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ABSTRACT: A type of carbon molecular sieve (CMS-3KT) was “, CH, v

used as the adsorbent for the CH, enrichment of a methane/ ® N,

oxygen/nitrogen (CH,/O,/N,) mixture using micro-positive ® O, XA

pressure vacuum pressure swing adsorption (~120 kPa). The CMS-3KT “‘"

adsorption isotherms of individual CH,, O,, and N, on CMS-3KT |, o8

were studied and fitted. The results indicated the important —«] —CH—N—0 ::‘~

influence of the adsorbent surface heterogeneity on the adsorption <« U

equilibrium process. In addition, the interaction of adsorbent— ZJ 3“.0 :‘
adsorbate in this process was studied from the measured 3 * Q: & CMS-3KT
adsorption heat. The adsorption uptake curves were fitted linearly = ‘t o h

with a classical micropore model for evaluating the kinetics-based ] -

separation possibility of CH,/O,/N,, and the corresponding R T [ S A

diffusion time constants of CH,, O,, and N, were calculated. Based

on the results of adsorption equilibrium and kinetics, breakthrough experiments were employed to explore the upper limit value of
methane concentration in feed gas such that methane can be enriched feasibly but difficultly. The breakthrough experiments were
performed on the CH,/O,/N, mixture with CH, concentration ranging from 1 to 30%. Regarding industrial application, the O,
removal and CH,, enrichment performance of ultra-low-concentration methane (CH, < 5%) were evaluated according to the results
of the breakthrough experiment. The results indicated that the proposed method was promising for enriching O,-containing ultra-
low-concentration CBM.

1. INTRODUCTION Saleman et al."* enriched CH, from 10.4 to 40.2% in a CH,/
N, binary mixture using dual-reflux PSA, with methane
recovery of 71%. Qu et al.'® reported an increase (from
21.4% to nearly 47%) in the concentration of CH,, and the
recovery of methane was around 75%. Zhang et al.'® used PSA
to separate 27%/73% CH,/N,, and CH, was purified to 57.2%,
with methane recovery of around 91%. Vacuum pressure swing
adsorption (VPSA) with activated carbon was used by Gu et
al."” to separate binary mixtures of 30%/70% CH,/N,, and a
CH, enrichment of 66.6% was achieved. However, O, was
neglected in the above studies.

Oxygen is a major component of CBM, and its presence
increases the risk of explosion in the transportation and
utilization of low-concentration CBM. Thus, O, removal is
especially important for the enrichment and utilization of O,-
containing low-concentration CBM. Carbon molecular sieve
(CMS) is a kind of good non-polar carbon material and is

Coalbed methane (CBM) is one of the clean energies and its
recoverable amount is considerable, being ~42 Tm? globally.'
In China, ~3.7 Tm® CBM is buried above 2000 m,” and most
of the CBM extracted from coal seam is discharged directly
into the atmosphere, especially for low-concentration methane
(<30%). As a result, China’s CBM emissions account for one-
third* of global emissions and constitute a huge waste of
natural gas resources. This amount of methane (CH,) induces
a large greenhouse effect because the greenhouse effect of CH,
is 23 times that of CO,." Therefore, the recycling and
utilization of low-concentration CBM is important from both
economic and environmental viewpoints.”

CBM contains mainly methane, oxygen (O,), nitrogen (N,),
and a small amount of CO, and H,O. In order to meet the
quality requirements stipulated for the use of CBM, many
methods have been developed for CH, enrichment. The
pressure swing adsorption (PSA)”'’ process has been

extensively used and is regarded as the most promising Received: December 17, 2020
technology for CH, enrichment of CBM. The preference for Accepted: February 12, 2021
this technology results from its simpler operation and less Published: March §, 2021

energy consumption compared with other methods such as
- 12

cryogenic distillation,” membrane separation, ~ and hydrate

formation."’
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currently a preferred PSA adsorbent for removing O, from
mixture gases due to its considerable micropore volume and
pore size distribution. The feasibility of O, removal and CH,
enrichment of O,-containing CBM with CMS has been
demonstrated in some studies.

Bae et al.'® determined (from a kinetics viewpoint) the
probability of separation for CH,, N,, and O, on CMS-3TA by
calculating the diffusion time constants of these gases. In
another work,"” different models were used to analyze the
adsorption rate of each gas on CMS-3TA, as the rates can
contribute to the separation of the gases at different pressures.
Liu et al.>”*" used proportion PSA with activated carbon (AC)
and CMS to separate a ternary mixture of 20%/17%/63%
CH,/0,/N,. Although CH, was purified from 20% to more
than 50% by this method, the adsorbed column was
impractical for the real separation process. Olajossy et al.”>**
purified CH, to 96% from a ternary mixture of 55%/8%/37%
CH,/0,/N, with the recovery of methane about 86% using
PSA at a pressure of 300 kPa. Zhou et al.”* achieved a CH,
concentration of 50.4% from a ternary mixture of 25%/7%/
65% CH,/0,/N, at a pressure of 300 kPa, and the methane
recovery was nearly 86.3%. Yang et al.* enriched CH, to more
than 90% from a ternary mixture of 30%/14.7%/55.3% CH,/
0,/N, (methane recovery around 54%) using CMS at a
pressure of 250 kPa, and the kinetics-based separation
mechanism was investigated.

The above studies have (to some extent) analyzed the
equilibrium performance and kinetic behavior associated with
the separation of CH,/O,/N, mixture on CMSs. However,
published reports on the enrichment of O,-containing CBM
with CH, concentrations of <5% are rare. The pressure
employed in the process of CH, enrichment was >120 kPa,
which differs from the actual outlet pressure of CBM in coal
mines. The costs and explosion risks increase in the
pressurization process. In addition, the participation of helium
(He) in the CH, enrichment processes can only be
experimentally studied but cannot applied in practical working
condition.

In this work, the equilibrium performance and kinetic
behavior of CH,, O,, and N, on CMS-3KT were investigated
from the adsorption capacity of individual gases. The
adsorbate—sorbent interactions were evaluated based on the
adsorption heat. Then, the breakthrough experiment for CH,/
0,/N, mixture with different CH, concentrations was
implemented to verify the results of adsorption equilibrium
and kinetics. In addition, the upper limit value of methane
concentration in feed gas that methane can be enriched
teasibly but difficultly would be derived from the breakthrough
experiment. Finally, the removal of oxygen and enrichment of
methane from the CH,/O,/N, mixture were studied
considering practical application, with the method of micro-
positive pressure VPSA (~120 kPa). The above results could
provide a valuable direction for oxygen removal and methane
purification of CBM.

2. RESULTS AND DISCUSSION

2.1. Characterization. The micropore volume and specific
surface area of CMS-3KT were 0.24 cm®/g and 407.8 m*/g,
respectively. Figure 1 shows highly developed microporosity
with the pore size ranging from 0.37 to 0.91 nm, which was
comparable to the kinetic diameter of CH,, O,, and N,. Hence,
CH,, O,, and N, could all be well adsorbed.
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Figure 1. Micropore size distribution of CMS-3KT.

2.2. Adsorption Equilibrium. 2.2.1. Adsorption Iso-
therms. The adsorption isotherms of CH, O,, and N,
associated with a pressure of 0—0.6 MPa and a temperature
of 308 K are presented in Figure 2 (313 and 318 K in Figure
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Figure 2. Adsorption isotherms of CH,, O,, and N, at 308 K.

S1). These isotherms were designated as type I based on the
IUPAC classification.”® The adsorption amounts increase with
decreasing temperature, consistent with the exothermic process
of adsorption.”” The main reason is that the gas molecules
have more energy to desorb from the adsorbent in higher
temperature. The higher adsorption amount of CH,
(compared with those of O, and N,) was attributed to its
higher polarizability; that is, the adsorption of these gases on
CMS-3KT resulted mainly from dispersion interactions.”® The
adsorption amounts of CH,, O,, and N, (1.2—1.6, 0.85—0.97,
and 0.71—0.78 mmol/g, respectively) were all considerable.
This may have resulted from the vast surface area (407.8 m*/g)
and the adaptive micropore size distribution (0.37—0.91 nm)
of CMS-3KT. The reference data'®'**>**7** of CMS are
shown in Table S1. Considering the differences in the surface
area and pore structure, the experimental results in this study
were reasonable.

The experimental data were fitted by Langmuir and Sips
models, as shown in Figure 2. For the entire adsorption
process, the Sips models predicted the adsorption isotherms
slightly better than the Langmuir model. The fitting parameters
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Table 1. Parameters Calculated from Langmuir and Sips Models Fitting the Adsorption Isotherms

gas CH, 0O, N,
temperature (K) 308 313 318 308 313 318 308 313 318
Langmuir
9m (mmol/g) 2.37 1.97 1.94 221 2.17 2.07 1.61 1.59 1.58
b (1/MPa) 3.24 3.16 2.16 1.58 1.28 1.16 1.64 1.53 1.46
MAPE (%) 3.50 3.78 4.11 0.58 1.74 4.58 0.30 0.36 0.23
Sips
g (mmol/g) 3.73 3.62 3.45 225 1.90 1.72 1.63 1.61 1.60
b (1/MPa) 1.26 1.15 1.07 1.74 1.67 135 1.59 1.50 1.43
n 1.37 1.35 1.33 1.03 0.94 091 1.01 1.01 1.01
MAPE (%) 122 2.04 3.83 0.76 1.08 3.54 0.36 0.38 0.25

and MAPEs of the two models are shown in Table 1. A notable
decline can be observed in the value of b with the rise of
temperature. The MAPEs of CH, fitted by the Langmuir and
Sips models were 3.50 and 1.22%, respectively. In addition, the
qm value for methane calculated from the Sips model was
slightly bigger, might be because the value of n(CH,) was
larger than 1. Thus, the non-homogeneity of the adsorbent
surface affected the adsorption equilibrium process to some
degree.

2.2.2. Adsorption Heat. The adsorption heat flow (see
Figure 3) is measured using a C80 micro-calorimeter. The
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Figure 3. Adsorption heat flow measured by a C80 micro-calorimeter
(e.g, N, is taken).

steep increase in the heat flow in the initial stage demonstrates
that the vertical interaction occurred first at low surface loading

and led to high adsorption heat. Moreover, the slow reduction
was attributed to the lateral interaction at high surface loading.
The variation in the adsorption heat with the surface loading
resulted possibly from the fact that the lateral interaction
occurred between the adsorbed gas molecules.'”**°

The integral heats of CH,, O, and N, at different
temperatures (Figure S2) are measured using a micro-
calorimeter, and the corresponding adsorption isosteric heats
are calculated, as shown in Figure 4. The differences among the
above results were modest, because the interactions of CH,,
0,, and N, molecules and the CMS-3KT surface resulted
mainly from the inductive force and dispersion force, which are
both independent of temperature. Isosteric heats of CH,, O,,
and N, were ~20.6, 18.1, and 19.1 kJ/mol, respectively, in this
work. The theoretical adsorption isosteric heats reported in the
literature varied widely. For example, values of 18.0—39.0 kJ/
mol have been reported for CH,.>’~*’ The adsorption heats of
CH,, O,, and N, measured in this work were comparable to
the theoretical values.””*>*"~*!

The adsorption capacity of CH, on CMS-3KT was only
approximately twice that of O, and N,, and hence, easy
removal of oxygen and separation of CH, from the mixture of
CH,/0,/N, via adsorption equilibrium was impossible. Thus,
another critical factor for adsorption separation, adsorption
kinetics, was investigated.

2.3. Adsorption Kinetics. Figure S shows the adsorption
uptake curves of the individual O, N,, and CH, gases on
CMS-3KT under 120 kPa. The adsorption rate of CH, was
considerably lower than that of N, and O,. Equilibration of O,
and N, occurs in ~25 s and 10 min, respectively. However,
more than 12 h was needed for equilibration of CH,. The
results indicated that the gases may be written in the
descending order of adsorption rate on CMS-3KT, that is,

25
N 20 20{ o A A, aca
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Figure 4. Isosteric heats of adsorption for CH, (a), O, (b), and N, (c) at 308, 313, and 318 K.
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Figure 5. Adsorption uptake curves of O, (a), N, (b), and CH, (c) on CMS-3KT at 120 kPa in 308, 313, and 318 K, respectively.

Table 2. Diffusion Time Constants of CH,, O,, and N, in 308, 313, and 318 K

temperature (K) De‘ol/r’c2 (s7') x1073 De/Nl/rCZ (s7!) x107* De'CH4/rcz(s_1) x107° De‘OZ/De,Cl—L Den,/Dech,

308 0.86 3.39 3.83 2247.06 88.35

313 1.02 3.69 4.11 2484.07 89.87

318 1.11 523 8.41 1322.04 62.21
0O, > N, > CH,. Each rate increases slightly with increasing curves for the CH,/O,/N, mixture with CH, concentrations
temperature. CH,, with a substantially lower adsorption rate of 1, 3, 5, 10, 15, and 30% on CMS-3KT were measured at an
than the other gases, could be easily separated from the inlet flow velocity of 80 mL/min, as shown in Figure 6. The
mixture of CH,/O,/N,. The adsorption rate of a specific gas breakthrough times were obtained accordingly and listed in
on CMS-3KT was strongly correlated with the ratio of the gas Table 3, which corresponds to the point on the breakthrough
kinetic diameter to the pore size of the adsorbent. In this study, curve when the outflow concentration of a specific gas reaches
the micropore size of CMS-3KT ranged from 0.37 to 0.91 nm. 5% of its initial concentration. In all cases, the breakthrough
The kinetic diameters of O,, N,, and CH, were 0.346, 0.364, time of O, was longer than those of N, and CH,, owing to the
and 0.376 nm, respectively,"”*" which were close to the pore greater adsorption rate of O,, as shown in the uptake curve.
size of CMS-3KT. In addition, the critical diameters of N, and This is consistent with the fact that the diffusion time constant
0, v:rith linear molecular structures were 4.0 X 3.0 and 3.9 X of O, is ~2248 and 30 times those of CH, and N,
2.8 A, respectively, while a diameter of 4.4 A was obtained for respectively. The extremely long penetration time of O,
CH, with a tetrahedron molecular structure.”® Therefore, demonstrated that CH, was enriched effectively from CBM
compared with CH,, O, and N, could occupy the pores of and revealed the considerable benefit of micro-positive
CMS-3KT faster with the CMS-3KT internal surface. The pressure VPSA in removing O, from O,-containing CBM.
possible reason was that the interaction and resistance between For example, compared with that achieved via combustion**
gas and CMS-3KT occurs with the increase in molecular size. and catalysis*> methods, higher safety and CH, recovery were
Furthermore, a spin—spin interaction occurred between O, realized for the O, removal method presented in this work.

: 42,43
molecules, and a quadrupole moment was present in N,. In addition, the integral difference in Figure 6 between CH,

However, these interactions and moments are absent from and N, decreases significantly with the decrease of CH,
CH,. Therefore, the slow adsorption rate of CH, was also concentration, indicating more difficulty to separate CH, and
explained by its stable electronic structures. N,. This was attributed to the fact that, with the decrease of

The diffusion time constant (D,/r*) is an essential parameter CH, concentration in feed gas, the adsorption amounts of CH,
for quantifying the adsorption rate and evaluating the CH, exceeded the supplement. However, the breakthrough time of
enrichment performance, which varies with the temperature. N, was obviously larger than that of CH, even when the
Therefore, in this work, the kinetic data of Oy, Ny, and CH, at concentration of CH, is equal to or lower than 5% (Table 3).
398’ ,313’ and 318 K.were fitted by a classical micropore Thus, product gas with higher concentration CH, could be
dlffus%on model (see Figure 83)’2 The D./r’ valu.e (‘Table 2) collected before N, penetration. Therefore, the upper limit
was simultaneously calculated. R* values of 0.99 indicate that value of methane concentration in feed gas that methane can
the model. P red.icts the kipetic process accurately. The gases be enriched feasibly but difficultly could be regarded as 5%,
may be written in descend@g order of Pe/ ) wh'ere C_)Z > N? > and the following enrichment experiments of methane would
CH,. Bach D/r* value increased shghtly Wl,th increasing be based on it. The separation performance for the mixture of
temPerature. .T}i‘;’fﬁ results are Con_SIStent with tho§ e of CH,/0O,/N, should be determined without the use of He. The
previous studies. T‘he diffusion ratio of each gas pair was replacement of He with pure CH, in the pressurization process
calculated, and the high values of Dyo,/c, (>1000) and was considered in a previous study.25 However, the hypothesis

D, n,/ch, (>60) demonstrated that (in theory) O, removal and was unreasonable to some extent because the diffusion rates of

CH, enrichment of CBM could be performed without O, and N, were both substantially larger than that of CH,.
temperature restrictions (308—318 K). 2.5. Evaluation of Enrichment Performance in Micro-
2.4. Evaluation of Separation Performance. The positive Pressure VPSA. 2.5.1. Influence of Gas Flow
adsorption selectivity of CH,/O,/N, on CMS-3KT was Velocity on CH, Enrichment. The enrichment of CH, from
assessed via breakthrough experiments. The breakthrough the prepared ultra-low-concentration CBM was performed
6917 https://dx.doi.org/10.1021/acsomega.0c06148
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Figure 6. Breakthrough curves of CH,/O,/N, with CH, concentrations of 1 (a), 3 (b), S (c), 10 (d), 15 (e), and 30% (f).

experimentally without the participation of He. A gasholder is
installed before the adsorption bed to provide enough pressure
for the instantaneous penetration of the gas components. The
real-time concentrations of CH,, O,, and N, with initial CH,
concentrations of 1, 3, and 5% are shown in Figure 7. The
maximum concentration of CH, declines and the minimum
concentration of O, increases as the inlet flow velocity
increased from 200 mL/min to 600 mL/min. On the one
hand, higher flow velocity resulted in weaker interaction force
between O, and adsorbent. On the other hand, the mass
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transfer resistance became important and had a compensation
effect with the increase of flow velocity, leading to smaller
superiority of CH, in the product. Considering an inlet flow
velocity of 200 mL/min and initial CH, concentrations of 1, 3,
and 5%, the concentrations of CH, are enriched to maximum
levels of 4.5, 8.8, and 13.5%, and the concentrations of O, are
reduced to minimum levels of 3.8, 3.0, and 2.5%, respectively
(see Figure 7a). This may have resulted from the fact that the
amount of methane in the gasholder was sufficient for
achieving the adsorption selectivity of the adsorbent.
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Table 3. Breakthrough Time for CH,, O,, and N, with
Different Concentrations of CH, in Feed Gas

the composition of feed gas

breakthrough time (s)

CH, (%) N, (%) 0, (%) CH, N, 0,
1 78.2 20.8 94.1 164.5 2834
3 76.6 20.4 82.3 150.1 267.3
5 75.0 20.0 74.0 139.4 2543
10 71.1 189 61.4 1185 233.1
15 67.2 17.8 55.3 108.5 213.0
30 $5.3 147 485 104.5 2216

In fact, the average concentration was more significant than
the transient concentration for CBM enrichment. A certain
period was defined as the effective time (T), in which the
concentration of O, is less than 5%. Simultaneously, the
concentration of methane was large in this period, indicative of
the appropriate time period for collecting the product gas.
There was an increase in effective time with the rise of CH,
concentration in feed gas (T1 < T2 < T3), consistent with the
result in breakthrough experiment, that is, the integral
difference between the concentrations of CH, and N,
increased significantly with rising CH, concentration in feed
gas. A decline was observed in effective time with the increase
in flow velocity, which was ascribed to the faster saturation of
the adsorption bed. Hence, the best separation was observed at
an inlet flow velocity of 200 mL/min, and the detailed
enrichment performance is discussed in the following.

2.5.2. Oxygen Removal and Methane Enrichment Effect.
CH, recovery is an essential criterion for evaluating the CBM
enrichment performance. Hence, the CH, recoveries of
product gas in different periods were investigated, and the
average concentrations of O, and CH, (see Table 4) were
measured simultaneously.

Considering the convenient and effective utilization of
methane, the product gas was collected from 0 min. Although
the high concentration of O, occurrs in initiative moment, it
has a slight effect in removing oxygen because of the slow flow
velocity of outlet gas in this period. The optimal value was
realized within 0—3 min at an acceptable concentration and
recovery rate of methane. For example, the concentration of
CH, was enriched to 12.3% with a recovery rate of 81.9% for
5% feed gas, and the concentration of O, was reduced to 3.23%
simultaneously. The CH, concentrations of product gas were
2.82, 2.55, and 2.46 times that of the feed gas with methane
concentrations of 1, 3, and 5%, respectively. This is consistent

Table 4. Average O, and CH, Concentration and CH,
Recovery Rate in the Product Collected from Different
Periods at an Inlet Flow Velocity of 200 mL/min for the
CH,/0O,/N, Mixture

feed gas product gas

CH, period of time 0, CH, recovery rate of CH,

(%) (min) (%) (%) (%)

1 0-1 8.65 1.58 244

0-2 7.70 2.78 47.7

0-3 5.64 2.82 79.1

0—4 6.72 2.28 86.6

0-5§ 8.13 1.83 88.3

3 0-1 4.72 7.13 22.8

0-2 3.41 7.14 54.9

0-3 3.39 7.66 76.4

0—4 4.29 6.16 83.1

0-S 7.95 5.43 91.1

N 0-1 5.90 5.23 21.5

0-2 5.37 8.98 40.8

0-3 3.23 12.3 81.9

0—4 4.90 10.5 89.4

0-5§ 8.78 8.87 89.9

with the fact that the breakthrough time difference between
CH, and N, occurs with the decline in CH, concentration of
the feed gas during the breakthrough experiment. Therefore,
the adsorption selectivity of the adsorbent decreased gradually
before 3 min, and the number of O, and N, adsorption sites in
the adsorbent was almost equal to the number of CH, sites
after 3 min. The enrichment performance decreased with the
saturation of the adsorption bed. Thus, the concentration and
recovery of CH, should be considered reasonably in the
collection of the product gas.

3. CONCLUSIONS

The considerable adsorption capacity of CH,, O,, and N, on
CMS-3KT was attributed to the highly developed micropore
structure of the adsorbent. The adsorbent—adsorbate inter-
action was induced mainly by an inductive force and dispersion
force, with the occurrence of both vertical and lateral
interactions. Moreover, the reversible adsorption process
indicated that CH, enrichment was achieved via the adsorption
method. The diffusion time constants of O, and N, were 2247
and 88 times, respectively, that of CH,, demonstrating that
kinetics-based separation of CH, from the CH,/O,/N,
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Figure 7. Real-time concentrations of O, and CH, over time at the inlet flow velocity of 200 (a), 400 (b), and 600 mL/min (c) with initial CH,

concentrations of 1, 3, and 5%.
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mixture was possible. This was further confirmed by the
breakthrough experimental results, where the breakthrough
time of CH, was smaller than that of O, and N,. Also, the
upper limit value of methane concentration in feed gas such
that methane can be enriched feasibly but difficultly is around
5%. Based on the above analysis, the enrichment performance
of ultra-low-concentration methane (CH, < 5%) was
evaluated. At a selected inlet flow velocity of 200 mL/min,
the optimal enrichment performance was realized within a
period of 0—3 min. The CH, concentration of the collected
product gas was nearly 2.5 times that of the feed gas, with a
recovery of ~80%, and the O, concentrations were reduced to
~3% simultaneously. The concentration and recovery of CH,
should be balanced in practical application. Therefore, the
proposed process had the prospect for removing oxygen and
enriching methane from O,-containing low-concentration
CBM in industrial application.

4. EXPERIMENTAL MEASUREMENTS AND
MATHEMATICAL MODELS

4.1. Experimental Measurements. 4.1.1. Materials.
Commercial CMS-3KT provided by Gongyi Tenglong Water
Treatment Materials Co. Ltd. was selected as the adsorbent in
this work. It was pre-activated at 673 K in N, flow for 4 h
before use and the mass loss is around 5.45%. He (purity:
99.999%), CH, (purity: 99.999%), and air used in the
experiments were supplied by Xuzhou Special Gas Plant.

4.1.2. Structural Characterization. The surface area and
microporous structure of CMS-3KT were measured using an
automated gas sorption analyzer (ASAP2460, Micromeritics
Instruments, USA). The adsorption isotherm of CO, at 273 K
was employed to obtain the surface area and micropore size
distribution of the adsorbent using the density functional
theory (DFT) method. In addition, the pore volume was
calculated via the D—A model.*

4.1.3. Adsorption Equilibrium and Kinetics. The adsorp-
tion capacity and uptake curve of individual CH,, O,, and N,
on CMS-3KT with different temperatures were measured by
means of a volumetric method*” using a self-built adsorption
apparatus. CMS-3KT (4.6 g) was activated in advance and
placed in the adsorption cell. He was used to check the gas
tightness of the overall apparatus. The dead volume of the gas
collector and adsorption cell was calculated from the He
volume. Before measuring the adsorption isotherm, the system
vacuum degree was maintained at approximately —0.1 MPa.
The adsorption equilibrium point was determined after a
constant pressure was maintained for at least 1 h. Furthermore,
the adsorption heat was measured using a Tian-Calvet type
C80 micro-calorimeter. By repeating this process, the
equilibrium adsorption amounts at various pressures and
corresponding adsorption heats were obtained. The details of
the experiment are provided in our previous study."”

4.1.4. Separation Performance of the CH,/O,/N, Mixture.
The breakthrough experiment on the CH,/O,/N, mixture
with different CH, concentrations was performed using a
multi-component adsorption breakthrough curve analyzer
[Beishide Instrument Technology (Beijing) Co. Ltd.], as
shown in Figure 8a. First, 60 g of CMS-3KT was placed in a
packed column (length: 45 cm, diameter: 2 cm). He was used
to check the gas tightness of the overall apparatus. Before
starting the experiment, the adsorbent was regenerated with an
inlet He flow of 100 mL/min at 473 K for 2 h. The system
adsorption pressure was then stabilized to 120 kPa with He
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Figure 8. Schematic diagrams of CH,/O,/N, breakthrough experi-
ment (a) and CH, enrichment experiment (b).

using a back-pressure valve. The breakthrough temperature
was set to 308 K. Breakthrough tests were started by opening
the valve between the mixture gas and the packed column. The
components of the product gas were analyzed using the on-line
mass spectrometer [Beishide Instrument Technology (Beijing)
Co., Ltd.].

4.1.5. Enrichment Performance in Micro-positive Pressure
VPSA. Practical enrichment performance of the CH,/O,/N,
mixture without He was evaluated using an in-house-fabricated
purification apparatus (micro-positive pressure VPSA), as
shown in Figure 8b. First, the adsorbent (125.0 g) was placed
in the adsorption bed (length: 60 cm, diameter: 2 cm) and the
system vacuum was maintained at approximately —0.1 MPa.
The mixture of CH,/O,/N, was then injected into the
gasholder (length: 60 cm, diameter: 4 cm) until the pressure
reached 140 kPa. The system adsorption pressure was
stabilized to 120 kPa with the feed gas passing directly
through the back-pressure valve in the bypass. A mass flow
controller (MFC) was installed to record the amounts of outlet
gas. The real-time concentrations of product gas components
were detected using an on-line mass spectrometer. The
product gases of different periods were collected and measured
by gas chromatography (GC-9860-5CN]J, Nanjing Hope
Analytical Equipment Co., Ltd.). The corresponding CH,
recovery was then calculated. Furthermore, the effect of O,
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removal and methane enrichment was evaluated from the
analysis results.

4.2, Mathematical Models. 4.2.1. Adsorption Equili-
brium. Langmuir and Sips models were used for fitting the
adsorption isotherms in this work. The relationship between
the heterogeneous surface of an adsorbent and the adsorption
equilibrium process was investigated.

The Langmuir model,*” which assumes that the adsorbate
on the sorbent is a monolayer and the surface of the sorbent is
homogeneous, is the most commonly used model for
adsorption isotherm fitting. The model is described by the
following equation

q,bp
1+ bp

(1)

According to previous studies, the heterogeneity factor (n) is
a critical parameter in adsorption equilibrium due to the
heterogeneous surface of most adsorbents. The Sips model”
was employed to fit adsorption isotherms, where the n value is
considered. The model is governed by the following equation

qm(bp)l/n
1+ (bp)l/n

)

where g (mmol/g) is the adsorption amount at equilibrium
pressure p (MPa), q,, (mmol/g) is the adsorptive saturation
capacity, and b (MPa™") is the adsorption affinity constant,
which indicates the adsorbed strength of an adsorbate attached
to the CMS-3KT.

The deviation of the experimental data from the model was
defined as the mean absolute percentage error (MAPE)

100 ¢
MAPE(%) = —

)R- q

qcal,i - qexp,i

3)

where j, gy and g.; denote the number of experimental
data, experimental data, and data calculated by the isotherm
models corresponding to g.,,; respectively.

4.2.2. Adsorption Heat. The adsorption isosteric heat
affected the adsorption amounts of adsorbate on the sorbent
and was therefore essential for the design of the adsorption bed
used in gas enrichment.

In this work, the integral heat was measured by a C80 micro-
calorimeter and was related to the isosteric heat as follows™’

exp,i

dqexp
dn

T ™ (4)

where g is the isosteric heat, gy, is the integral heat, and n is
the adsorption amount. g, can be calculated as follows*

qexp,i+1 - qexp,i _ Aqexp,i
An

qst =

Ripp — 1 (%)
where g, is the integral heat at the equilibrium pressure p;
and g is the isosteric heat when the adsorption amount is
equal to (n; + n;,1)/2.

4.2.3. Adsorption Kinetics. The diffusivity is a critical
parameter for predicting the kinetics-based separation
possibility of a gas mixture. Therefore, the diffusivity of gas
entering the adsorbent considered in this work was calculated
using a micropore diffusion model. When the ratio of m, and
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My, ranges from 70% to 90%, the adsorption uptake curve can
be related to the diffusion time constant (D_./r.) as follows®'

m,< 6 —7’Dt
- — R~ —exp| —5—
m /1 r.

(6)

where m, (mmol/g) is the adsorption amount at time ¢ (s), 1,
(mmol/g) is the adsorption amount at equilibrium, r. is the
adsorbent diameter, D, is the effective diffusivity, and D./r.* is
the diffusion time constant.

The D./r’ of each gas was estimated from the slope of a
linear plot obtained for Ln(1 — (m,/m,)) versus t at a specific
pressure.

0
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