxidative
conditions [12–14]. Its unique characteristic of enhanced CO2 adsorption in the presence
of moisture is also attractive for industrial applications. Branched PEI (BPEI) contains
primary, secondary, and tertiary amines, and their CO2 adsorption property is in the or-
der of primary > secondary > tertiary [15]. Tertiary amines of BPEI do not adsorb CO2
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under dry conditions. So far, its application has been limited to CO2 removal in spacecraft
by NASA [16]. Large-scale industrial applications of BPEI for CO2 capture demand sig-
nificant improvements in the regeneration process in terms of energy consumption and
long-term durability. CO2 desorption from BPEI requires a relatively high temperature
(>90 ◦C) [15]. Lowering the regeneration temperature contributes to a considerable de-
crease in the energy input and the total cost of capturing systems when long-term operation
is considered without exchanging adsorbent materials for several years. In spite of its
importance, lowering the regeneration temperature has not been the main focus in this
field. One way to enhance CO2 desorption was reported by using co-functionalization of
BPEI with 1,2-epoxybutane [14]. The impregnation of BPEI onto a resin can also lower the
desorption temperature down to 70 ◦C [17]. Previously, we also reported a reduction in the
desorption temperature (50 ◦C) by co-impregnating BPEI with ionic liquids [6]. However,
high toxicity and poor biodegradability of ionic liquids make their use in the environment
unattractive [18]. PEI has another structure, which is linear PEI (LPEI). The utilization of
LPEI for CO2 capture was also extensively studied [19–27]. The adsorption capacity of LPEI
is slightly low compared to BPEI, but LPEI has much better tolerance against oxidative
conditions [24]. Similar to BPEI, LPEI also has a better adsorption capacity under humid
conditions [25]. These properties make LPEI attractive for practical use. All the reports on
LPEI focused on adsorption capacity, and its desorption property has never been a main
target. In light of this, we focused on desorption properties of BPEI and LPEI in this study.

Among the three different amines of BPEI, primary amines are the most nucleophilic,
with the highest pKa value [28,29]. Therefore, LPEI with high content of secondary amines
would allow CO2 desorption at a lower temperature. We herein report a comparative study
of BPEI and LPEI, with a particular focus on CO2 desorption properties.

2. Materials and Methods
2.1. Materials

Branched polyethylenimine (BPEI, Sigma-Aldrich, St. Louis, MO, USA; average
Mw: ~25,000, average Mn: ~10,000), linear polyethlenimine (LPEI, Polysciences Inc.,
Warrington, PA, USA; average Mw: 250,000), silica (Sigma-Aldrich, St. Louis, MO, USA,
fumed powder, average particle size: 0.2–0.3 µm), and ethanol (Acros Organics, Pittsburgh,
PA, USA, 99.8%, anhydrous) were used as received without any purification. Helium
(PanGas, Winterthur, Switzerland, ≥99.9999%) and 5000 ppm CO2 in He balance (PanGas,
Winterthur, Switzerland, ≥99.995% CO2, ≥99.9999% He) were also utilized without any
further purification.

2.2. Synthesis

PEI/SiO2 adsorbents were prepared by a conventional wet-impregnation method as
previously reported [6]. BPEI or LPEI was dissolved in anhydrous ethanol and stirred
with a magnetic stirrer (IKA, Staufen, Germany, RCT standard) at room temperature for 30
min. The solution was then poured into a flask containing silica powders. The resulting
suspension was vigorously stirred at room temperature for 1 h. The suspension was then
transferred to a rotary evaporator (Büchi, Flawil, Switzerland, Rotavapor R-210) and slowly
evacuated at 80 mbar and 32 ◦C to remove the ethanol solvent for 1 h. To completely dry
the sample, it was kept under vacuum at 25–30 mbar at 50 ◦C for 20 min.

2.3. Adsorption and Desorption

The experimental set-up and procedure were exactly the same as in the previous
report [6]. Briefly, CO2 adsorption was performed in a fixed-bed plug-flow reactor. The
CO2 breakthrough was monitored by FT-IR spectrometer (Bruker, Billerica, MA, USA,
ALPHA) equipped with a transmission gas-analysis module and deuterated triglycine
sulfate (Bruker, Billerica, MA, USA, DTGS) detector. The adsorbent samples (300 mg) were
placed into the tubular reactor and pretreated with a pure helium flow (200 mL/min) at
100 ◦C for 10 min (ramping rate: 5 ◦C/min). After pretreatment, the reactor was cooled
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down to 25 ◦C, and the gas flow was switched to 5000 ppm CO2 in He balance. Temperature-
programmed desorption (TPD) was carried out by heating the reactor from 25 ◦C to 100 ◦C
in a He flow at a ramping rate of 5 ◦C/min. Experiments under a humid condition
were operated with a relative humidity (RH) of 73.9% (dew point: 20 ◦C). The details
of the modulation excitation spectroscopy (MES) and diffuse reflectance infrared Fourier
transform spectroscopy (ST Japan, Tokyo, Japan, DRIFTS) can be found in the previous
report [6].

3. Results and Discussion

Figure 1a displays the molecular structures of BPEI and LPEI. BPEI consists of primary
amines at branch ends, and secondary and tertiary amines in the backbone. In contrast,
LPEI only contains secondary amines in the repetitive moiety. Both structures have one
nitrogen atom in every three atoms in their backbone. Figure 1b shows a comparative study
of CO2 adsorption on 30 wt % BPEI/SiO2 and 30 wt % LPEI/SiO2 under dry and humid
conditions. As commonly known [17], in the humid condition, CO2 adsorption capacity in-
creased by a factor of ca. 1.8 for both BPEI and LPEI (see Table 1). The presence of moisture
accelerates the formation of bicarbonate species, and thus contributes to the increase in
the adsorption capacity [17,25,30–32]. An important characteristic in the adsorption profile
is that BPEI slowly adsorbed more CO2 after reaching the CO2 breakthrough point, most
likely due to gas diffusion barriers in the highly viscous liquid BPEI layers on SiO2 support
(Figure 1b, red lines). On the other hand, LPEI is a solid polymer, and the gas diffusion
in the solid phase is faster compared to a liquid layer. After saturating the materials with
CO2, temperature-programmed desorption (TPD) was carried out as shown in Figure 1c.
As expected, the TPD peak top for LPEI (50.8 ◦C) dropped by ca. 30 ◦C, compared to BPEI
(78.0 ◦C). As rationalized earlier by the nucleophilicity and pKa values [28,29], LPEI with a
high concentration of secondary amine tremendously lowered the regeneration tempera-
ture. Both BPEI and LPEI adsorbed more CO2 at 45 ◦C, as reported by the literature [26].
Previously, we reported lowering the regeneration temperature of BPEI by ionic liquid (IL)
down to 50 ◦C [6]. However, BPEI-IL composite, in return, deteriorates the CO2 adsorption
property. LPEI can overcome this disadvantage by capturing relatively high amounts of
CO2 (Table 1). For example, LPEI showed high capturing performance (76.8 mg/g) at 45 ◦C.
TPD could not be measured at 45 ◦C for LPEI, since all the CO2 was released by switching
to He. LPEI also desorbed CO2 from the surface very slowly at 25 ◦C, which can be seen in
Figure 1c. Hence, the interaction of CO2 and secondary amines of LPEI was considered
to be fairly weak. The N atom efficiency in Table 1 was estimated based on how many N
atoms were actually used to capture CO2. The maximum efficiency (41.5%) was achieved
with 30 wt % BPEI/SiO2 at 45 ◦C under a humid condition. At 25 ◦C, the N atom efficiency
was nearly the same for both BPEI and LPEI under dry and humid conditions.

To evaluate the gas diffusion property, samples bearing 60 wt % PEI were also tested.
As in Figure 2a and Table 1, 60 wt % BPEI adsorbed only 90.6 mg/g of CO2, while 60 wt %
LPEI captured 142.1 mg/g of CO2. The increase in the loading amount had almost no
positive effect for BPEI. As shown in Table 1, the N atom efficiency even dropped from
25.3% to 14.8% at 25 ◦C. This data implied that 30 wt % BPEI covered the entire surface
of SiO2, and further addition formed liquid overlayers, as schematically illustrated in
Figure 2c. The high viscosity of liquid BPEI might make CO2 diffusion inside the liquid
layer difficult. Most likely, only the surface layer was accessible for CO2 capture. This
accounted for the reason for the low N atom efficiency for 60 wt % BPEI. However, LPEI
with a melting point of 73–75 ◦C still seemed to have a permeable solid layer on SiO2,
and therefore, all the secondary amines were accessible for CO2 adsorption. The N atom
efficiency for LPEI was not influenced by the loading amount, as seen in Table 1. As shown
in Figure 2b, TPD peak tops for both BPEI and LPEI shifted toward higher temperatures
due to the diffusive barriers by loading 60 wt %.
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Figure 1. (a) BPEI and LPEI molecular structures; (b) CO2 capture (5000 ppm CO2 in He balance
with/without H2O vapor, 200 mL/min) at 25 ◦C; (c) TPD profile (5 ◦C/min, 200 mL/min of pure He).

Table 1. Adsorption and desorption performance of BPEI and LPEI supported on SiO2 under
different conditions. Note: 5000 ppm of CO2 in He balance for adsorption and pure He for desorption.
RH = 73.9% (dew point: 20 ◦C).

Adsorbent Condition Adsorption
Capacity (mg/g) #1

N Atom
Efficiency (%) #4

Desorption
Temperature (◦C) #2

30 wt % BPEI/SiO2 25 ◦C, dry 41.2 13.5 78.0

30 wt % BPEI/SiO2 25 ◦C, humid 77.5 25.3 78.6

30 wt % BPEI/SiO2 45 ◦C, humid 127.0 41.5 67.1

60 wt % BPEI/SiO2 25 ◦C, humid 90.6 14.8 96.7

30 wt % LPEI/SiO2 25 ◦C, dry 37.6 12.3 50.8

30 wt % LPEI/SiO2 25 ◦C, humid 68.6 22.4 54.4

30 wt % LPEI/SiO2 45 ◦C, humid 76.8 25.1 – #3

60 wt % LPEI/SiO2 25 ◦C, humid 142.1 23.2 73.0
#1 Amount of CO2 captured (mg) per adsorbent used (g); #2 peak centers of TPD profiles; #3 all the CO2 molecules
were desorbed at 45 ◦C; #4 the N atom efficiency was estimated based on the total number of N atoms in the
samples. The maximum adsorption capacities were 306.3 mg/g for 30 wt % BPEI and LPEI and 612.7 mg/g for
60 wt % BPEI and LPEI.

To understand adsorption–desorption mechanisms at the molecular level, we applied
in situ diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) combined
with modulation excitation spectroscopy (MES) [33–35]. In situ MES-DRIFTS enhances the
signal-to-noise (S/N) ratio, and thus allows in situ monitoring of a trace amount of active
species involved in chemical reactions [33]. Figure 3a,b display time-domain IR spectra
of BPEI and LPEI during repeated adsorption-desorption cycles at 50 ◦C. The spectral
characteristics between BPEI and LPEI differed considerably; the absorbance for LPEI
was higher by a factor of 10. This enhanced adsorption–desorption during modulation
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experiment accounted for the lowered desorption temperature, releasing all the CO2 at
50 ◦C within 200 s in the He flow. The IR bands observed for BPEI were well comparable
to the ones previously reported [6]: ν(N-H) of carbamate and ammonium ion centered
at around 3400 cm−1, ν(C = O) of carbamic acid at 1680 cm−1, ν(COO−) of carbamate at
1558 cm−1, δ(NH3

+) of ammonium ion at 1530 cm−1, and overlapped δ(N-H) and ν(C-N)
of carbamate at 1502 cm−1. As shown in Figure 3b, LPEI showed a completely different
spectral feature. There were no IR bands assignable to carbamate or carbamic acid detected.
Interestingly, ν(N-H) at around 3400 cm−1 completely disappeared. The band at 1405 cm−1

can also be assigned to ν(C-N). CO2 adsorption with primary and secondary amines is
considered to occur as follows [5]:

(Primary amines)

CO2 + R-NH2 → R-NHCOOH and/or R-NH2
+COO– (1)

CO2 + 2 R-NH2 → R-NH3
+ + R-NHCOO– (2)

(Secondary amines)

CO2 + 2R1(R2)-NH→ R1(R2)-NCOO– + R1(R2)-NH2
+ (3)

Reaction (1) forms carbamic acid or carbamate ion involving one amine group. Reac-
tions (2) and (3) involve two amine groups. The spectral analysis based on Figure 3 led us
to come to an assumption with the following reaction path:

CO2 + R1(R2)-NH→ R1(R2)-NCOOH (4)

Figure 2. Effect of loading amount of PEI on (a) CO2 capture and (b) desorption (conditions are
identical to the experiments in Figure 1 with H2O). (c) Schematic illustration of CO2 diffusion.

This model would fit to our spectral observation. This assumption was further sup-
ported by the detection of the broad band of ν(O-H) at 3000–3200 cm−1. To the best of our
knowledge, there has been no previous report proposing such an adsorption configuration
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together with spectroscopic evidence. This configuration provides a rational basis for future
molecular design of CO2 adsorbents for low-temperature regeneration.

Figure 3. Time-domain IR contour plots of (a) 30 wt % BPEI/SiO2 and (b) 30 wt % LPEI/SiO2

during CO2 adsorption–desorption at 50 ◦C (5000 ppm CO2 in He balance: 200 mL/min, pure He:
200 mL/min). The unit of the color bar is absorbance.

Finally, we tested 30 wt % LPEI/SiO2 for recyclability. The adsorption–desorption
cycles at 45 ◦C under humid conditions were repeated; 5000 ppm CO2 in He balance with
H2O vapor at 200 mL/min was fed into the reactor and then switched to pure He for
desorption cycles (Supplementary Materials). As seen in Figure 4, within 100 cycles there
was no performance deterioration observed. LPEI could release all the CO2 molecules at
45 ◦C, and therefore has a high potential for industrial applications.

Figure 4. The recyclability test for adsorption and desorption of CO2 at 45 ◦C (50 mg, 5000 ppm CO2

in He balance: 200 mL/min, pure He: 200 mL/min).

4. Conclusions

We compared BPEI and LPEI supported on SiO2, aiming at low-temperature regener-
ation. We found that 30 wt % LPEI/SiO2 could be regenerated below 50

◦
C. This unique

property originated from different adsorption configurations of CO2 between BPEI and
LPEI. MES-DRIFTS analysis proved that CO2 adsorption on BPEI fell into the classical
adsorption model involving carbamic acid, carbamate, and ammonium ions. On the other
hand, such a model could not be applied for interpreting the CO2 adsorption on LPEI.
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Based on the in situ IR spectral analysis, we propose the intermediate species to be R1(R2)-
NCOOH, which can be decomposed at 25–50

◦
C to release CO2. The newly proposed

model will pave the way for rational molecular design of amine-based polymers targeting
low-temperature regeneration in CO2 capture.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en15031075/s1, Figure S1. The desorption of CO2 for 30 wt % LPEI/SiO2 (300 mg) at 45 ◦C.
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