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In China, owing to the methane concentration being below 0.75%, the coal ventilation air methane (CVAM) is usually emitted
directly into the atmosphere, rather than utilized, which not only causes huge waste of energy but also exerts potential hazards
to the greenhouse effect. It is important and practicable to save costs of development and investment by simulating enrichment
and separation of CVAM with an aim to improve the efficiency and recovery of adsorption separation. Above all, it will have
important practical significance to the development of adsorption separation. In this paper, the experiment of the pressure
swing adsorption process was carried out on double towers built by our laboratory, and the Aspen Adsorption was used to
simulate the process. The effect of the operation parameters on the desorbed methane concentration was studied by altering the
feed concentration, the adsorbed pressure, and adsorbed and desorbed time. The results of simulation and experiment are
basically consistent. The ratio of methane was decreased following the increasing concentration of the feed. The optimum
adsorption pressure and time were found to be 210kPa and 120, respectively. The optimum desorption times of experiment
and simulation were 150 s and 120s, respectively. Because there was a man-made 30s time lag between the experiment and
simulation to protect the vacuum pump, the results show that the simulation and experiment were matched well. Therefore, we
can make use of Aspen Adsorption to design separation and enrichment of CVAM, providing theoretical and practical guidance

for the gas separation and saving resources and energy.

1. Introduction

Enrichment and separation of methane by PSA is a dynamic
process. The parameters of the system, such as pressure, con-
centration, and temperature, are difficult to measure due to
the complexity and variability. At the same time, if the
requirements of products and environmental conditions are
different, the corresponding pressure swing adsorption
devices and processes will be different [1-4]. The simulation
study of pressure swing adsorption can reduce the cost of
research and development, reduce the cost of investment
and energy consumption, and improve the efficiency of
adsorption-separation and recovery. It has importantly prac-
tical significance for the development of adsorption-
separation technology.

Kumar et al. [5] carried out the simulation study of pres-
sure swing adsorption by SIMPAC software, which provided
a number of adsorption equilibrium isotherms. Liu and Rit-
ter [6] considered the whole process of four-step pressure
swing adsorption to simulate solvent recovery. In their simu-
lation process, although nonisothermal and nonadiabatic
treatment conditions were adopted, the change of longitudi-
nal pressure drop in the adsorption tower was ignored. Jiang
et al. [7] simulated the air separation oxygen production pro-
cess on the basis of solving differential equations in the sim-
ulation model by independently designed solver. After
comparing several different methods, Jiang et al. [7] con-
cluded that finite volume can more accurately reflect the pro-
cess of adsorption. In order to save calculation resources, he
also used the direct determination method to shorten the
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calculation process of cyclic convergence during the calcula-
tion. Barcia et al. [8] filled the adsorption tower with a certain
proportion of C5 and C6 adsorbents. Under the conditions of
nonisothermal and adiabatic, they simulated the dynamic
process of PSA by using the Aspen Adsim software, and the
simulation results showed that the software could reflect
the experimental results well. Yang et al. [9] successfully sim-
ulated the process of separating and purifying H, from the
mixed gas by multibed PSA using the Aspen Adsim software.
Based on the single-tower process, Ding and Levan [10] not
only studied the direct determination method in cyclic
steady-state limiting method but also saved the cost of con-
vergence calculation to some extent. However, although this
method saved the time of simulation to achieve steady state,
it increased the difficulty of calculation and failed to describe
the trend of state variables in detail. Jiang et al. [11] com-
pared the effect of different partial differential solving
methods on the accuracy of the results of PSA simulation
and found that the finite volume method is more suitable
for the simulation of VPSA process than the finite difference
method and the finite element method. Although the
research of Jiang et al. [11] accelerated the convergence of
the model, the steady-state result obtained in the end was
only an approximation, which could not meet the design
requirements of industrial application. Nilchan and Pante-
lides [12] simulated the simple RPSA oxygen production
process by discretizing the differential equations using the
finite difference method. Although the full discretization
method reduced the difficulty of solving the differential equa-
tion by transforming it into an algebraic equation, it
increased the amount of calculation, which made it difficult
to converge when simulating the complex PSA process. Silva
et al. [13] developed a general package for simulation of
fixed-bed and cyclic adsorption processes, and two cyclic
adsorptive separations of propylene/propane system and
n/iso paraffins mixtures had been tested, and experimental
breakthrough data from both systems were compared with
simulated results showing reasonable agreement. Yang et al.
[14] developed a cost-effective activated carbon bead adsorp-
tion and successive CO, displacement method for the recov-
ery of ventilation air methane, where 10% CH, gas is
concentrated to 89%, and 1% CH, in VAM gas can be con-
centrated to 53.9%. Qu et al. [15, 17] studied the effect of
the microstructure of carbon on the CH,/N, separation and
CH, enrichment from the low-concentration methane gas
mixed with nitrogen and developed mathematical model
with TAST-Sips formulation to simulate the enrichment of
low-grade methane gas from nitrogen mixture by VPSA with
CO, displacement process, and the results showed that a feed
gas with 1% CH, is enriched to 75.40% with 89.02% recovery
by the proposed process.

Although the simulation of pressure swing adsorption
has been applied in many fields, including nitrogen and
methane separation, there has not been any simulation study
on PSA technology to enrich and separate the extremely low
concentration of ventilation air methane. At the same time,
obtaining the best operating conditions of the detailed PSA
bed model and detailed characteristics of the new adsorbent
dynamics and adsorption equilibrium to accurately establish
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the multicomponent adsorption isotherm and mass transfer
model is still a great challenge for existing and emerging
applications to develop periodic systematic simulation of
the multibed PSA. Therefore, on the basis of laboratory-
built two-tower PSA device, this paper fitted related parame-
ters on the operating platform with Aspen Adsorption and
established PSA simulation model of enriching and separat-
ing ventilation air methane. The effects of feed gas concentra-
tion, pressure, adsorption time, and desorption time on
methane concentration were investigated. In this paper, we
only consider the methane and nitrogen in the CVAM, and
there are other gases in the CVAM, which are beyond the
scope of our study; so, they will not be considered. This study
can provide data support for the enrichment and separation
of ventilation air methane, which may reduce costs of devel-
opment and investment, decrease energy consumption, and
improve the efficiency of adsorption-separation and recov-
ery. It also provides a reference for the explosion protection
problem in the process of high concentration gas treatment
in the future.

2. Materials and Methods

2.1. Experimental Device. The feed gas is a fully mixed gas of
air and pure methane, which enters the adsorption tower
filled with activated carbon from the bottom of the tower
for adsorption through mass flowmeter and methane detec-
tor. The strong adsorption component (methane) is adsorbed
by activated carbon and stays in the tower, while the weak
adsorption components (nitrogen and oxygen) flow out from
the top of the tower. The effluent gas is recovered after the
methane concentration is measured by the methane detector.
When the adsorption is complete, in order to prevent the
vacuum from burning out, the vacuum pump should be
opened for desorption after the pressure in the tower drops
to a certain degree. The desorbed gas is relatively high con-
centration of methane, which is called desorption gas or
product gas. The flow and methane concentration of feed
gas, product gas, and effluent gas are monitored by mass
flowmeter and methanometer, and the pressure change in
the tower is monitored by a pressure sensor in real-time,
and the data is imported into the computer through the
self-designed circuit system. Specifically, the experimental
device is composed of six important components: gas source
system, adsorption-desorption system, control system, mea-
surement system, and pipe connection system. The flow
chart is shown in Figure 1.

The gas source system is mainly composed of methane
cylinder, mass flowmeter, air compressor, buffer tank, drying
tank, solenoid valve, and methanometer. The air compressor
with an input power of 0.55kW compresses the air into the
buffer tank. After being evenly mixed with 99.9% pure meth-
ane gas, the mixed gas is sent to the adsorption system
through the drying tank, and the output flow is controlled
by the mass flowmeter. The air compressor is a type of
ZW-50A piston compressor, and the air inflow is about
5L/min. In this experiment, the feed gas was simulated by
uniformly mixing pure methane and air, and the concentra-
tion varied from 0.1% to 0.7%.
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FIGURE 1: Experimental system: (1) methane cylinder, (2) mass flowmeter, (3) air compressor, (4) buffer tank, (5) drying tank, (6)
methanometer, (7) solenoid valve, (8) pressure sensors, (9) vacuum pump, and (10) adsorption tower.

The adsorption-desorption system is composed of
adsorption tower, vacuum pump, solenoid control, pressure
sensors, and methanometer. Adsorption tower and vacuum
pump are important components in the adsorption-
desorption system. The size and internal structure of the
adsorption tower directly affect the flow rate, adsorption rate,
and contact area with the adsorbent of the mixed gas. The
power of the vacuum pump directly affects the desorption
pressure, and within a certain range, the methane concentra-
tion varies with the desorption pressure.

The control system and measurement system mainly dis-
play readings of each instrument and then control the sole-
noid valve by the PLC module and import the data into the
computer. The main function of the pipe connection system
is to connect, support, and protect each part. The pipe con-
nection system mainly includes clamp nozzle, connector,
connecting pipe, three-way valve, three-hole quick-insert
connector, and support seat.

2.2. Cyclic Process. According to the variation of system pres-
sure, pressure swing adsorption can be divided into atmo-
spheric adsorption and vacuum desorption, pressure
adsorption and atmospheric desorption, and pressure
adsorption and vacuum desorption. Pressure adsorption
and vacuum desorption is called vacuum pressure swing
adsorption (VPSA). This study adopted atmospheric pres-
sure adsorption and vacuum desorption. Under atmospheric
adsorption, the adsorption capacity of activated carbon for
methane increases linearly with time within a certain time
range. In the adsorption process, methane and other strong
adsorptive components were adsorbed by activated carbon
and remained in the adsorption tower, and weak adsorptive
components such as nitrogen and oxygen were discharged
from the upper end of the tower. In the desorption process,
the vacuum pump vacuumized the adsorption tower so that
the methane adsorbed by activated carbon was desorbed

out, and the product gas with high volume fraction of meth-
ane was extracted from the bottom of the tower.

The specific operation of the two adsorption towers is
shown in Figure 2. V-1, V-2, V-3,V-4, V-5, and V-6 are sole-
noid valves. V-1, V-3, and V-5 are used to control adsorption
tower 1, and V-2, V-4, and V-6 are used to control adsorp-
tion tower 2. Take tower 1 for example, the valves V-3 and
V-5 were opened, and V-1 was closed, and the feed gas
entered adsorption tower 1 from V-5and fully contacted with
the adsorbent filled in the tower and was absorbed until pen-
etration. The weak adsorptive components in the feed gas
were discharged through V-3. After the adsorption was com-
pleted and the effluent gas was discharged, the V-3 and V-5
were closed, and V-1 was opened, and the tower 1 was
vacuumed. The extracted gas was desorption gas with high
methane concentration, which could be directly passed into
the catalytic oxidation device for further treatment. In this
study, the two adsorption towers work independently at the
same time, and both go through four stages of intake, adsorp-
tion, depressurization, and desorption. The specific process is
shown in Figure 3.

2.3. Adsorbent. The adsorbent is the core of pressure swing
adsorption experiment. The property of the adsorbent
directly affects the concentration of methane in product
gas. The absorbent used in this study was activated carbon
made by ourselves. The specific surface area, pore volume,
and pore diameter of the adsorbent were measured by the lig-
uid nitrogen adsorption method in this study. Breakthrough
curve and saturated adsorption capacity of nitrogen and
methane in the activated carbon adsorption bed were deter-
mined by pressure swing adsorption device. The perfor-
mance of the adsorbent was verified by half cycle
experiment. This study characterized the activated carbon
and estimated the balance parameters and kinetic parameters
of nitrogen and methane. The twin tower pressure swing
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FIGURE 2: Flow chart of pressure swing adsorption tower.

FIGURE 3: Schematic diagram of the PSA process of adsorption
tower 1 and 2: (1) intake, (2) adsorption, (3) depressurization, and
(4) desorption. (I) Adsorption tower 1. (IT) Adsorption tower 2.

adsorption experiment device was adopted to test the separa-
tion process of nitrogen and methane.

In this paper, the adsorption and desorption isotherm
curves of the activated carbon were measured by the JW-
BK static nitrogen adsorption instrument, and the parame-
ters such as specific surface area, pore volume, and saturated
adsorption capacity were calculated and listed in Table 1.

2.4. Pressure Swing Adsorption Simulation

2.4.1. Pressure Swing Adsorption Simulation Module of Aspen
Adsorption. The pressure swing adsorption simulation mod-
ule of Aspen Adsorption is shown in Figure 4. The core of the
simulation is the settings of adsorption tower and the PSA
process. By initializing each module in the flow chart and
then using the cycle controller to set the steps of the process,
the PSA could be simulated dynamically [16].
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2.4.2. Simulation Environment Settings. Although the adsorp-
tion process is an exothermic process, the heat released by the
adsorption will not significantly affect the bed temperature
because methane is a trace amount. Therefore, the whole pro-
cess was set to be isothermal. The isotherm is an extended
Langmuir isotherm, and the form of Langmuir isotherm used
in the simulation software can be obtained after deformation:

o - PulPac (1)

F1+ 2, (IPyg)’

where IP;; and IP,; are the adsorption parameters of
component i, ¢; is the concentration of component 7, and Q;
is the adsorption amount of component i.

Linear driving force (LDF) was adopted in the simulation
process, and Yang [18] approximately estimated the total
mass transfer coefficient in the simulation:

QD
—, @)
p

MTC,, =

where Q = 15. The research of Nakao and Suzuki [19] has
shown that the Q value is slightly higher than 15 when the
adsorption balance in a short period of time. Assuming that
the adsorption tower is in the intermediate time point in
the cycle, we can calculate Q through the following time con-
stant:

D,
QZO.Sr—ZEtCyde. (3)
P

Q is a function of 0:

0>0.1: Q=15,

0.001 <6 <0.1: O(5.14/V/6)

0<0.001 : Q=162.5.

The parameters of the feed gas are presented in Table 2,
and the main parameters of the adsorption tower are shown
in Table 3. During the simulation process design, the interac-
tive module was used for the simulation of the double tower,
and the four steps of intake, adsorption, depressurization,
and desorption of PSA were controlled by the cycle
controller.

The module was appropriately selected, and the whole
process was controlled by the cycle controller. The process
simulation diagram is shown in Figure 5.

3. Results and Discussion

The main system conditions that affect the separation effect
of mine gas with low concentration by PSA are as follows:
the properties of adsorbent, adsorption pressure, adsorption
time, desorption time, feed gas concentration, adsorption
tower structure, and other process parameters. PSA separa-
tion of low-concentration mine gas is achieved by pressure
difference and selective adsorption of methane by adsorbent.
Different adsorption times and desorption times are directly
related to the integrity of the adsorption process. Pressure
difference and time are particularly important for the PSA
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TaBLE 1: Characteristic parameter of activated carbon.

Specific surface
area (mz.g'l)

Pore volume of
adsorption (cm’.g™")

Saturated adsorption
capacity (mL.g™)

Pore volume of
desorption (cm>.g™)

Desorption pore
diameter (nm)

Adsorption pore
diameter (nm)

1124.3 0.60806 D =799.34 2.16327 0.53651 D =799.34 1.90872 6.25
Process design
[5) — — a
o =] 5 7] =1 =
g g a : i E g
& g g G, ) S t=]
2 E S > g ° o
g 3 S z 3 o
o o =} >~ 3
Ey < O =z
I I I I J | |
| | | | | |
= s . E
Sy £ £ 8 g .§ K = % =
g v S & 23 = 5 = = S P
S S 4 g 8 25 E -~ k| s 2
£ 5 5% 53y £z || 3 S|z %2
s g~ £ o =9 B 5 g o g = s 3
gg = 2 & = < E E S xS
ZE c £ E £ £ 5 g g £3
¢ 3 = 2 S g g 5 g T g =
> > & > S &
=
Output
FIGURE 4: The schematic of Aspen Adsorption PSA simulation module.
TaBLE 2: Feed gas parameters.
Parameter Value Unit Description
F 1.34e-005 kmol/s Flow rate
Y_Fwd (“CH,”) 0.003 kmol/kmol Composition in forward direction
Y_Fwd (“N,”) 0.997 kmol/kmol Composition in forward direction
T_Fwd 298.15 K Temperature in forward direction
p 2.5 Bar Boundary pressure
TABLE 3: Adsorption tower parameters.
Parameter Value Unit Description
Hb 500 mm Height of adsorbent layer
Db 60 mm Internal diameter adsorbent layer
Ei 0.38 m’void/m’bed Interparticle voidage
Ep 0.7 m’void/m?bed Intraparticle voidage
RHOs 512 kg/m’ Bulk solid density of adsorbent
Rp 0.0012 m Adsorbent particle radius
Sfac 0.83 n/a Adsorbent shape factor
MTC (“CH,”) 0.049 1/s Constant mass transfer coefficients
MTC (“N,”) 0.092 1/s Constant mass transfer coefficients
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process. In addition, China’s CVAM concentration is gener-
ally less than 0.75%. Therefore, as with the experiment, four
parameters including adsorption pressure, adsorption time,
desorption time, and feed gas concentration were selected
for simulation.

In the simulation process, the relevant parameters of
adsorbent and experimental device were fully adopted, and
parameters such as flow and flow rate were strictly input into
the simulation software according to the readings of the dis-
play instrument in the experiment. In the experiment, the
separation coefficients of nitrogen and oxygen were basically
the same. In the simulation of adsorption separation, only
nitrogen and methane were designed in the feed gas accord-
ing to the treatment method of the experiment. After setting
each parameter, the models would be initialized before each
run to ensure the smooth progress of simulation.

3.1. Effect of the Feed Gas Concentration

3.1.1. Simulation Results. The methane concentration and
wind volume of CVAM are unstable. However, China’s coal
mine ventilation air methane concentration is basically below
0.75%. Therefore, the concentration of feed gas was set as
0.1%, 0.3%, 0.5%, and 0.7% in the simulation study of PSA
separation of CVAM. The software was initialized after all
parameters had been input into the model. Then, the soft-
ware was run after successful initialization. Under other con-
ditions being the same, different methane concentrations of
the feed gas were set to simulate the PSA process, and the var-
iation curves of the desorbed methane concentration were
obtained under different methane concentrations of feed
gas, as shown in Figure 6.

It can be seen from Figure 6 that the change trend of each
curve is consistent. At the beginning of desorption, the con-
centration of methane changes slowly, then gradually speeds
up, and finally increases slowly until reaching the maximum
desorption concentration. When the concentration of the
feed gas was set at 0.1%, methane concentration was

increased to 0.21% after about 90's desorption time, with an
increase ratio of 2.1. When the concentration of the feed
gas was 0.3%, methane concentration was increased to
0.59% through 100s, with an increase ratio of 1.97. When
the concentration of the feed gas was 0.5%, after desorption
of 1155, the methane concentration was increased to 0.89%,
with an increase ratio of 1.78. When the concentration of
the feed gas was 0.7%, after desorption time of 115s, the
methane concentration was increased to 1.2%, with an
increase ratio of 1.71. From the perspective of the curve, the
optimal desorption time was 90 s to 115 s as the feed gas con-
centration increased from 0.1% to 0.5%. Nevertheless, the
optimal desorption time did not continue to increase with
the increase of the feed gas concentration, and the concentra-
tion increase ratio was reduced by 18.6% from 2.1 to 1.71.
Within a certain range, the optimal desorption time tended
to increase slowly with the increase of the feed gas concentra-
tion, while the increase ratio decreased slowly with the
increase of the feed gas concentration.

3.1.2. Experimental Verification. Based on the current situa-
tion of ventilation air methane concentration in China’s coal
mines, feed gas concentrations of 0.1%, 0.3%, 0.5%, and 0.7%
were set to explore the influence of feed gas concentration on
methane desorption concentration. Figure 7 shows the com-
parison between the experimental and simulation results of
the effect of the feed gas concentration on the methane
increase ratio. As shown in Figure 7, the simulation results
are basically consistent with the experimental results; that
is, with the increase of methane concentration of feed gas,
the increase ratio of methane decreases instead. This can also
be verified in the literatures of Sivakumar and Rao [20] and
Dantas et al. [21]. For the three adsorption components of
methane, nitrogen, and oxygen, the rangeability of methane
adsorption amount is the largest at different partial pressures.
Therefore, under the same conditions, the increase ratio of
feed gas with a lower methane volume fraction is higher. As
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the volume fraction of feed gas methane continued to
increase, the increase ratio tended to be flat.

3.2. Effect of the Adsorption Pressure

3.2.1. Simulation Results. In the experiment of pressure swing
adsorption, the pressure difference between adsorption and
desorption is the key factor affecting the pressure swing
adsorption concentrating methane of CVAM, and the con-
centrated methane concentration is generally proportional
to the pressure difference. Because the desorption pressure

in this experiment was constant at 55 kPa, the pressure differ-
ence was mainly adjusted by the change of adsorption pres-
sure. Figure 8 shows the simulation result of the
concentration of methane in product gas changes at the
adsorption pressures of 120kPa, 150kPa, 180 kPa, 210 kPa,
and 240kPa, respectively. When the adsorption pressure
increased from 120 kPa to 240 kPa and the adsorbent loaded
in the adsorption tower was only 40 g, the inflection point at
the bottom of the penetration curve changed from 70s to
110s, and the penetration time increased by nearly 40s.
The extension of penetration time can reduce the regenera-
tion frequency of activated carbon and extend the service life
of the adsorbent. Therefore, increasing adsorption pressure is
good for methane adsorption, but increasing pressure
requires more energy. The variation trend of curves under
different pressures was roughly the same. The adsorption sat-
uration point of the curves moved back with the adsorption
pressure increased, but the basic shape of the curves
remained the same. In the other words, the increase of
adsorption pressure improved the adsorption capacity of
the adsorption tower, and more methane gas could be
absorbed in each cycle. Therefore, as the adsorption pressure
increased, the desorption methane concentration increased.

3.2.2. Experimental Verification. Five gradients of 120kPa,
150 kPa, 180kPa, 210 kPa, and 240 kPa were set in the exper-
iment and simulation to investigate the effect of adsorption
pressure on desorption methane concentration. Figure 9
shows the comparison between the experimental and simula-
tion results of the effect of the adsorption pressure on the
concentration of desorption methane. It can be seen from
Figure 9 that the concentration of desorption methane
increases with the increase of adsorption pressure, which is
consistent with the results of studies in literature Anna
et al. [22]. When the adsorption pressure was 210kPa, the
desorption methane concentration was the highest. However,
when the adsorption pressure continued to rise to 240kPa,
the experimental results showed that the methane concentra-
tion was lower than that at 210kPa, while the simulation
results were the same as those at 210 kPa. There was a certain
deviation between the simulation and the experimental
results. In the actual operation, when the adsorption pressure
exceeded a certain range, the mixed gas in the tower had
already flowed out of the tower before fully contacting with
the absorbent. The adsorption was not complete in the tower,
and the amount of desorption methane would be reduced.
However, this practical problem was not considered in the soft-
ware simulation. Therefore, when using software simulation, it
is not only necessary to strictly follow the relevant steps of the
experiment but also to consider the deviation of the experiment
and simulation results and find ways to improve the experiment
and simulation process.

3.3. Effect of the Adsorption Time

3.3.1. Simulation Results. The adsorption time is the key
parameter in the process of enrichment and separation of
ventilation air methane by pressure swing adsorption, which
directly affects the operation of enrichment and separation
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system. The volume fraction of methane in desorption gas
increases with the increase of adsorption time, but at the
same time, the volume fraction of methane in effluent gas
also increases. Proper adsorption time is very important for
enrichment and separation of CVAM. In the cycle of vacuum
pressure swing adsorption of the two towers, the two towers
continuously switch between adsorption and desorption, and
the adsorption time is controlled by switching the two
towers.

Figure 10 shows the influence of simulated adsorption
time on desorption methane concentration. As for the
parameters selected in the experiment, four adsorption times,
including 60's, 90s, 120, and 150 s were set in the simulation

Adsorption Science & Technology

0.7

0.6

Methane concentration (%)

T T T
90 120 150 180
Time (s)

—e— 60s

—o— 120s

—8— 90s 150 s

FiGUure 10: Influence of adsorption time on desorption methane
concentration.

0.8 2
— 0.7 L 1.8
x
=
2 )
S 06 - 16 =
<

S 0.5 - L 14 8
Y k=
<
<
L
= 04 - L 12

0.3 . . T 1

60 90 120 150

Adsorption time (s)

—o— Methane concentration in experiment

—o— Methane concentration in simulation
—o— Increase ratio in experiment

—o— Increase ratio in simulation

FIGURE 11: Experiment and simulation comparison chart.

to investigate the influence of different adsorption time on
the desorption methane concentration. As can be seen from
Figure 10, the four curves show the same change trend. At
the beginning of desorption, methane concentration
increased slowly and then rapidly increased to the maximum
desorption concentration. Although the change trend was
the same, when the adsorption time was 60s, the methane
concentration was about 0.48%; when adsorption time was
120s and 150s, the methane concentration was nearly the
same, about 0.58%, which increased by 33% when the
adsorption time was 60 s. According to the simulation results,
the methane concentration increased with the increase of
adsorption time, and the optimal adsorption time was 120s.
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3.3.2. Experimental Verification. The adsorption time of 60 s,
90, 120s, and 150 s was set in both experiment and simula-
tion to verify the optimal adsorption time. Figure 11 shows
the comparison of desorption methane concentration and
increases ratio between experiment and simulation at differ-
ent adsorption times. In the experiment, as the adsorption
time increased, both the desorption methane concentration
and increase ratio increased in a positive correlation. After
reaching the optimal adsorption time of 1205, the methane
concentration and the increase ratio showed a slight down-
ward trend when the adsorption time continued to increase.
This is because 120s is the adsorption saturation time of
device. Before that, the adsorption does not reach saturation,
and more methane will be adsorbed with the time increasing,
thus increasing desorption methane concentration. After
reaching saturation, the amount of methane adsorbed by
activated carbon will not increase.

According to Figure 11, the simulation results show that
the optimal adsorption time is 120s. When the adsorption
time exceeds the optimal adsorption time, the desorption
methane concentration is almost consistent with that when
the adsorption time is 120s. After many experiments and
simulations, it was found that there was still deviation. It
is concluded that the deviation may be due to the air tight-
ness of the experimental device and resistance of the pipe
and connection. Although the air tightness of the experi-
mental device was checked with soapy water for each
experiment to ensure the experiment is conducted under
airtight conditions and this level of inspection fully met
the accuracy required by the laboratory, the inspection
tools like soapy water could only detect what the naked
eye can see, and there was a certain gap compared with
the software simulation. In addition, in the actual device,
the pipelines were complicated and had many interfaces,
which would affect the airflow, 'concentration, etc. The
simulation software was a simplified model; so, there was
an acceptable range of deviation between the experimental
results and the simulation results.

3.4. Effect of the Desorption Time

3.4.1. Simulation Results. Whether desorption is complete
depends on two points, one is desorption pressure difference,
and the other is desorption time. The effect of desorption
pressure difference on product gas methane concentration
has been studied by changing the adsorption pressure. This
section mainly discusses the effect of desorption time on
product gas methane concentration. In practical production,
if the desorption time is short, the desorption will not be
complete, which will greatly reduce the concentration of
methane in the product gas, and is not conducive to the
regeneration of the adsorbent, which reduces the service life
of the adsorbent. If the desorption time is long, it will increase
the working pressure of the vacuum pump, easily damaging
the vacuum pump, increasing energy consumption and oper-
ating cost. Therefore, the reasonable desorption time of the
PSA system should be determined whether from the perspec-
tive of the service life of the equipment or from the perspec-
tive of energy saving and environmental protection.

Adsorption Science & Technology

The effect of desorption time on the concentration of
desorption methane was simulated by setting the desorption
time as 30s, 605, 90s, 1205, and 150 s, respectively. It can be
seen from Figure 12 that Figure 12(f) is a complete desorp-
tion curve, while Figures 12(b)-(e) are roughly an inter-
cepted part of the figure (f) curve; that is, Figures 12(b)-(e)
are incomplete desorption curves. Figure 12(a) is the integra-
tion of Figures 12(b)-(e). When the desorption time was 30,
there was basically no buffer in the simulation condition.
Therefore, at the beginning of desorption, the methane con-
centration would rapidly rise to 0.301%. When the desorp-
tion time was 90s, the increase ratio of desorption methane
concentration began to slow down, and at this time, methane
concentration was 0.583%. The desorption time continued to
increase, and methane concentration rose slowly. When the
desorption time was 120 s, desorption was basically complete,
and methane concentration was 0.603%. At this point, if the
desorption time continued to increase, methane concentra-
tion would not change; so, the curve obtained with desorp-
tion time of 120s was almost consistent with that obtained
with desorption time of 150s. In conclusion, the optimal
desorption time obtained by simulation was 120s.

3.4.2. Experimental Verification. Experimental and simula-
tion results verify the variation trend of methane concentra-
tion when desorption time was 30s, 60s, 1990s, 120s, and
150s. The optimal desorption time of simulation was 120s,
while the result of the experiment was 150s. Although both
methane concentrations rose to about 0.3% in desorption
time 30s, the essence of the increase was different. In the
experiment, the methane concentration rose to 0.38% when
the desorption time was 30s. At this time, in order to avoid
burning the vacuum pump, the adsorption tower was in the
buffer stage, and the effluent gas was discharged from the
adsorption tower to reduce the pressure in the tower. That
is, desorption did not start in the adsorption tower. In the last
cycle, residual methane residue was found in the methane
detector and pipeline during desorption; so, the methane
concentration was 0.38%. In the simulation process, there
was no burned out vacuum pump. Therefore, at the begin-
ning of desorption, methane adsorbed on the adsorbent was
desorbed. When the desorption time was 30s, the methane
concentration detected was 0.301%. Therefore, there was a
30s time difference between the experimental results and
the simulation results. In summary, the simulation results
are consistent with the experimental results.

4. Conclusions

This paper mainly analyzes the simulation results of enrich-
ment and separation of ventilation air methane from coal
mine by pressure swing adsorption and experimentally ver-
ifies the effect of parameters such as feed gas concentration,
adsorption pressure, adsorption time, and desorption time
on the concentration of desorption methane. The results
can be summarized as follows:

(1) In the simulation, the increase ratio of desorption
methane decreases with the increase of methane
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concentration of feed gas, which is consistent with
the experimental results. This is because methane
has the largest adsorption range at different partial
pressures among the three adsorption components
of methane, nitrogen, and oxygen. Therefore, under
the same conditions, the feed gas with a lower volume
fraction of methane has a higher increase ratio. As the
volume fraction of feed gas methane continues to
increase, the increase ratio tends to be flat

(2) The simulation results are consistent with the experi-
mental results: the optimal adsorption pressure is
210kPa. However, when the adsorption pressure con-
tinued to rise to 240kPa, the experimental results
showed that the methane concentration was lower than
that at 210kPa, while the simulated result was the same
as that at 210 kPa. The main reason for the difference is
that the excessive pressure in the actual operation pro-
cess leads to incomplete adsorption in the tower, the
desorbed methane will be reduced, and the methane
concentration will be reduced. The simulation process
did not take this factor into account

(3) Both the simulation and experimental results indicate
that the optimal adsorption time is 120s, and the
concentration of desorption gas methane basically
remains unchanged with the further adsorption time
increase. Before the optimal adsorption time is
reached, the adsorption did not reach saturation,
and more methane will be absorbed with adsorption
time increasing. After reaching saturation, the
amount of methane adsorbed does not increase; so,
the methane concentration does not increase

(4) Simulation results show that the best desorption time
is 1205, while experimental results show that the best
desorption time is 150 s. The main reason for the dif-
ference is that, in order to avoid burning out the vac-
uum pump in the experimental process, there is an
artificial buffer step for 30 s to reduce the pressure after
the adsorption completing. Therefore, the experimen-
tal results have extended the optimal desorption time
by 30s compared with the simulation results

The comparison between experimental and simulation
results shows that the experimental and simulation results are
basically consistent. Therefore, Aspen Adsorption can be used
in simulation study of enrichment and separation of CVAM
by PSA. The study on the enrichment and separation of CVAM
by PSA using Aspen Adsorption can reduce the investment cost
and energy consumption and improve the efficiency of
adsorption-separation and recovery, which is of great practical
significance for the development of adsorption-separation and
the protection of ecological environment.

Data Availability

This article is distributed under the terms of the Creative
Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/) which permits any
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