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ABSTRACT: Nitrogen-doped cellulose-based porous carbon
materials were obtained by hydrothermal method and KOH
chemical activation together with melamine as a nitrogen-doping
precursor. The effects of hydrothermal temperature on the
microstructure and surface morphology of the products were
mainly studied. Also, the carbon dioxide adsorption capacity of the
prepared porous carbon was investigated. It was found that when
the hydrothermal carbonization temperature was 270 °C and the
mass ratio of cellulose and melamine was 1:1, the largest micropore
specific surface area of 1703 m2·g−1 and micropore volume of 0.65
cm3·g−1 were obtained, with a nitrogen-doping composition of 1.68
atom %. At the temperature of 25 °C and under the pressure of 0.1,
0.2, 0.3, and 0.4 MPa, the adsorption amount of CO2 was 1.56,
3.79, 5.42, and 7.34 mmol·g−1, respectively. Also, the adsorption process of CO2 was in good accordance with the Freundlich
isotherm model.

1. INTRODUCTION

Greenhouse effect has become a global environmental problem,
and CO2 is a significant greenhouse gas affecting climate
change.1 The use of fossil fuels has led to a rapid increase in the
amount of CO2 in the atmosphere.2 Excessive emissions of CO2
have caused a series of environmental issues, including global
warming, rising sea levels, and ocean acidification, which hinder
the survival and development of human society.3 Therefore,
decreasing the emission of CO2 and controlling the amount of
CO2 in the atmosphere are urgently required to relieve the
pressure of global warming.
CO2 capture and storage (CCS) is a technology that uses

currently available means to separate carbon dioxide from a
designated source, transport it by a pipeline or ship to a
designated location, and then store it underground or in an
ocean.4 In general, CCS consists of three steps:5 (1) CO2
emissions from burning fossil fuels are separated and purified
before entering the atmosphere. (2) The captured CO2 is
transformed to a liquid state under high pressure and
transported to a storage site. (3) The liquid CO2 is injected
directly into the 800 m deep rock.
Recently, many methods are used for CCS, such as solvent

absorption,6 cryogenics,7 membrane separation,8 solid absorb-
ent,9 etc. Solid adsorption technology has been widely applied
due to its low energy consumption, good stability, simple
process, small equipment loss, and other characteristics.
Generally, commonly used solid adsorbents include zeolite,10

mesoporous silica,11 metal−organic frameworks (MOFs),12

porous polymer materials,13 porous carbon,14 etc. These
materials exhibit satisfactory properties, but their industrial
applications are limited due to their relatively high cost of
synthesis and application. Therefore, it is necessary to
investigate and explore low-cost, high-capacity, and environ-
mentally safe CO2 capturing materials.15 Among them, porous
carbon materials have the advantages of lightweight, large
specific surface area, good chemical and thermal stability, low
price, and so on, and they have great application potential.16

An outstanding advantage of porous carbons is their easy
synthesis by almost any raw material containing a certain
amount of carbon such as coal,17 petroleum coke,18

polymers,19,37 and biomass materials.20−26 Nowadays, many
methods are used to prepare porous carbon materials such as
template,27 hydrothermal carbonization,28 and activation.29

Porous carbon materials prepared by hydrothermal carbon-
ization method have the advantages of convenient operation,
high carbon yield, and low cost, which is a sustainable way to
produce carbon. Nowadays, biomass materials are widely used
as precursors for the preparation of porous carbon materials,
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including wheat straw,20 sawdust,21 palm seed,22 corn stalk,23

cellulose,24 glucose,25 and so on. Among these precursors,
cellulose is an ideal model component of biomass because of its
wide source and low price. The surface chemical properties of
porous carbon have a strong effect on its adsorption capacity.26

Also, because CO2 is an acid gas, introducing basic groups (e.g.,
basic nitrogen functionalities) on the surface of porous carbon
can increase its ability to adsorb CO2.

30,31

The synthesis of nitrogen-doped porous carbons has been
achieved by mainly two methods: (1) carbonization of N-
containing precursors32 and (2) co-carbonization of mixtures of
N-containing organic compounds with N-free materials;33 the
second method involves (1) heat treatment of porous carbons
with N-containing gases34 or N-containing organic com-
pounds35 and (2) impregnation with amine functional groups.36

Nowadays, many new nitrogen-doped porous carbon materials
with controlled pore structure and excellent CO2 adsorption
capacity have been synthesized by different preparation
methods. Park et al.13 prepared a series of alkali-activated
porous carbons (TOKs) by a single-pot polymerization−
carbonization−activation method using KOH as a dynamic
molecular porogen. The fabricated materials possess a tunable
porous network with a high specific surface area (up to 2847m2/
g), large micropore volume (1.369 cm3/g), and a large
population of micropores in the sub-nanometer range. At 1
bar and 25 °C, activated carbons TOK-800 and TOK-900
adsorbed 6.57 mmol/g of CO2 and 6.85 mmol/g of CO2. Hu et
al.38 prepared porous carbon materials from the waste biomass
lotus leaf by carbonization, melamine post-treatment, and KOH
activation. These materials show good CO2 adsorption abilities,
up to 3.87 and 5.89 mmol/g at 25 and 0 °C under 1 bar,
respectively. Also, Hu et al.39 prepared N-doped porous carbons
from commercial phenolic resin, urea, and KOH by the
conventional carbonization−nitridation−activation three-step

method. The adsorbents show superior CO2 uptake of 5.01 and
7.47mmol/g at 25 °C and 0 °Cunder 1 bar, respectively. Pang et
al.40 prepared porous carbon materials from hazelnut shells by
the nitrogen-doping technology with KOH activation. The
prepared porous carbons show a highly developed porous
structure and a high N content, whereas the prepared porous
carbon materials have a high CO2 adsorption capacity of 6.34
mmol/g at 1 bar. Herein, considering all of the beneficial
attributes and low price of an adsorbent, these new research
studies reported a facile synthesis of a series of fine powdered
ACs from an inexhaustible biopolymer “cellulose.” Park et al.25

prepared heteroatom-doped (N, S) porous carbons by solvent-
free one-pot carbonization and in situ activation of cellulose in
the presence of urea/thiourea and KOH. The adsorbents exhibit
a significantly large micropore volume (0.7135 cm3/g), an
abundance of narrow micropores (<0.94 nm), and an optimum
pyrrolic nitrogen content (58%), which leads to efficient CO2
adsorption (6.72 mmol/g at 0 °C and 4.38 mmol/g at 25 °C/1
bar). Kamran et al.41 prepared porous carbon materials from
cellulose by hydrothermal carbonization technology and
nitrogen-doping technology with KOH activation. The prepared
porous carbons show a high CO2 adsorption capacity of 6.75
mmol/g at 1 bar. Therefore, the present work clearly
demonstrates that nitrogen-enriched surfaces can enhance the
CO2 adsorption properties. Moreover, nitrogen-doped porous
carbon is considered a promising adsorbent and has received a
lot of attention in the last decade. There is still a lack of analysis
and research on the preparation of porous carbon materials with
cellulose and melamine as raw materials and their CO2
adsorption properties.
In this paper, different porous carbon samples were prepared

from cellulose and melamine by changing the hydrothermal
carbonization temperature and the ratio of melamine. The
surface morphology, elemental composition, and pore structure

Figure 1. SEM images of (a) NCe-240-1, (b) NCe-270-1, and (c) NCe-300-1.
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of the porous carbon samples at different hydrothermal
temperatures and melamine ratios were compared. Also, the
CO2 adsorption properties of the carbon materials at the
pressure of 0.1−0.4 MPa were investigated. At the same time,
the dynamic adsorption mechanism was studied and the
corresponding adsorption mechanism was proposed.

2. RESULTS AND DISCUSSION
2.1. Effect of Hydrothermal Temperature. Nitrogen-

doped hydrothermal products were prepared from cellulose and
melamine with a mass ratio of 1:1 at 240, 270, and 300 °C,
respectively. Scanning electron microscopy (SEM) images of
the nitrogen-doped hydrothermal products are shown in Figure
1. It can be seen in Figure 1a that the product is at a
hydrothermal reaction temperature of 240 °C. Because cellulose
was initially hydrolyzed to produce cellobiose, glucose, and
other substances, the reaction degree with melamine and
carbonization was low, leading to less spherical morphology

transformation. Figure 1b,c shows the nitrogen-doped hydro-
thermal products prepared at higher temperatures (270 and 300
°C, respectively). Due to the complete hydrolysis of cellulose,
hydrolysate and melamine in the hydrothermal environment
experienced a series of dehydration, condensation, polymer-
ization, and aromatization reactions; hydrothermal products
were mostly transformed into spherical particles.

Figure 2. SEM images of (a) ANCe-240-1, (b) ANCe-270-1, and (c) ANCe-300-1.

Figure 3. TEM images of ANCe-270-1: (a) low magnification and (b) high magnification.

Table 1. Elemental Composition of Different Samples

sample
C

(atom %)
N

(atom %)
O

(atom %)
N/C
(at/at)

O/C
(at/at)

NCe-240-1 56.12 31.20 12.68 0.56 0.23
NCe-270-1 58.50 31.92 9.58 0.55 0.16
NCe-300-1 58.69 31.94 9.37 0.54 0.15
ANCe-240-1 88.33 0.93 10.74 0.01 0.12
ANCe-270-1 90.82 1.68 7.50 0.02 0.08
ANCe-300-1 91.05 1.57 7.38 0.02 0.08
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The nitrogen-doped porous carbon materials were prepared
by further KOH activation and carbonization. SEM images of
the materials after activation are shown in Figure 2. It can be
seen in Figure 2a that the surface morphology of the carbonized
product changes from spherical to irregular smooth block
surface morphology. This was attributed to the metallic

potassium vapor generated by the reaction between carbon
materials and KOH in the process of high-temperature
carbonization, which led to the change of morphology and
played a promoting role in the activation of carbon materials.41

Figure 2b,c shows that the fragmented particles of carbonized
porous carbon at high temperatures (270, 300 °C) are small. At
high temperatures, the degree of carbonization was high and the
surface formed many chemical active sites, which were
conducive to the formation of pores and KOH activation.
Transmission electron microscopy (TEM) images of ANCe-
270-1 are shown in Figure 3a,b, in which many irregular
micropores can be observed.
Elemental analysis of nitrogen-doped porous carbon by

energy-dispersive X-ray spectroscopy (EDS) is shown in Table
1. It can be seen that with the increase in the reaction
temperature, the contents of C and N in the hydrothermal
samples increase, while the contents of O decrease. In the
samples, after activation and carbonization (ANCe-240-1,
ANCe-270-1, ANCe-300-1), the content of the N element

Table 2. Hydrothermal Temperature Effect on the Yields of
Different Periods

yield (wt %)

sample hydrothermal carbonization KOH activation total

ANCe-240-1 65.46 25.60 16.76
ANCe-270-1 59.32 28.91 17.15
ANCe-300-1 55.17 30.75 16.96
ACe-240 61.29 33.89 20.77
ACe-270 54.93 36.72 20.17
ACe-300 52.47 37.56 19.71

Figure 4.N2 adsorption and desorption isotherms of different samples.

Figure 5. Pore size distribution of different samples.

Table 3. Different Pore Structure Parameters of Samples

sample
SBET

a

(m2·g−1)
Vtotal

b

(cm3·g−1)
Smicro

c

(m2·g−1)
Vmicro

c

(cm3·g−1)
Dp

d

(nm)

ANCe-240-1 1043 0.68 759 0.46 2.48
ANCe-270-1 1703 1.06 1203 0.65 2.21
ANCe-300-1 1378 0.95 1046 0.58 2.37
ACe-240 934 0.61 454 0.36 2.62
ACe-270 1259 0.97 964 0.51 2.39
ACe-300 1151 0.86 735 0.51 2.43

aBET surface area. bTotal pore volume measure at P/P0 = 0.99.
cMicropore surface area and micropore volume estimated d < 2 nm by
the DFT method. dAverage pore diameter.
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decreased obviously, while the content of O decreased slightly.
In the process of activation, some small molecules of N and O
were generated, which destroyed the spherical morphology and
facilitated the formation of pores. The loss of N element in the
activated porous carbon sample was great. This indicated that

some unstable N-containing groups reacted violently with KOH
or decomposed in the activation.42 The sample of ANCe-270-1
had the highest nitrogen content of 1.68 atom %.
Table 2 lists the yield of different samples during hydro-

thermal and activated carbonization, respectively. Because

Figure 6. SEM images of hydrothermal products: (a) NCe-270-0.5, (b) NCe-270-1, and (c) NCe-270-3.

Figure 7. SEM images of porous carbon: (a) ANCe-270-0.5, (b) ANCe-270-1, and (c) ANce-270-3.
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melamine decomposes more easily after heating compared with
cellulose, which has a higher carbonization residue, the mixture
of melamine and cellulose has a lower carbonization yield
compared with cellulose alone.43 On the other hand, the
activation yields of all of the melamine and cellulose mixtures
products are higher than the half yields of all products based on
cellulose alone, indicating that melamine is not completely
decomposed and partially doped into the cellulose transferred
carbons. The total yield of the nitrogen-doped samples is about
17%.
The N2 adsorption−desorption of porous carbons was

performed for further studying the pore structure of the
materials. According to the classification of adsorption
isotherms by IUPAC, Figure 4 shows that the isotherms of
nitrogen-doped samples with different hydrothermal temper-
atures are all typical I isotherms. The results show that all of the
samples have abundant micropores. In the range of low relative
pressure (P/P0 < 0.1), with the increase of pressure, the N2
adsorption capacity of the sample increases, indicating that the
process was mainly micropore filling. With the increase in
relative pressure, the N2 adsorption capacity tends to be stable,
indicating multilayer adsorption of the adsorbent. Figure 5
shows the pore size distribution of different nitrogen-doped
porous carbon samples. The Brunauer−Emmett−Teller (BET)
surface area, pore volume, and average pore size of the prepared
samples are listed in Table 3. It shows the nitrogen-doped
samples have a large specific surface area and large pore volume.
The main reason is that in the chemical activation process, small

gas molecules containing N groups escape from the surface,
which is beneficial to the formation of pores. ANCe-270-1 has
the largest specific surface area (1703 m2 g−1) and pore volume
(1.06 cm3 g−1).

2.2. Effect of Melamine Ratio.Cellulose and melamine are
mixed at different mass ratios, and the SEM images of
hydrothermal products at 270 °C are shown in Figure 6. It
shows that the ratio of cellulose and melamine has little effect on
the morphology of hydrothermal products at the same
hydrothermal temperature.
Figure 7 shows the SEM images of nitrogen-doped porous

carbon materials prepared after KOH activation. It can be seen
that the original spherical morphology turned into small
powders. The possible reason was that KOH reacted violently
with C and N in the process of high-temperature carbonization,
which resulted in K vapor and other small molecule gases
escaping from the surface and destroyed the morphology of the
samples.44

The elemental analysis of the nitrogen-doped porous carbon
by EDS is shown in Table 4. It can be seen that with the increase
in melamine ratio, the content of N in hydrothermal products
gradually increased and the value of N/C gradually increased. In
the process of activation, the content of N decreased rapidly. In
particular, the nitrogen content of the sample ANCe-270-0.5
decreased from 42.46 to 1.75 atom %, indicating that the
nitrogenous groups generated by the hydrothermal process were
unstable and decreased rapidly in the chemical activation
process. This conclusion is in good accordance with Table 1.
Table 5 shows the yields of the samples prepared at different

melamine ratios. It can be seen that with the increase in
melamine, the yield of hydrothermal carbonization gradually
increased, the yield of KOH activation decreased, and the total
yield showed a downward trend. As discussed above, the
addition of melamine leads to a decrease in activation yield, so
the higher the ratio of melamine, the lower is the yield.
Figure 8 shows the N2 adsorption and desorption isotherms of

the samples at 77 K. Their pore size distributions are shown in
Figure 9. Their pore structure parameters are shown in Table 6.
According to the classification of adsorption isotherms by
IUPAC, the isotherms of nitrogen-doped samples were typical I
isotherms. It is indicated that the nitrogen-doped porous carbon
samples had abundant micropores. By comparing the data of
pore size distribution and pore size, it could be seen that with the
increase in melamine, the specific surface area and pore volume
of micropores first increased and then decreased. The formation
of micropores are promoted when the nitrogen content is low,
while they may merge to form mesopores with the increasing of
nitrogen content.
To further study the functional groups contained in porous

carbon samples, we took ANCe-270-1 as an example. The
Fourier transform infrared spectroscopy (FT-IR) spectra of the
sample ANCe-270-1 is given in Figure 10. Other samples are
similar to ANCe-270-1. The peak observed at about 3470 cm−1

is the stretching vibration of N−H or −OH, the wider
absorption peak at 1630 cm−1 is the bending vibration peak of
N−H, and the peak at about 1160 cm−1 is the stretching
absorption peak of C−N. According to the above analysis
results, in addition to the hydroxyl group, the porous carbon
sample also has other nitrogen-containing functional groups on
its surface, indicating the successful doping of nitrogen elements
in the carbon structure.
X-ray photoelectron spectroscopy (XPS) is then used to

determine the surface chemical properties of carbon materials in

Table 4. Elemental Composition of Different Nitrogen-
Doped Samples

sample
C

(atom %)
N

(atom %)
O

(atom %)
N/C
(at/at)

O/C
(at/at)

NCe-270-3 70.08 15.66 14.26 0.22 0.20
NCe-270-1 58.50 31.92 9.58 0.55 0.16
NCe-270-0.5 50.95 42.46 6.59 0.83 0.13
ANCe-270-3 90.66 0.69 8.65 0.01 0.10
ANCe-270-1 90.82 1.68 7.50 0.02 0.08
ANCe-270-0.5 88.33 1.75 7.12 0.02 0.08

Table 5. Yields of Samples Prepared at Different Melamine
Ratios

yield (wt %)

sample hydrothermal carbonization KOH activation total

ANCe-270-3 56.27 32.47 18.27
ANCe-270-1 59.32 28.91 17.15
ANCe-270-0.5 66.21 23.46 15.53

Figure 8.N2 adsorption and desorption isotherms of different samples.
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Figure 11. The wide XPS spectra confirmed three peaks: the
pyridina nitrogen peak located near 398 eV, the pyrrole or
pyridone nitrogen peak (mainly pyridone nitrogen) located near
400 eV, and a small amount of graphite nitrogen. The C 1s XPS
spectra of ANCe-270-1 (60 min) are shown in Figure 12. The C
atom mainly exists in the form of C−C (285 eV), C−O (286
eV), and CO (288 eV). CO is the characteristic functional
group of pyridina. The element analysis is shown in Table 7. The

large amounts of nitrogen were detected in all samples,
indicating that only a little nitrogen enters the sample interior
and most of it is on the sample surface.

2.3. CO2 Adsorption Study. Table 8 shows the adsorption
properties of porous carbon samples with different melamine
ratios under different pressures at 25 °C. Compared with the
adsorption data of the nitrogen-undoped sample (ACe-270), its
adsorption capacity is significantly increased from 0.65 to 1.56
mmol·g−1. The reason is that the N-containing groups are
beneficial to the chemical adsorption of CO2. For the same
sample, with the increase in pressure, its adsorption capacity
gradually increased. Due to the benefit of micropores filling and
capillary condensation, the adsorption capacity of CO2 was
improved. Under the same adsorption pressure, with the
increase in melamine, the amount of CO2 adsorption of
nitrogen-doped porous carbon samples increases first and then
decreases and the orders of their CO2 adsorption capacities are
as follows: ANCe-270-1 > ANCe-270-0.5 > ANCe-270-3.
Therefore, ANCe-270-1 has excellent micropore specific surface
(1703 m2·g−1), micropore volume (0.65 cm3·g−1), and
adsorption capacity of CO2 (7.34 mmol·g−1) at 25 °C under
the pressure of 0.4 MPa.

2.4. Dynamic Adsorption Study. Figure 13 shows the
dynamic adsorption curves and kinetic model curves of the
prepared nitrogen-doped porous carbon samples. The kinetic
parameters of nitrogen-doped material (ANCe-270-1) and
undoped material (ACe-270) at different pressures are shown in
Tables 9 and 10. The experimental dynamic adsorption data of
the same sample shows that with the increase in pressure, the
adsorption line becomes steep and the adsorption equilibrium
time becomes longer. This is attributed to the pore structure
affects the CO2 adsorption at different pressures. In the
beginning, the adsorption rate of the sample is fast, and the
equilibrium adsorption capacity reaches 90% in about 45 min.

Figure 9. Pore size distribution of different samples.

Table 6. Different Pore Structure Parameters of the Samples

sample
SBET

a

(m2·g−1)
Vtotal

b

(cm3·g−1)
Smicro

c

(m2·g−1)
Vmicro

c

(cm3·g−1)
Dp

d

(nm)

ANCe-270-3 1437 0.83 1035 0.52 2.38
ANCe-270-1 1703 1.06 1203 0.65 2.21
ANCe-270-0.5 1586 0.91 1154 0.57 2.38

aBET surface area. bTotal pore volume measure at P/P0 = 0.99.
cMicropore surface area and micropore volume estimated d < 2 nm by
the DFT method. dAverage pore diameter.

Figure 10. FT-IR spectra of ANCe-270-1.
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When the adsorption pressure is low (0.1, 0.2 MPa), the
coefficient of determination (R2) of the pseudo-first-order
kinetic model is larger than the pseudo-second-order kinetic
model, and the error is smaller. The results show that the kinetic
parameters of the pseudo-first-order kinetic model are very close
to the experimental data of dynamic adsorption, and the porous
carbon materials show mainly physical adsorption. When the
adsorption pressure is high (0.3, 0.4 MPa), the R2 and error of
the pseudo-second-order kinetic model are larger and smaller
than those of the pseudo-first-order kinetic model, and the
kinetic parameters of the pseudo-second-order kinetic model are
very close to the experimental dynamic adsorption data, the
porous carbon materials mainly show chemical adsorption.45 By
fitting the data, we show that the R2 and error of the pseudo-first-
order kinetic model fitted the undoped materials with the
adsorption pressure of 0.3−0.4 MPa and the undoped materials

mainly show physical adsorption. While the R2 and error of the
pseudo-second-order kinetic model fitted the doped materials
with the adsorption pressure of 0.3−0.4 MPa, and the doped
materials mainly show chemical adsorption. It indicates that
nitrogen promotes chemical adsorption and improves the CO2
adsorption of adsorbents. Because the surface of the sample
contained nitrogen groups, which promotes the adsorption of
CO2. Other nitrogen-doped samples also conform with this
conclusion.37 Table 11 shows the CO2 uptake capacities of
various sorbents from cellulose at 25 °C and 1 bar. It is
significant to study the CO2 adsorption properties of porous
carbon from cellulose.

2.5. Isothermal Adsorption Study.The adsorption data of
the prepared porous carbon samples under different pressures
and the fitting results of the isothermal model are shown in
Figure 14. The Langmuir and Freundlich models are used to
analyze the adsorption results. Table 12 shows the relevant
parameters of the Langmuir and Freundlich models. By
comparing the correlation coefficient (R2) of different models
in Table 12, the coefficients of the Langmuir model and the
Freundlich model are similar, but the coefficient of the
Freundlich model is closer to 1. The results indicate that the
Freundlich model can better simulate and predict the isothermal
adsorption performance of nitrogen-doped porous carbon
samples. Also, there is chemical adsorption on the surface of
the nitrogen-doped porous carbon sample, which is identical to
the kinetic simulation results.50

3. CONCLUSIONS

In this study, nitrogen-doped porous carbon was successfully
prepared from cellulose and melamine by hydrothermal
carbonization and KOH chemical activation. A large micropore
specific surface area of 1703 m2·g−1 and high micropore volume
of 0.65 cm3·g−1 could be prepared. Also, a high CO2 adsorption
capacity of 7.34 mmol·g−1 at 25 °C under 0.4 MPa pressure
could be obtained. The Freundlich isotherm model could
describe well the equilibrium data of the prepared samples.
When the adsorption pressure is low (0.1, 0.2MPa), the pseudo-
first-order kinetic model is consistent with the experimental
dynamic adsorption, and the porous carbon materials mainly
show physical adsorption. When the adsorption pressure is high
(0.3, 0.4 MPa), the data of the quasi-second-order kinetic model
is consistent with the experimental dynamic adsorption. Also,
the prepared porous carbon materials are mainly chemical
absorption. Overall, nitrogen-doped porous carbon materials
have the advantages of low cost and long-term stability for CO2
capture. Thus, the porous carbon materials are prepared from

Figure 11. N 1s XPS spectra of ANCe-270-1: (a) 10 min and (b) 60 min.

Figure 12. C 1s XPS spectra of ANCe-270-1-60.

Table 7. Relative Atomic Content (atom%) of C 1s, O 1s, and
N 1s

ANCe-270-1-10 ANCe-270-1-60

C 1s 65.85 69.65
O 1s 26.44 22.60
N 1s 7.71 7.75

Table 8. CO2 Adsorption Properties of the Samples at
Different Pressures (mmol·g−1)

gas pressure
(MPa) ACe-270 ANCe-270-3 ANCe-270-1 ANCe-270-0.5

0.1 0.65 1.15 1.56 1.41
0.2 1.92 2.81 3.79 3.16
0.3 3.76 4.12 5.42 4.65
0.4 5.23 6.01 7.34 6.59
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hydrothermal carbonization, chemical activation, and nitrogen
doping and have potential use in carbon capture and storage.

4. EXPERIMENTAL SECTION
4.1. Synthesis of Porous Carbon. Figure 15 illustrates the

preparation process of nitrogen-doped cellulose porous carbons.
First, 3 g of microcrystalline cellulose and a certain proportion of
melamine were put into a reaction kettle with 100 mL volume,
and then 60 mL of deionized water was added into the kettle.
The kettle reaction was heated to a certain temperature for the
hydrothermal carbonation for 5 h at a heating rate of 5 °C·min−1

and then cooled naturally. Subsequently, the solid−liquid
mixture of the reaction kettle was washed with deionized
water into the filter device and dried at 110 °C to obtain the
hydrothermal products. Second, the KOH solid and the
hydrothermal products were mixed in a mass ratio of 3:1. The
mixture was stirred for 12 h with a magnetic stirrer and then
placed in an alumina crucible and heated to 800 °C at 3 °C·
min−1 under a N2 atmosphere and held at the temperature for 1
h. The KOH residue was removed by excessiveHCl solution and

Figure 13. Fitting results of the actual dynamic adsorption process and the kinetic model.

Table 9. Adsorption Kinetic Parameters of ANCe-270-1 at
Different Pressures

pressure (MPa)

dynamic model parameter 0.1 0.2 0.3 0.4

pseudo-first-
order kinetic

k1 (min−1) 0.2449 0.3821 0.5501 0.4736
qe
(mmol·g−1)

1.55 3.69 5.28 7.12

R2 0.9625 0.9701 0.8801 0.8501
error% 0.95 1.08 8.44 7.59

pseudo-second-
order kinetic

k2 (min−1) 0.5863 0.7426 0.5313 0.6612
qe
(mmol·g−1)

1.51 3.62 5.31 7.20

R2 0.9432 0.9715 0.9044 0.8903
error% 0.81 1.06 6.37 5.95

Table 10. Adsorption Kinetic Parameters of ACe-270 at
Different Pressures

pressure (MPa)

dynamic model parameter 0.1 0.2 0.3 0.4

pseudo-first-
order kinetic

k1 (min−1) 0.6367 0.5737 0.1826 0.4540
qe
(mmol·g−1)

0.64 1.90 3.63 5.17

R2 0.9589 0.9496 0.9934 0.9939
error% 0.07 0.26 0.48 0.32

pseudo-second-
order kinetic

k2 (min−1) 2.7827 0.7783 0.0901 0.2226
qe
(mmol·g−1)

0.63 1.88 3.70 5.01

R2 0.8013 0.9406 0.9391 0.8716
error% 0.14 0.35 2.16 1.82

Table 11. Properties Comparison of Various Sorbents from
Cellulose

materials
SBET

a

(m2·g−1)
Vmicro

b

(cm3·g−1)
CO2 uptake
(mmol/g) references

ANCe-270-1 1703 0.65 1.56 present
work

Cell-800 2136 0.192 2.54 25
Cell-UK 1147 0.713 5.73 25
CNC 95.2 0.41 2.57 46
K-AC 1978 0.95 5.70 47
LTCA12 806 0.39 2.3 48
AHTC-Cp-270 1634 0.56 0.48 49
AHTC-Ce-270 1482 0.51 0.68 49

aBET surface area. bmicropore volume estimated d < 2 nm by the
DFT method.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03664
ACS Omega 2021, 6, 24814−24825

24822

https://pubs.acs.org/doi/10.1021/acsomega.1c03664?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03664?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03664?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03664?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


then stirred for 12 h. The products were washed repeatedly with
deionized water to neutralize the solution. Finally, the filtered
solids were dried at 110 °C for 12 h. The hydrothermal products
were represented by NCe-X-Y and the porous carbonized
material was denoted by ANCe-X-Y, X was the hydrothermal
carbonization temperature of 240, 270, and 300 °C, respectively,
and Ywas themass ratio of cellulose tomelamine of 3, 1, and 0.5,
respectively.
4.2. Characterization. The morphology and structure were

investigated by FEI/Philips XL30 ESEM FEG field emission
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and energy-dispersive spectrometer (EDS).
The surface area and pore volume were determined with an N2

adsorption−desorption isotherm measured at 77 K using a
physisorption analyzer (Micromeritics, Model ASAP 2020)
determined by the Brunauer−Emmett−Teller (BET) method
and the t-plot method. The pore size distribution and pore
volume were derived from the adsorption branch of isotherm
using the density functional theory (DFT) model and the
average pore diameter has been calculated by the Barrett−
Joyner−Halenda (BJH) method.
4.3. CO2 Adsorption.The experimental instrument used for

CO2 adsorption/desorption experiments mainly consists of
valves, a gas mixing section, an adsorption column, and an online

gas chromatograph. Please refer to the literature for the specific
calculation and process of CO2 adsorption.

51
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Figure 14. CO2 adsorption data and adsorption isotherm model: (a) Langmuir model and (b) Freundlich model.

Table 12. Parameters of the Langmuir Model and the Freundlich Model

Langmuir Freundlich

sample qm (mmol·g−1) KL R2 KF n R2

ANCe-270-3 6.59 0.05 0.9887 8.34 0.83 0.9890
ANCe-270-1 23.60 1.41 0.9917 15.23 1.41 0.9932
ANCe-270-0.5 8.62 0.05 0.9941 11.72 0.86 0.9944

Figure 15. Nitrogen-doped cellulose-based porous carbon reaction process.
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