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ABSTRACT: In this work, a high-strength, hierarchical, and mesoporous
wood decorated with polyethylenimine (PEI) for CO2/N2 selective
adsorption is studied. After lignin removal, the delignified wood showed
micro- and mesoporous structures with a high specific surface area (44.3 m2/
g; determined by physical adsorption). With increasing PEI loading content,
the PEI-delignified wood composite with 49 wt % PEI (P49) showed
superhigh CO2/N2 ideal selectivity (S = 114), a high CO2 adsorption capacity
(2.96 mmol/g), and excellent CO2 cyclic performance at 120 °C. More
importantly, the Young’s modulus of P49 reached 756 MPa, that is, over 10
times higher than those of cellulose porous materials reported in the literature.
This PEI-delignified wood can play an important role in combustion as a
potential CO2 adsorbent.
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■ INTRODUCTION

Since the industrial revolution, the mainstay of global energy
has been the burning of fossil fuels, resulting in massive release
of carbon dioxide (CO2) into the atmosphere.1,2 The
concentration of CO2 in the atmosphere has recently reached
417 ppm (ppm), approaching a ceiling (450 ppm) which
would produce unacceptable changes for climate and environ-
ment.3 The risk of climatic response grows with increasing
concentrations of CO2.

4 From the Tokyo Protocol (1997) and
the Paris Agreement (2016), the use of carbon capture and
storage (CCS) technology has been proposed to reduce the
levels of atmospheric CO2 to mitigate climate change,5

especially by focusing on curbing the largest source of CO2
emissions, that is, the anthropogenic combustion of gas
produced by burning fossil fuels.6

In recent decades, a series of advances have been made in
CCS technology. The most promising strategy has been the
use of porous solid materials with high surface areas and high
adsorption capacity, such as porous carbons,7 metal−organic
frameworks (MOFs),8 zeolites,9 and silica.10 Solids with high
surface area can physically adsorb gas molecules via van der
Waals forces, forming a single layer or multiple layers of gases
on the solid surface.11 For example, Rehman et al.12

demonstrated that nitrogen-doped porous carbon materials
with high specific surface area (1746 m2/g) exhibited ultrahigh
CO2 adsorption performance (6.36 mmol/g) at 0 °C and 1
bar. However, in addition to high CO2 capturing capacity, the
material should also exhibit high selectivity over N2. The major
components of air are N2 (70 to 80%) and CO2 (10 to 15%)
from the burning of fossil fuels.13 Physical adsorption by

porous materials have typically shown poor selectivity, which
greatly hinders their applications for CO2 adsorption.

14

To improve CO2 selectivity, an amine-scrubbing technology
via impregnating aqueous amine polymers into porous solid
materials has been investigated. Amine-based polymers can
form covalent bonds with CO2 showing highly selective
adsorption.15 By investigating 11 different aqueous amine
polymers, Olah et al.16 found that low-molecular-weight
polyethylenimines (PEIs) were suitable candidates for loading
into nanostructured silica for CO2 capture. In recent years, PEI
has been impregnated into porous templates of different pore
sizes, such as silica, MOFs, carbon products, and aerogels,
showing high CO2 adsorption capacity and selectivity.17−19 At
50 wt % PEI loading, Son et al.17 found that mesoporous silica
with 6 nm pore size (KIT-6) and mesoporous silica at 2.8 nm
(MCM-41) exhibited high CO2 capacity (3.07 and 2.52
mmol/g, respectively). Heydari-Gorji et al.18 reported that
pore-expanded MCM-41 loaded with PEI showed greater CO2

adsorption (4.1 mmol/g) after grafting a layer of long-alkyl
chains. Furthermore, Xian et al.19 developed PEI impregnated
zeolitic imidazolate framework (ZIF-8) composites with 45 wt
% PEI for CO2/N2 separation (selectivity = 62) at 65 °C.
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However, the preparation of these templates typically require
complex processes with significant energy consumption, such
as dissolution and gelation processes, chemical grafting, and
drying.20 Compared with low-cost activated carbon, templates
modified by amine-impregnation have several drawbacks, such
as larger pore sizes, poor mechanical strength, and low stability,
which limit their practical application in industry.21−23

Therefore, it is important to develop ecofriendly adsorbents
for CO2/N2 selective adsorption with high strength to meet
the practical needs of industry. In recent decades, cellulose
nanocrystals (CNCs) and nanofibers (CNFs) have attracted
much attention because of their abundance, low costs, high
strengths, biocompatibility, and negligible environmental
impact.24−26 Sehaqui et al.27 reported novel PEI-decorated
CNF foams with high CO2 adsorption capacity. However, the
extraction of CNCs and CNFs is energy-consuming and rather
complex.28−30 Compared with CNCs and CNFs, wood-based
materials prepared through a top-down approach would be
good candidates for the production of CO2 sorbents at low
costs having hierarchical and mesoporous structures, high
specific surface area, and high strength.31

In this work, we developed a high strength, hierarchical, and
mesoporous wood decorated with PEI for CO2/N2 selective
adsorption. Mesoporous wood with a high specific surface area,
as a scaffold for polymer impregnation, was obtained by
removing lignin and hemicellulose. After decorating with PEI,
the sorbents had high concentrations of amines for selective
CO2/N2 adsorption and increased mechanical strength for
practical applications. Additionally, the influence of temper-
ature on of PEI-delignified wood CO2 adsorption, adsorption
kinetics and characteristics and CO2/N2 selectivity were
investigated. To the best of our knowledge, this work is the
first reported use of delignified-wood as a scaffold for CO2/N2
selective adsorption. This sorbent can be potentially applied in
combustion CO2 capture.

■ MATERIALS AND METHODS
Materials. Sugi wood (Cryptomeria japonica) was obtained from

Akita Prefecture (Japan). The air-dried sapwood part of sugi wood
was cut into a cube with a side length of 10 mm. The moisture
content and density were ∼9% and 366 mg/cm3, respectively.
Polyethylenimine (PEI, 99%) with an average molecular mass of 600
was purchased from Junsei Chemical Co., Ltd., Tokyo, Japan. Sodium

chlorite (NaClO2, Sigma-Aldrich, Tokyo, Japan) and ethanol (Nacalai
Tesque, Kyoto, Japan) were used as received. CO2 and N2 used for
thermogravimetric analysis (TGA) were purchased from Izumi
Sangyo Co., Ltd., Shizuoka, Japan. Water was produced by a
purification system (SA-2100E, Eyela, Tokyo, Japan).

Preparation of Mesoporous Delignified Wood. Mesoporous
delignified wood was prepared by extracting lignin from sugi wood as
shown in Figure 1. Briefly, 2 g of NaClO2 (1 wt %) was dissolved in
198 g of water and adjusted to pH 4.6 by adding acetic acid at 80
°C.22 A 10 mm cubic sugi wood was chemically treated with the
NaClO2 solution for 4 h. This treatment was repeated 2 or 3 times
until the color of the wood changed to white. Then, the delignified
wood was immersed in distilled water 3 times to remove lignin and
excessive NaClO2/acetic acid solution.22 Afterward, the delignified
wood was solvent-exchanged by ethanol/water at 20/80, 40/60, 60/
40, 80/20, and 100/0 ratios to obtain ethanol-delignified wood.

Preparation of PEI-Delignified Wood. PEI-delignified wood
was prepared by using wet impregnation methods. First, different
amounts of PEI were dissolved in ethanol under stirring for 30 min to
obtain 1, 5, 10, 20, 40, and 60 wt % PEI/ethanol solutions. Then, the
cube of ethanol-delignified wood was immersed in 10 mL of the PEI/
ethanol solution at room temperature for 24 h to obtain PEI/ethanol-
delignified wood. Finally, to maintain the mesoporous structure, the
PEI/ethanol-delignified wood was dried in supercritical CO2 using the
equipment shown in Figure S1. The sample was put in a high-pressure
vessel at 40 °C, and the pressure was increased to 15 MPa using liquid
CO2. The system was depressurized from 15 to 10 at 1 MPa/min and
from 10 to 0 at 0.2 MPa/min. The as-prepared sorbent was named
PX, with the X indicating the mass fraction of PEI in the dry PEI-
delignified wood (e.g., 5, 16, 27, 37, 49, and 68) as calculated by eq S2
in the Supporting Information.

Characterization. A field emission scanning electron microscope
(JSM-6700F, Tokyo, Japan) was used to observe sample morphology.
For Brunauer−Emmett−Teller (BET) measurement, all samples were
pretreated at 100 °C for 4 h under vacuum (<1 Pa) by using a
BELPREP-vac II (Microtrac BEL, Osaka, Japan). N2 adsorption−
desorption isotherms were obtained by using a BELSORP-mini II
analyzer (Microtrac BEL, Osaka, Japan). Specific surface area (SBET)
and pore size distributions of all samples were calculated on the basis
of BET and Barrett-Joyner-Halenda (BJH) models. Wood compres-
sion tests in the axial direction were performed on a universal testing
machine (Shimadzu AGS-J, Shimadzu Corporation, Kyoto, Japan)
with a 10 kN force transducer at room temperature and 50% relative
humidity.

Measurements of CO2 and N2 Adsorption. The CO2
adsorption and desorption performance, CO2 cycle performance,
and N2 adsorption performance of all samples were determined using

Figure 1. Schematic illustration of PEI-delignified wood preparation.
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a thermogravimetric analyzer (Discovery TGA, TA Instruments, New
Castle, Delaware, U.S.A.). First, a 1 mm wood cube was placed in a
microbalance alumina sample pan. Then, the wood was pretreated at
130 °C for approximately 60 min under a N2 atmosphere to remove
water and any adsorbed impurities. Afterward, CO2 adsorption was
tested at different temperatures (25, 50, 75, 100, and 120 °C) under a
pure, dry CO2 atmosphere at a flow rate of 200 mL/min for 150 min.
N2 adsorption was performed at 120 °C under pure N2 atmosphere at
a flow rate of 200 mL/min for 150 min. CO2 desorption was
performed at 120 °C under pure N2 atmosphere at a flow rate of 200
mL/min for 40 min. For CO2 cycle performance tests, for CO2
adsorption, CO2 was provided for approximately 70 min at 120 °C;
then, for CO2 desorption, the gas was switched to pure N2 and flowed
for approximately 40 min at the same temperature. The selectivity
CO2/N2 (S) was calculated from eq 1:

=S
Q
Q

1

2 (1)

where Q1 and Q2 (mmol/g) is the capture capacity of CO2 and N2
estimated from eq S3 and eq S4.

■ RESULTS AND DISCUSSION
PEI-delignified wood was prepared for CO2 selective
adsorption using two crucial processes to obtain a mesoporous
structure for physisorption and a high amine group content for
chemisorption. For the first process, most of the native wood
lignin was extracted using sodium chlorite (NaClO2) at pH 4.6
and 80 °C to obtain the mesoporous structure and high
specific surface area. After delignification, the wood color

changed from yellowish to white, as shown in Figure 2,
demonstrating that chromophores indicative of lignin had been
removed, which was confirmed by FT-IR analysis, as shown in
Figure S2, indicating the conversion of characteristic groups.
The strong characteristic peaks near 1248 and 1503 cm−1 in
the native wood, which are assigned to C−O stretch peak
vibrations of phenolic hydroxyl and the aromatic skeletal
vibrations of lignin, respectively,32 disappeared in the
delignified wood spectrum, which indicated that most of the
lignin was removed. The peaks at 1740 cm−1 ascribed to CO
stretching of hemicellulose remained in both native and
delignified wood. From the FT-IR spectra, the relative amounts
of hemicellulose in native and delignified wood were calculated
and are shown in Figure S1; the results suggested that
hemicellulose remained present in the delignified wood.
However, it is not our main target to obtain 100% cellulose
so little amount of lignin and hemicellulose residue could be
acceptable.
The macroscopic and microscopic morphology of sugi wood

and delignified wood are shown in Figure 2a,b, respectively. In
the cross-section of sugi wood, a honeycomb-like cell wall
structure and some pits in the axial cell wall were observed.
After delignification, the wood cube retained the macroscopic
shape without collapse. More pits appeared in the axial cell wall
because of the lignin removal. The same phenomenon has
been reported in delignified balsa wood.22 The micro
honeycomb-like structure was preserved as shown in the
cross-section of the delignified wood, demonstrating that

Figure 2. FE-SEM images of sugi wood (a) and delignified wood (b), N2 adsorption−desorption isotherms (c) and pore size distributions (d) of
sugi wood and delignified wood.
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cellulose fibrils did not disintegrate. Additionally, a meso-
porous structure was observed in the cell wall in the high-
magnification image in Figure 2b.
To further evaluate the pore structure of sugi wood and

delignified wood, N2 adsorption−desorption isotherms and
pore size distributions were obtained by BET measurement as
shown in Figure 2c,d. Properties related to the pore structure
are summarized in Table 1. Compared with N2 adsorption−
desorption isotherms of native wood, the delignified wood
showed a much higher N2 adsorption capacity with an obvious
hysteresis loop similar to delignified spruce wood33 and balsa
wood.22 Based on IUPAC classifications,34 the isotherm of
delignified wood exhibited a type IV behavior indicative of a
mesoporous structure as shown in the SEM image in Figure
2b. The SBET of delignified wood reached 44.3 m2/g, larger
than the 3.1 m2/g of native sugi wood. The pore size
distribution of delignified wood exhibited typical mesoporous
characteristics with a total mesopore volume (Vmeso) larger
than that of sugi wood. The mean pore diameter (D) also

increased after lignin removal. The largest fraction of pore size
ranges of delignified wood was 2−20 nm as seen in Figure 2d,
much larger than the molecular kinetic diameter of CO2 (3.30
Å), which increases physisorption by van der Waals.35

Consequently, mesoporous delignified wood with large specific
surface area and large total mesopore volume was obtained.
The second procedure loaded the PEI with high levels of

amine groups into the delignified wood to improve the CO2
adsorption capacity and selectivity by chemisorption. The FT-
IR spectrum of P49 in Figure S2 showed that the absorbance
peaks near 1556 and 1467 cm−1 were due to N−H stretching
vibration of primary amines in PEI; the peaks near 1302 cm−1

belonged to the C−N stretching vibration. The appearance of
these peaks after the PEI loading process showed that the
amine groups of PEI were successfully loaded into the
delignified wood.
The morphology of PEI-delignified wood with different

loading content was observed by FE-SEM; the images are
shown in Figure 3. After loading PEI, the PEI-delignified wood

Table 1. Physical Properties of PEI-Delignified Woods

sample PEI/EtOHa (wt %) PEIb (wt %) density (mg/cm3) SBET (m2/g) Vmeso
c (cm3/g) Dc (nm)

sugi wood - - 366.6 ± 3.1 3.1 0.0172 5.29
delignified wood - - 176.4 ± 7.8 44.3 0.1549 7.98

P5 1 5.2 ± 1.9 186.0 ± 5.9 12.9 0.1027 6.94
P16 5 16.4 ± 1.4 221.2 ± 12.0 5.0 0.0183 5.22
P27 10 27.1 ± 2.1 242.2 ± 12.8 3.5 0.0121 3.81
P37 20 36.6 ± 2.1 278.4 ± 16.5 3.1 0.0106 3.63
P49 40 48.6 ± 2.9 343.6 ± 15.3 0.8 0.0082 1.66
P68 60 68.4 ± 1.3 558.2 ± 16.6 0.4 0.0058 1.32

aPEI content in ethanol solution. bPEI content in wood was calculated by eq S2 in the Supporting Information. cTotal mesopore volume (Vmeso)
and mean pore diameter (D) were calculated by BJH model.

Figure 3. FE-SEM image of P5 (a), P27 (b), P49 (c), and P68 (d).
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maintained the microscopic honeycomb-like structure, dem-
onstrating that the loading of PEI did not compromise the
wood structure. For samples with low PEI concentrations, such
as P5 and P27, many pits were found to remain open in the
axial cell walls. The pore sizes of pits decreased and eventually
disappeared with increasing PEI content, as observed in P49
and P68. As shown in the cross-section mages, mesopores were
present in the middle lamella of the cell walls in delignified
wood with low PEI content (e.g., P5). As the PEI content
increased up to P27, the mesopores in the middle lamella were
filled with PEI. As the PEI content further increased to P49,
the cell wall thickness increased as PEI coated the cell walls.
Finally, part of the lumen of delignified wood was filled with
PEI in P68. Overall, as PEI concentration increased, PEI first

filled in some of the pits and mesopores in the middle lamella
of cell walls, then coated the cell wall and pit surfaces, and
finally loaded the lumen. These mesoporous wood structures
with high PEI content would be helpful in CO2 chemisorption.
Figure 4 shows the N2 adsorption−desorption isotherm

curves and pore distribution of PEI-delignified wood. After
decorating with PEI, the isotherms maintained a type IV shape
with a hysteresis loop when the PEI content was low, such as
P5 and P16. However, the volume of N2 adsorption, as
indicated by the specific surface area of PEI-delignified wood,
sharply decreased with increasing PEI content as shown in
Table 1. This sharp decline has been reported for PEI loading
in polyacrylonitrile nanofibrous membranes21 and silicone
aerogel.36 The total mesopore volume (Vmeso) and mean pore

Figure 4. N2 adsorption−desorption isotherms (a) and pore size distributions (b) of PEI-delignified wood with different content.

Figure 5. CO2 adsorption capacity of PEI-delignified wood with different PEI content at different temperature (a), CO2 adsorption−desorption
cyclic isotherm of P49 at 120 °C for adsorption under CO2 and desorption under N2 (b), adsorption isotherm of CO2 and N2 of P49 at 120 °C (c),
and comparison of P49 with previous reported solid CO2 adsorption materials with high amine-group (d).

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c00799
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acsanm.0c00799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00799?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00799?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00799?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00799?fig=fig5&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c00799?ref=pdf


diameter (D) also decreased with increasing PEI content,
which could be attributed to two factors: (1) PEI diffused into
the cell wall and the middle lamella of cell walls according to
concentration differences and capillary forces.37,38 PEI was
likely initially adsorbed onto the surfaces of the cell walls due
to hydrogen bonding between hydroxyl groups on cellulose
and primary amine groups in PEI. Then, as PEI accumulated,
molecules would fill the mesopore in the middle lamella of cell
walls as shown in Figure 3, leading to the observed gradual
decrease of Vmeso and D. The thickness of the PEI layers in the
cell walls also increased as the PEI content increased, reducing
Vmeso and D. (2) The large amounts of mesopore in delignified
wood could be blocked by increasing PEI loading,39 resulting
in decreased Vmeso and D.
The thermogravimetric analyses of sugi wood, delignified

wood, pure PEI, and PEI-delignified wood with different
contents are shown in Figure S3. From 30 to 130 °C, the initial
weight loss of PEI-delignified wood was mainly due to the
release of physically and chemically adsorbed moisture and
CO2.

40 From 130 to 250 °C, the gradual weight loss was due
to decomposition and volatilization of PEI.41 From 250 to 400
°C, the sharp weight loss was due to the decomposition of PEI
and cellulose. To investigate the effects of decomposition and
volatilization of PEI, the CO2 adsorption capacity Q1 of PEI-
delignified wood with different content was measured from 25
to 120 °C, as shown in Figure 5a.
As displayed in Figure 5a, delignified wood showed the

lowest CO2 adsorption capacity. The PEI loading content had
two effects on the CO2 adsorption capacity: (1) The
adsorption capacity increased when PEI loading was low
(i.e., from P5 to P49) especially at high temperatures. This
increase contributed to the increasing amine group content,
resulting in higher numbers of chemical reaction sites for CO2.
(2) With more PEI loading from P49 to P68, the CO2
adsorption performance decreased as PEI blocked the lumen
of delignified wood (Figure 3d), resulting in reduced reaction
sites between amine groups and CO2.
Temperature also had two significant effects on the

adsorption capacity as shown in Figure 5a: (1) A reduction
effect was observed for delignified wood and P5, which had
larger specific surface area and mesoporous structures due to
physical adsorption. This may be because the monolayer and
multilayer adsorption capacity of CO2 reduced as temperature
increased.42 (2) An increasing chemical adsorption effect was
observed from P16 to P68 with higher amine group content.
The viscosity of PEI decreased with increasing temperature as
shown in Figure S4, which would result in increased
opportunities for chemical reactions between CO2 and inner-

layer amine groups. P49 showed the highest CO2 adsorption
capacity, reaching 2.96 mmol/g at 120 °C. The CO2 cyclic
adsorption−desorption isotherm of P49 at 120 °C is shown in
Figure 5b. The reaction between amine groups and CO2 is a
reversible reaction and is indicative of the dynamic balance of
CO2 adsorption. After switching to N2, this balance was broken
and resulted in released CO2. The CO2 adsorption capacity of
P49 after 10 cycles slightly decreased to 2.46 mmol/g. This
was mainly due to PEI instability because of the loss of amine
active sites and gradual evaporation; this decomposition and
sublimation of PEI requires further study. However, the
adsorption capacity after 10 cycles still retained 82% of the
initial value, showing good cyclic performance.
To further investigate CO2 adsorption behavior, adsorption

kinetic parameters were estimated to determine the contribu-
tion of physisorption and chemisorption according to eq S5
and eq S6. CO2 adsorption, pseudo-first-order model, and
pseudo-first-order model isotherms of delignified wood and P5
are shown in Figure S5. CO2 adsorption−desorption isotherms
of P49 at different adsorption temperatures are shown in
Figure S6. Correlation coefficients R2 and other parameters of
delignified wood, P5 and P49 at different temperatures are
shown in Table 2. The R2 value of the pseudo-first-order model
of delignified wood was nearly 1, more than the 0.94 of the
pseudo-second-order model. The adsorption capacity at
equilibrium qe of the pseudo-first-order model was the same
as the experimental value Q1. Those results demonstrated that
the CO2 adsorption isotherm of delignified wood was well-
fitted to the pseudo-first-order kinetic model, which is suitable
for describing physical adsorption behavior.43

At low PEI content (P5), the R2 values of the pseudo-first-
and pseudo-second-order models, indicative of physical and
chemical adsorption, respectively, were close to 1, indicating
both were suitable models for CO2 adsorption.

44 However, the
adsorption capacity at equilibrium qe of the pseudo-first-order
model was closer to the experimental value Q1 than that of the
pseudo-second-order model. Combined with a reduced
temperature effect in P5 (Figure 5a), physical adsorption was
the dominant behavior at low PEI loading content based on
the principle of thermodynamics. The pseudo-first-order
kinetic constant kf of delignified wood was larger than that
of P5 due to the higher specific surface area. With increasing
PEI content, the R2 value of the pseudo-second-order model
remained close to 1 and slightly increased as the temperature
increased. However, the R2 value of the pseudo-first-order
model decreased as the temperature increased, implying an
increasingly poor fit. The pseudo-second-order kinetic
constant ks of P49 increased with temperature, indicating

Table 2. Parameters of Pseudo-First- and Pseudo-Second-Order Models of CO2 Adsorption on Delignified Wood, P5 and P49
at Different Temperature

pseudo-first-order model pseudo-second-order model

sample temperature (°C) Q1
a (mmol/g) kf

b (min−1) qe
c (mmol/g) R2 ks

d (min−1) qe
c (mmol/g) R2

delignified wood 25 0.21 0.16 0.21 0.99 0.38 0.23 0.94
P5 25 0.67 0.08 0.70 0.99 0.01 0.82 0.99
P49 25 1.11 0.02 1.09 0.95 0.01 1.22 0.98
P49 50 1.31 0.03 1.27 0.93 0.03 1.39 0.97
P49 75 1.92 0.08 1.85 0.95 0.03 2.01 0.98
P49 100 2.49 0.15 2.32 0.90 0.08 2.57 0.98
P49 120 2.96 0.25 2.92 0.84 0.16 3.02 0.99

aAdsorption capacity of CO2 for 150 min obtained by the experiments; bPseudo-first-order kinetic constant; cAdsorption capacity in equilibrium;
dPseudo-second-order kinetic constant.
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enhanced CO2 molecular mobility. Molecular CO2 moves
faster at higher temperatures, promoting reactions between
CO2 and PEI amine groups, resulting in greater CO2
adsorption. These results showed that the pseudo-second
kinetic-order model was more suitable for describing the
chemisorption behavior of P49. Compared with the physical
adsorption of microporous carbons,35 the chemisorption of
P49 showed better CO2/N2 selectivity. Overall, loading PEI in
delignified wood shifted CO2 adsorption behavior from
physical to chemical adsorption for improved CO2/N2
selective adsorption.
For exhaust gases, PEI-delignified wood should have

excellent CO2 selectivity over N2 (>70% in gas mixtures).12

The TGA adsorption isotherms of CO2 and N2 of P49 at 120
°C are displayed in Figure 5c. P49 showed very rapid CO2
adsorption in the first 20 min and subsequently slow
adsorption, reaching 2.96 mmol/g. The N2 adsorption was
0.026 mmol/g over 150 min. The ideal selectivity CO2/N2, S
was calculated using eq 1, approaching 114. Figure 5d and
Table S2 present the CO2 adsorption capacity and ideal CO2/
N2 selectivity of P49 and other materials reported in the
literature.45−49 P49 showed a much larger S than carbon
nitride,45−49 PEI loaded ZIF-8,19 and graphene oxide (GO)
aerogels with high N content sorbents. Thus, P49 showed
superhigh CO2/N2 selectivity, high CO2 adsorption capacity,
and excellent cyclic performance based on chemical
adsorption, suggesting that PEI-delignified wood could be
applied for combustion CO2 capture.
Figure 6a shows the PEI-delignified wood had a hierarchical

structure and a mechanism for the selective adsorption of CO2
on the PEI. PEI was loaded in the middle lamella of cell walls
and the inner surface of cell wall as shown in Figure 3. The
hydrogen bonds between cellulose hydroxyl groups and

primary amine groups of PEI could enhance the adherence
between the delignified wood and PEI. Primary and secondary
PEI could trigger reactions with CO2 under dry conditions for
more selective adsorption.21 First, reaction groups in the inner
cell wall surfaces catch molecular CO2. Then, excess CO2
diffuse into the cell wall and occupy adsorption sites. Finally,
the internal porous structure adsorbs CO2 to eventually reach
equilibrium. Nonreactive gases, such as N2, only deposited on
the inner surface of the lumen and the middle lamella of the
cell walls with extremely low physical adsorption. This result
revealed that PEI-delignified wood with high PEI content and
hierarchical pore structure could improve the CO2 selective
adsorption capacity.
To meet practical demands, CO2 absorption materials

should have high strength. Compressive stress−strain curves
in the axial direction of sugi wood, delignified wood, and P49
are displayed in Figure 6b. All curves showed three steps with
increasing strain. First, linear elastic deformation was observed
between 0 and 5% of strain. Then, the yield strength increased
from 5 to 10% of strain. After that, a nonlinear response was
observed in the plateau region between 10 and 70% of strain
due to the collapse of the cell wall structure. Finally, rapidly
increasing stress was produced as the cell walls squeezed
against each other to form a dense structure from 70 to 90% of
strain. This mechanical behavior was the same as that of balsa
wood with 174 mg/cm3 density.22 P49 stress declined after the
yielding strength, which was mainly attributed to the PEI in the
middle lamella of cell walls acting as lubricants when the cell
wall collapsed by compression. The smallest Young’s modulus
of delignified wood was 358 MPa, followed by sugi wood at
618 MPa; the largest Young’s modulus was P49 at 756 MPa.
This was due to microscale pits and mesopores in the middle
lamella of cell wall after lignin removal. PEI acts as a linking

Figure 6. Schematic depiction of PEI-delignified wood for CO2 selective adsorption (a), compressive stress−strain curves of sugi wood, delignified
wood and P49 in axial direction (b), Young’s modulus of sugi wood, delignified wood, P49, and cellulose porous materials reported in literature (c).
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agent to reinforce the cell wall by forming hydrogen bonds
between cellulose hydroxyl groups and primary amine groups
of PEI.
In Figure 6c and Table S3, the Young’s modulus of cellulose

porous materials including those prepared in this study are
plotted against density. Our materials have much higher
density and Young’s modulus than other cellulose porous
materials reported in the literature.50−57 Compared with CNCs
and CNFs materials, the wood-based materials with
hierarchical honeycomb-like structures prepared by a simpler,
low-cost process, showed higher Young’s modulus. PEI-
delignified wood having high strength, superhigh CO2/N2
selectivity, high CO2 adsorption capacity, and excellent cyclic
performance based on chemical adsorption would play an
important role as solid adsorption materials for combustion
CO2 capture.

■ CONCLUSIONS
A PEI-loaded wood-based material with mesoporous structures
for selective CO2/N2 adsorption was developed using
delignification and PEI loading. After lignin removal, more
microscale pores in the cell wall and mesopores in the middle
lamella were observed with high specific surface area. The CO2
adsorption mechanism of mesoporous delignified wood was
based on physical adsorption. By impregnating delignified
wood with PEI, PEI first filled in some pits and the mesopores
in the middle lamella of the cell walls and then coated the
surfaces of cell walls and pits and, finally, the lumen. With
increasing PEI content, a pseudo-second-order model suitably
described the CO2 chemical adsorption mechanism of PEI-
delignified wood showing increased CO2 selectivity. P49
showed superhigh CO2/N2 ideal selectivity (S = 114), high
CO2 adsorption capacity (2.96 mmol/g) and excellent CO2
cyclic performance. Additionally, PEI-delignified wood ex-
hibited good mechanical properties compared with cellulose
porous materials to meet practical demands. This study
provides a better understanding of adsorption kinetics of
PEI-delignified wood materials and design of wood-based
materials with superhigh CO2 selective adsorption perform-
ance.
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