
Adsorption Equilibrium and Diffusion of CH4, CO2, and N2 in Coal-
Based Activated Carbon
Bo Zhang,* Ping Liu, Zhuoran Huang, and Jingji Liu

Cite This: ACS Omega 2023, 8, 10303−10313 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Coal-based activated carbon is an ideal adsorbent for concentrating CH4 from coalbed methane and recovering CO2
from industrial waste gas. In order to upgrade the environmentally protective preparation technology of coal-based activated carbons
and clarify the adsorption equilibrium and diffusion rules of CH4, CO2, and N2 in these materials, we prepared granular activated
carbon (GAC) via air oxidation, carbonization, and physical activation using anthracite as the raw material. Also, we measured the
adsorption isotherms and adsorption kinetic data of GAC by the gravimetric method and characterized its surface chemical
properties. According to the results, GAC had abundant micropore structures with a pore size mainly in the range of 5.0−10.0 Å, and
its surface was covered with plentiful oxygen-containing functional groups. The specific pore structure and surface chemical
properties could effectively improve the separation and purification effects of GAC on CH4 and CO2. In the temperature range of
278−318 K, the equilibrium separation of CH4/N2 by GAC with a coefficient between 3 and 4 could be achieved. Also, the CO2/
CH4 separation coefficient decreased with the increase in temperature but remained around 3. The bivariate Langmuir equation
could describe the adsorption behaviors of GAC on CH4/N2, CO2/N2, and CH4/CO2. With the increase in the concentrations of
CH4 and CO2 in the gas phase, the difference between the adsorption capacity of CH4 or CO2 and that of N2 became greater. The
change of the gas ratio did not affect the characteristics of preferential adsorption of CH4 and CO2. At different temperatures (278,
298, and 318 K), the diffusion coefficients of CH4, N2, and CO2 at various pressure points showed predominately a small variation
without an obvious trend. These results demonstrated that the separation of CH4/N2, CO2/N2, and CH4/CO2 by the activated
carbon could only rely on the equilibrium separation effect rather than the kinetic effect.

1. INTRODUCTION
“Peaking carbon dioxide emissions and carbon neutrality” has
been incorporated into China’s overall strategic plan for
ecological progress in order to implement green and low-
carbon development. Methane (CH4) is the main component
of coal gas, natural gas, and shale gas and is also an important
clean energy source. Besides, CH4 is one of the greenhouse
gases, and its greenhouse effect and destructive power to ozone
layer are more than 20 times stronger than those of carbon
dioxide (CO2).1 Generally, methane content should be greater
than 90% to meet the requirements for pipeline transportation.
The low-concentration coal mine gas usually has a small CH4
content with many impurities and is often mixed with a large
amount of air. Hence, concentrating methane from low-

concentration coal mine gas via CH4/N2 separation is a reliable
way to achieve the most greenhouse gas-intensive scenarios.2

CO2 is the main factor leading to the greenhouse effect, being
also an important raw material for chemical synthesis. In
addition, CO2 plays an essential role in agriculture, petroleum
exploitation, and shale and coal seam gas extraction.3 The
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separation of CO2/N2 from flue gas has always been a hot
topic in gas separation. Among various gas separation methods,
pressure swing adsorption (PSA) is the most energy saving and
cheapest technique. Previous studies have shown that PSA is
an ideal tool for the separation of CH4/N2, CO2/N2, and CH4/
CO2.4 Although the PSA technology is relatively mature, the
adsorbent used for gas separation has always been an
important limiting factor affecting the separation effect of PSA.

Activated carbon is a kind of carbon adsorption material
composed of microcrystalline carbon and amorphous carbon.
Its most significant characteristics are large specific surface area
and high adsorption capacity. The research on the preparation
of activated carbon as well as the evaluation of CH4 and CO2
concentrations has never stopped. Twenty years ago, Lozano-
Castello ́ et al.5 prepared activated carbon powder with an
extremely large specific surface area (up to 3290 m2/g) and
micropore volume (1.45 cm3/g) by using anthracite as the raw
material. Yacob et al.6 produced activated carbon from waste
wood, and its specific surface area could reach 1139 m2/g.
Buczek’s research group7 conducted a systematic experimental
study on the applications of activated carbon to concentrate
CH4 in coal seam gas. The results showed that the large
micropore volume of the adsorbent was not always conducive
to the concentration of CH4. Moreover, the separation effect of
the adsorbent on CH4 gradually decreased with the increase of
the micropore volume, and the pore size was a very important
factor affecting the separation effect. In addition, Brea used
various kinds of activated carbon to study the penetration
curve models of mixed gases such as CH4, CO2, N2, and CO in
the composite bed.8 In recent years, nitrogen-doping technique
for preparing activated carbon has attracted increasing
attention from researchers. Govind from Canada9 along with
Park10 and Lee11 from South Korea prepared nitrogen-doped
activated carbon and studied the influence of pore structure of
activated carbon on CO2 adsorption. In addition, Wang12 from
China prepared nitrogen-doped activated carbon with high
adsorption capacity for CO2. With the development of
activated carbon preparation technologies, there are also
some reports on the production of porous carbon materials
using biomass waste.13,14 It is noteworthy that though new-
type zeolite molecular sieves have great potential in separating
CH4, CO2, and N2 mixtures,15,16 activated carbon has elicited
extensive research interest due to the capabilities for
application in flue gas treatment, methane purification,
adsorption and recovery of volatile organic compounds,
prevention and control of air pollution, and so forth.17−20

Among numerous studies, considerable attention has been paid
to the effects of pore structure of activated carbon on CH4 or
CO2 concentration.21 The adsorption and diffusion of CH4,
CO2, and N2 in the micropore structure of activated carbon are
thus worthy of further study and discussion.

Herein, granular activated carbon (GAC) was prepared from
anthracite via air preoxidation, carbonization, and physical
activation. First, the equilibrium separation and adsorption
kinetics of CH4/N2, CO2/N2, and CH4/CO2 mixtures were
studied through measuring the adsorption isotherms of CH4,
CO2, and N2 on GAC. Then, a thorough analysis of the pore

structure and surface chemical properties of GAC at the
microlevel was performed, and the factors affecting the
concentration effect of GAC on CH4 or CO2 were discussed.
According to the results, a stable and environmentally friendly
preparation process of coal-based activated carbon could be
mastered at the macrolevel, and efficient concentration of CH4
and CO2 could be achieved.

2. EXPERIMENTAL SECTION
2.1. Raw Materials and Preparation of Activated

Carbon. The raw coal was the anthracite produced in
Chongqing. The coal composition analysis results are shown
in Table 1. The preparation process of GAC includes the
following steps.

2.1.1. Pulverization of Raw Coal. First, the bulk raw coal
was broken into small particles with a size less than 5 mm.
Then, the raw coal was pulverized into a powder of about 160
mesh by using a sealed sample preparation pulverizer.

2.1.2. Preoxidation. The pulverized coal was placed in a
muffle furnace and put in contact with air. The pulverized coal
was heated to 300−450 °C at a constant heating rate and then
kept for 1 h at the desired temperature. After being cooled to
room temperature, the pulverized coal was taken out of the
furnace.

2.1.3. Forming. Preoxidized coal powder and coal tar were
weighed to be mixed in a proportion of 10:1. The coal tar was
melted in an electric furnace and then mixed fully with the coal
powder while adding a small amount of water. After that, the
mixture was poured into a kneader and kneaded for 20−30
min. Finally, the mixture was poured into a forming machine to
produce cylindrical particles with diameters of 3 mm and
lengths of 3−5 mm.

2.1.4. Drying. The formed particles were put into a
thermostatic drying oven and heated at 105 °C for more
than 4 h to completely remove the moisture.

2.1.5. Carbonization. The dried samples were placed in a
muffle furnace and heated to 500−700 °C at a rate of 5−10
°C/min under a N2 atmosphere. The specimens were
afterward kept at a constant temperature for a period of time
to achieve full carbonization.

2.1.6. Activation. A flow of activator (water vapor or carbon
dioxide) was put in a contact with the carbonized material to
initiate the activation reaction at 800−950 °C. The flow was
supplied for 1−3 h and then stopped.

After the muffle furnace was cooled down to room
temperature, the samples were taken out and washed with
water to remove impurities on their surface and then dried in
the oven. Thus, the finished product of GAC was obtained.
2.2. Adsorption Isotherms. In this study, the adsorption

isotherms of GAC were measured using an IGA-100B
intelligent gravimetric analyzer produced by HIDEN Com-
pany, UK. Prior to the adsorption test, the adsorbent needs to
be pretreated according to the following procedure. First, a
certain mass of sample to be tested is loaded. Then, the
balance chamber is sealed and connected to an external heating
equipment. The sample is afterward heated for 10 h at 200 °C
under vacuum. The purpose of this pretreatment is to

Table 1. Coal Composition Analysis Result of Chongqing Anthracite

proximate analysis (%) Elemental analysis (%)

fixed carbon volatile components ash content moisture Cad Had Oad Nad Sad

72.08 10.03 16.81 1.08 72.61 2.757 6.810 1.976 4.536
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completely remove any impurities so that the adsorbent can
exhibit its true adsorption properties. After pretreatment, the
system temperature was set as the adsorption temperature, and
the pressure points to be measured were determined. When
the system temperature was stable, the adsorption isotherms
and kinetic curves could be collected under pressures from
vacuum to 2 MPa.
2.3. Pore Structure of Activated Carbon. An ASAP

2020M specific surface area and microstructure analyzer
(Micromeritics, USA) was used to investigate the pore
structure of the activated carbon. First, the samples were
dried and desorbed at 150 °C for 6 h. Then, the adsorption
isotherms at the relative pressure (P/P0) of 10−6−1 were
measured under a N2 atmosphere at the liquid nitrogen
temperature (77 K). According to the adsorption isotherms,
the specific surface area (SBET), the micropore surface area
(Smic), the micropore size and volume (Vmic), the micropore
size distribution, and the full pore distribution in the range of
0.4−300 nm were obtained by virtue of ASAP analysis
software.
2.4. Surface Chemical Properties. The surface properties

of activated carbon were qualitatively examined via Fourier
transform infrared spectroscopy (FT-IR) using an infrared
spectrometer (Nicolet MagnaIR550II, USA). X-ray photo-
electron spectra (XPS) were obtained by an EDS7426
photoelectron spectroscope (Oxford, UK) to quantitatively
analyze the surface composition of activated carbon.
2.5. Adsorption Equilibrium and Adsorption Selec-

tivity. In order to distinguish between adsorbents with better
separation performance for gas mixtures, a quick and simple
calculation method needs to be established. In particular, it
implies that the appropriate adsorbent parameters are easy to
be estimated, can reflect the isothermal adsorption character-
istics, and show the selectivity of adsorbents.

A trivial parametric theory consists in assuming that the
adsorption isotherms of adsorbents meet the Langmuir law,
that is, the coverage rate achieves its limit and the energy is
uniformly distributed on the adsorbent surface when the
saturation adsorption pressure is reached. In this respect, the
Langmuir equation of a binary gas mixture is

q q b p b p b p( )/(1 )i mi i i 1 1 2 2= + + (1)

The equilibrium selectivity parameters can be defined as
follows

x x y y( / )/( / )1,2 1 2 1 2= (2)

where x1 and x2 are the mole fractions of the two components
in the adsorption phase; y1 and y2 are the mole fractions of the
two components in the gas phase. Generally, it is considered
that component 1 is the component that is easier to be
adsorbed. By combining eq 2 and the binary Langmuir
equation, it can be seen that the adsorption selectivity for
component 1 is a constant over the whole adsorption pressure
range

q b q b( )/( )1,2 m1 1 m2 2= (3)

The above method is afterward used in this study to
calculate the equilibrium separation coefficients and to
compare the selectivity of adsorbents.
2.6. Adsorption Kinetics�Diffusion Characteristics.

In the field of gas separation, particular attention is paid to the
research on practical applications of mass-transfer process. The

diffusion coefficient is an important parameter in the mass
transfer, which can characterize the diffusion and migration of
the components in the system. Assume that the gas diffusion in
crystals conforms to the Fickian laws. When the gas diffuses
through the cross-section of a solid particle, the diffusion flux
of each cross section in the medium is proportional to the
product of concentration gradient and diffusion coefficient, and
the concentration gradient is thus the driving force of the mass
transfer. The concentration gradient is the driving force for the
transfer, making the diffusion to take place in a single direction.
Then, the diffusion equation can be expressed as22
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where D is the diffusion coefficient of gas in activated carbon,
m2/s; C is the concentration of the diffuser, mol/m2; r is the
radial coordinate; t is the time, s. The initial conditions and
boundary conditions are
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Using eq 5 to solve eq 4, it can be obtained
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where qt is the adsorption capacity at time t, q∞ is the
equilibrium adsorption capacity, n is a natural number, and R is
the radius of the adsorbed particle. When qt/q∞ > 40%, the
values of t and ln(1−qt/q∞) can be fitted to obtain a linear
relationship. For the fitted line, the slope is K = π2D/R2, from
which it can be obtained that D = KR2/π.2

The relationship between the diffusion coefficient and the
temperature can be described by the Arrhenius equation as
follows

D D E RTexp( / )0 a= (7)

where D0 is the pre-exponential factor of the diffusion
coefficient, m2/s; Ea is the diffusion activation energy, kJ/
mol; T is the temperature, K; R is the universal gas constant.
2.7. Thermodynamics of Adsorption. Physical adsorp-

tion is an exothermic reaction, and the amount of work done
by the adsorption field is the amount of heat release. According
to the adsorption curve, the relevant parameters of the
adsorption heat can be calculated by the Clausius−Clapeyron
equation. When the adsorption amount is a, the calculation
formula of the adsorption heat is as follows

P
Q
RT

Cln
(a)= +

(8)

3. RESULTS AND DISCUSSION
3.1. Pore Structure of Activated Carbon. As can be seen

from Figure 1 and Table 2, the prepared GAC has abundant
micropores. Previous research has shown that the activated
carbon with good separation performance always has a
relatively large specific surface area. The specific surface area
and pore volume of micropores play an important role in the
separation performance of activated carbon, and the pore size
distribution is a key factor affecting the separation performance
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of this material.21 For example, in the separation of mixed
gases, if the pore size of the adsorbents is just enough to allow
N2, but not CH4 molecules, to enter, the separation of mixed
gases can be achieved. In other words, the adsorption
selectivity is closely related to the pore size. The research
results of Kluson et al.23 showed that the separation coefficient
of the pores with the size less than 13 Å for CH4/N2 was above
3.0. Zhao et al.24 considered that the pores with the size in the
range of 0.758−0.776 nm had the best separation effect on
CH4/N2, while Kluson et al.23 believed that such a pore size
should be 0.7−0.9 nm. The micropores of GAC are generally
distributed in the size range of 5.0−10.0 Å, which is expected
to ensure good separation performance.
3.2. Surface Chemical Properties of Activated

Carbon. 3.2.1. FT-IR Spectral Analysis. Figure 2 shows the
FT-IR spectra of raw anthracite and activated carbon samples.
The peak at 3440 cm−1 corresponds to the O−H stretching
vibration, whereas that at 2925 cm−1 is attributed to the
hydrogen absorption on the aliphatic hydrocarbon and
cycloalkane groups. The band at 2852 cm−1 is caused by the
addition of KBr to the sample, the signature at 1380 cm−1 is
due to the bending vibration of methyl, and the line at about
1600 cm−1 corresponds to the stretching vibration of C�C
double bonds in the aromatic ring. The peak in the range of

1070−1090 cm−1 is attributed to the C−O stretching
vibration, whereas that at 1040−910 cm−1 can be ascribed to
the mineral or ash and the band at 753−743 cm−1 corresponds
to the planar vibration of substituted aromatic hydrocarbons or
methylene. The major structure of GAC is composed of
multiple aromatic rings that are also connected to methyl,
methylene, and oxygen-containing functional groups such as
carboxyl and hydroxyl. Compared with anthracite, the
absorption peak of GAC at 1100 cm−1 broadens obviously,
indicating that there may be more oxygen-containing func-
tional groups dominated by C−O bonds in each sample. This
is because the preoxidation process increases the content of
oxygen-containing functional groups on the surface of GAC.
The carbonization process induces the polycondensation
reaction of raw coal, which increases the content of highly
substituted aromatic rings and removes the ash from the coal.
The inlet of the activated gas can break the chemical bonds
connecting the carbon network, causing the change of surface
functional groups again.

3.2.2. XPS Spectra Analysis. By XPS tests, the categories
and contents of functional groups on the GAC surface were
quantitatively analyzed. Figure 3 displays the XPS peak split of
GAC, and the fitting results are shown in Table 3.

It can be seen from Table 3 that the atomic mass fractions of
C and O on the GAC surface are 90.4% and 9.6%, respectively.
This proves quantitatively that GAC comprises many oxygen-
containing functional groups such as C−O, C�O, and
−COO−, among which the content of C−O functional groups
is predominant. These results are consistent with the FT-IR

Figure 1. (a) Adsorption and desorption isotherms of nitrogen at 77
K and (b) pore size distribution of GAC.

Table 2. Pore Structure Parameters of GAC

pore
size
peak
(Å)

pore size range
corresponding to pore

size peak (Å)

accumulated pore
volume

V × 103 (cm3/g)

accumulated
surface area

S (m2/g)

5.89 5.36−6.43 88.66 300.68
8.57 6.79−9.29 27.61 68.34
12.68 9.29−17.16 34.38 53.73

Figure 2. FT-IR spectra of anthracite coal and GAC.

Figure 3. XPS peak split of GAC.
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data. The categories of oxygen-containing functional groups on
the surface of activated carbon can exhibit the adsorption
selectivity to gas molecules with different polarities.25,26

Although N2, CH4, and CO2 are nonpolar molecules, both
the C−H bonds in CH4 and the C�O bonds in CO2 are
polar, and the polarizability of CH4 or CO2 is greater than that
of N2. Hence, the oxygen-containing functional groups on the
surface of activated carbon are more likely to interact with CH4
and CO2 with higher polarizability. As a result, the adsorption
capacity of GAC for CH4 and CO2 gets stronger, thus
increasing the difference between the adsorption capacity of
CH4 or CO2 and that of N2, which is conducive to the
equilibrium separation of CH4/N2 or CO2/N2. Some studies27

have also shown that the oxygen-containing functional groups
on the surface of activated carbon are conducive to the
separation of CH4/N2. Therefore, the adsorption and
separation performance of activated carbon can be improved
by the combination of ideal micropore distribution and
appropriate surface properties.
3.3. TGA/DTA Analysis. Figure 4 shows the thermogravi-

metric analysis (TGA)/differential thermal analysis (DTA)

curve of GAC, from which it can be seen that the sample
mainly goes through the following three stages during
pyrolysis.

(1) There is a faster weight loss peak between 0 °C and 70
°C, and the corresponding DTA curve shows an
endothermic peak, which is mainly caused by the
desorption of water or gas on the surface of activated
carbon.

(2) When the temperature ranges from 70 °C to 460 °C,
there is basically no change in thermogravimetric loss,

indicating that most of the volatiles in the raw materials
used for sample preparation have been removed during
the preparation process.

(3) When the temperature is between 460 °C and 1000 °C,
thermal weight loss starts to increase significantly, and
when the temperature is around 520 °C, the DTA curve
shows an obvious endothermic peak, which indicates
that with the increase of temperature, the polyconden-
sation reaction begins, excessive polycondensation
occurs in the carbon skeleton of the sample, the pores
begin to shrink and close, and some micropores
gradually become mesoporous or macroporous or even
collapse leading to mass reduction.

It can be seen that the prepared activated carbon sample has
good thermal stability below 400 °C. When the ambient
temperature is higher than 400 °C, its structure may be
damaged and lose the adsorption property.
3.4. Adsorption Selectivity. The adsorption isotherms of

CH4, N2, and CO2 on the activated carbon were measured at
278, 298, and 318 K, respectively, and are shown in Figure 5.

As can be seen, the adsorption capacities of CH4, N2, and CO2
follow the order of CO2 > CH4 > N2, all decreasing with the
increase of adsorption temperature under the same pressure.

Langmuir fitting was performed on the adsorption isotherms
at these three temperatures, and the obtained fitting
parameters are listed in Table 4.28 As can be seen, qm and b
have the same variation rules, both decreasing with the
increase in temperature. These indicate that the temperature
can affect the slope of the adsorption isotherm at the initial
period, making it drop with the increase of temperature. Thus,
the equilibrium separation coefficient also changes accordingly.
The separation coefficients at different temperatures are given
in Table 5.28

According to previous studies, the adsorption selectivity
coefficient (equilibrium separation coefficient) of CH4/N2 on
activated carbon is mostly less than 5.0. For example, the
equilibrium separation coefficient of K01 activated carbon is
between 2 and 5,29 that of the modified activated carbon can
be improved to 4.0,30 and that of coconut shell-activated
carbon for CH4/N2 can reach 4.21.31 However, there are also
some reports revealing high separation coefficients. For
example, the separation coefficient of AX-21 super activated
carbon is 20.13, whereas that of nut shell-activated carbon is

Table 3. XPS Peak Splitting Results on GAC

peak splitting
binding energy

(eV)
area

(cts-eV/s)
percentage

(%)

Graphite-like carbon 284.7 28623 70.22
C−O 286.4 4366 10.71
C�O,O−C−O 287.6 3052 7.49
−COO− 290.0 2336 5.73
Carbon π−π*

transition
291.7 2387 5.86

C1s 34446 90.4
O1s 28303 9.6

Figure 4. TGA-DTA curves of GAC.

Figure 5. Adsorption isotherms of GAC-activated carbon for CH4,
N2, and CO2 at different temperatures.
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12.93.32 Unfortunately, these activated carbons with high
separation coefficients have not been applied in the PSA
process. Ruan et al.33 reported a separation coefficient of about
5−7 for CO2/N2 on activated carbon. According to Foeth et
al.,34 the calculated separation coefficient of activated carbon
for CO2/CH4 was up to 3.5. However, larger adsorption
selectivity coefficient is not always good for the separation of
gas mixture. Jasra et al.35 conducted an experimental study on
the separation performance of activated carbon. By combining
their results with the research of Ruthven et al.,36 they drew

some conclusions as follows: when the separation coefficient
was less than 2, it was difficult to separate the gas mixture; at
the separation coefficient between 2 and 3, the separation of
the gas mixture could be achieved; if the separation coefficient
was greater than 3, the separation process was economical,
whereas it made no significant sense when the separation
coefficient was above 4. Thus, the appropriate separation
coefficient should be between 3 and 4.

As seen in Table 5, the separation coefficients of GAC for
CH4/N2 at all three temperatures are between 3 and 4,
indicating that GAC can perform the separation of CH4/N2
within this temperature range well. However, the separation
coefficient for CH4/N2 exhibits no monotonic change with the
increase in temperature. Instead, it has the lowest value at 298
K but is relatively higher at 278 and 318 K. The variation of the
separation coefficient for CO2/N2 follows the same rules. In
turn, the separation coefficient for CO2/CH4 slightly decreases
with the increase in temperature. The separation coefficient

Table 4. Fitting Parameters for GAC Using the Langmuir Equation at Different Temperatures

qm (mmol/g) b (MPa−1)

278 K 298 K 318 K 278 K 298 K 318 K
N2 1.30 1.14 0.96 2.60 2.51 1.22
CH4 2.07 1.81 1.56 6.45 5.11 2.85
CO2 3.16 2.75 2.63 13.99 10.29 5.03

Table 5. Adsorption Selectivity Parameters of GAC for CH4,
N2, and CO2 at Different Temperatures

αCH4,N2 αCO2,N2 αCO2,CH4

278 K 3.95 13.1 3.31
298 K 3.23 9.89 3.06
318 K 3.80 11.29 2.97

Figure 6. Adsorption isotherms of binary mixtures: experimental data and values calculated using Langmuir equation. (a−c) mixture of CH4 and
N2; (d−f) mixture of CH4 and N2; (g−i) mixture of CO2 and CH4.
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values are all around 3, indicating that GAC can separate CO2/
CH4 within this temperature range. Moreover, low temper-
ature is more conducive to improving the separation effect.
3.5. Adsorption Isotherms of Binary Gas Mixture.

Although single-component gas adsorption isotherms can be
used to calculate the gas separation coefficients of binary gas
mixtures, they fail to visually describe the actual situation of the
mixed gas adsorption. This is because of the competitive
adsorption and the interaction between different gas molecules.
Hence, it is necessary to determine the adsorption isotherms of
binary gas mixtures in order to further understand the
adsorption situation of each component. Here, the adsorption
isotherms of gas mixtures with different gas ratios at 298 K
were tested, and the binary Langmuir equation (eq 1) was then
used to calculate the partial adsorption capacity of each
component. By establishing the correlation between calculated
and experimental values, the accuracy of the calculation model
can be evaluated. After calculating the partial adsorption
capacity of each component by the proposed model, the partial
adsorption capacity was converted into the gas mass. The gas
mass plus the dry mass of the adsorbent after IGA
pretreatment was the total mass of the adsorbed gas and
adsorbent, which was also the “total weight” measured by IGA.
By comparing the two values, the accuracy and feasibility of the
selected calculation model can be assessed. In Figure 5, the x-
axis denotes the adsorption pressure, the left y-axis is attributed
to the total weight (the sum of the masses of adsorbed gas and
adsorbent), and the right y-axis (Q) is referred to the partial
adsorption capacity of each component. Here, the partial
adsorption capacity can be obtained from the calculation
model, and the total adsorption capacity (Fit) after conversion
is afterward correlated with the experimental value (Exp).

As can be seen from Figure 6, the values calculated by
Langmuir equation and the experimental points are ideally
correlated, and the correlation coefficients r are all above 0.98,
indicating that the binary Langmuir equation can well describe
the adsorption behaviors of activated carbon on CH4/N2,
CO2/N2, and CH4/CO2. Also, Figure 5 reveals that for the
adsorption of CH4, CO2, and N2 on activated carbon, CH4 and
CO2 are always strong adsorption components. Even if the
concentrations of CH4 and CO2 in the gas phase are lower,
their adsorption capacity in the adsorption phase is still greater
than that of N2. With increasing concentrations of CH4 and
CO2 in the gas phase, the difference between their adsorption
capacities and that of N2 will be greater. For CH4/CO2
adsorption, CO2 is the strong adsorption component, and its
adsorption capacity is always greater than that of CH4. This

indicates that in the separation process of CH4/N2 and CO2/
N2, CH4 and CO2 can be preferentially adsorbed even if the
ratio of raw gas is changed. For the separation of CH4/CO2,
CO2 would be concentrated as an easily adsorbed component.
In addition, the higher the concentration of CH4 or CO2 in the
raw gas, the greater are their adsorption capacities and the
farther are those from that of N2.
3.6. Adsorption Kinetic Analysis. The adsorption

kinetics data on CH4, N2, and CO2 at 278, 298, and 318 K
were measured under a pressure of 0.1 MPa (Figure 7). The
diffusion coefficient for each gas was calculated using eq 6, and
then the relationship between the diffusion coefficient and the
temperature was expressed by Arrhenius equation (eq 7). The
calculation results on the related parameters are shown in
Table 6.

According to Table 6, the diffusion coefficients of CH4, N2,
and CO2 under 0.1 MPa have the same variation rules, and
their D values follow the order of CH4 > N2 > CO2 at each
temperature. The diffusion activation energies of CH4, N2, and
CO2 on the inner surface of GAC are 10.44, 12.76, and 17.22
kJ/mol, respectively. These indicate that in the mass transfer
process, CH4 is first to diffuse into the pores of activated
carbon, followed by N2 and CO2. Obviously, the diffusion
coefficient of CH4 is higher than those of N2 and CO2, which is
consistent with the conclusions of other researchers.22,37 In
addition, for the same gas under 0.1 MPa, its diffusion
coefficient increases with the increase of temperature, which
indicates that a temperature rise increases the energy of gas
molecules and makes them more active, thus accelerating the
diffusion rate in the activated carbon.

Figure 8 displays the variations of the diffusion coefficients
of CH4, N2, and CO2 with the change of pressure at different

Figure 7. Kinetic curves for CH4, N2, and CO2 at 278, 298, and 318 K.

Table 6. Diffusion Coefficients, Pre-exponential Factors,
and Diffusion Activation Energies for CH4, N2, and CO2
under 0.1 MPa

gas temperature (K) D (m2/s) D0 (m2/s) Ea (kJ/mol)

CH4 278 1.42 × 10−13 1.20 × 10−11 10.44
298 1.59 × 10−13

318 2.38 × 10−13

N2 278 8.30 × 10−14 1.86 × 10−11 12.76
298 9.53 × 10−14

318 1.54 × 10−13

CO2 278 3.47 × 10−14 6.01 × 10−11 17.22
298 5.78 × 10−14

318 8.90 × 10−14
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temperatures. As can be seen, under the combined influences
of pressure and temperature, the diffusion process is extremely
complex. The diffusion coefficients exhibit no particularly
evident variation rules but are mostly concentrated in a range
of 10−12−10−14 orders of magnitude. The general variation
trend of the diffusion coefficient is to decrease with the

increase of pressure. This is because the increase in pressure
can lead to the increase in the adsorption capacity of the gas.
As a result, the interaction between the gas molecules is
enhanced, which induces the increase in the diffusion
resistance of the adsorbent molecules in the adsorbent
channels. The diffusion coefficient D of CH4 fluctuates more

Figure 8. Diffusion coefficients with the change of pressure for (a) CO2, (b) N2, and (c) CH4 at 278, 298, and 318 K.

Figure 9. Diffusion coefficient ratios of gases on GAC at different temperatures. (a) D of CH4/N2 at 298 K, (b) D of N2/CO2 at 298 K, (c) D of
CH4/CO2 at 298 K, (d) D of CH4/N2 at 318 K, (e) D of N2/CO2 at 318 K, (f) D of CH4/CO2 at 318 K, (g) D of CH4/N2 at 278 K, (h) D of N2/
CO2 at 278 K, and (i) D of CH4/CO2 at 278 K.

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

https://doi.org/10.1021/acsomega.2c07910
ACS Omega 2023, 8, 10303−10313

10310

https://pubs.acs.org/doi/10.1021/acsomega.2c07910?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07910?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07910?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07910?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07910?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07910?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07910?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07910?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


slightly than those of N2 or CO2, which vary in an unsystematic
manner. These differences are due to the fact that CH4
molecules have a spherical shape, while N2 and CO2 molecules
are rodlike. When the kinetic diameter of gas molecules is close
to the adsorbent pore diameter, the shapes of molecules in the
pores are random. In this respect, spherical molecules suffer
from the least resistance and can enter the pores more
smoothly. By contrast, rodlike or disklike molecules may be
limited by the pore structure and shape and undergo a larger
applied force or even resistance, thus complicating the
diffusion process. This also proves from another aspect that
the activated carbon sample may have many micropores close
to molecular size.

Figure 9 displays the values of DCH4/DN2, DN2/DCO2, and
DCH4/DCO2 at different pressure points at 278, 298, and 318 K.
According to Figure 7, the multiple differences in the diffusion
coefficients of various gases can be directly obtained. The
diffusion coefficient ratios have been widely used in the
dynamic separation of gases by molecular sieves. Some
researchers have found that the value of DN2/DCH4 of 4A
zeolite molecular sieve is between 9 and 18 in the temperature
range of 273−313 K, which makes it possible to achieve the
kinetic separation of PSA.38 Qiu et al.39 and Shi et al.40

measured and calculated the diffusion coefficients of O2 and N2
on the carbon molecular sieve, and the value of DO2/DN2
ranged from 5 to 10. It is noteworthy that the kinetic
separation of PSA can be achieved when the ratio of the
diffusion coefficients of two gases is close to 1028. As seen in
Figure 8, there is a little difference in the diffusion coefficients
of CH4, N2, and CO2. While there are a few data points with a
difference of more than 10 times in the diffusion coefficients,
the values of DCH4/DN2, DN2/DCO2, and DCH4/DCO2 at various
pressures and different temperatures show no obvious change
rules. These results demonstrate that the separation of CH4/
N2, CO2/N2, and CH4/CO2 by GAC cannot resort to the
kinetic effect.
3.7. Heat of Adsorption. Physical adsorption is an

exothermic reaction. The heat released reflects the amount
of work done by the adsorption field on the adsorbent surface.
According to the adsorption data at 278, 298, and 318 K tested
in Figure 5, the equal adsorption heat of N2, CH4, and CO2 on
GAC can be calculated by eq 8.

As can be seen from Figure 10, the adsorption heat of N2,
CH4, and CO2 on GAC is all less than 40 kJ/mol, which
conforms to the law of physical adsorption. The adsorption
heat of N2 and CH4 increases with the increase of adsorption
amount, indicating that the intermolecular effect of gas is
gradually increased during the whole adsorption process, and

the change of adsorption heat of CH4 has stepped fluctuations.
This phenomenon is reflected in the adsorption of organic gas
by zeolite because molecular rearrangement occurs on the
adsorption surface, but the adsorption curve of CH4 on
activated carbon is type I. Gas molecules are a pure diffusion
process without molecular rearrangement, so the adsorption
heat change ladder of CH4 may be caused by the uneven
increase of the interaction between gas molecules. The
adsorption heat of CO2 decreases first and then increases.
This phenomenon also occurs in the adsorption of methane by
activated carbon because gas molecules preferentially occupy
the adsorption sites with higher energy, and the adsorption
heat decreases with the increase of adsorption capacity. When
the gas molecules on the adsorption surface reach a certain
concentration, the interaction between adsorbents began to
increase and the adsorption heat began to increase with the
increase of adsorption capacity.

4. CONCLUSIONS
The prepared activated carbon had a microporous structure
with the pore sizes mainly distributed in the range of 5.0−10.0
Å, as well as a lot of oxygen-containing functional groups on its
surface. In the temperature range of 278−318 K, the separation
coefficient of CH4/N2 was between 3 and 4, which meant a
desirable equilibrium separation of CH4/N2. The separation
coefficient of CO2/CH4 decreased with the increase in
temperature, remaining at around 3, which indicated that the
equilibrium separation of CO2/CH4 could be achieved in this
temperature range. A binary Langmuir equation could well
describe the adsorption behaviors of CH4/N2, CO2/N2, and
CH4/CO2 on activated carbon. Even if the concentrations of
CH4 and CO2 in the gas phase were low, the adsorption
capacity of CH4 or CO2 in the adsorption phase was still
greater than that of N2. With the increase in the concentrations
of CH4 and CO2 in the gas phase, the difference between their
adsorption capacity and that of N2 would be greater. The
results of adsorption kinetics showed that there was a little
difference in the diffusion coefficients of CH4, N2, and CO2.
There were a few data points with a difference of more than 10
times in the diffusion coefficients, and the diffusion coefficients
had no obvious change rules.

The specific pore structure and surface chemical properties
of the activated carbon could effectively improve the separation
and purification effects on CH4 and CO2. Although the specific
surface area and pore volume of micropores played an
important role in GAC’s separation performance, the pore
size distribution was found to be the decisive factor. The
separation of CH4/N2, CO2/N2, and CH4/CO2 by the

Figure 10. Adsorption heat with the change of the adsorption quantity for CH4, N2, and CO2 on GAC.
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activated carbon could rely on the equilibrium separation effect
rather than on the kinetic effect.
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