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ABSTRACT

In order to improve the design of PSA system for fuel cell hydrogen production, a non-isothermal model
of eight-bed PSA hydrogen process with five-component (H,/N,/CH4/CO/CO, = 74.59%/0.01%/4.2%/2.5%]
18.7% (vol)) four-stage pressure equalization was developed in this article. The model adopts a composite
adsorption bed of activated carbon and zeolite 5A. In this article, pressure variation, temperature field
and separation performance are stimulated, and also effect of providing purge (PP) differential pressure
and the ratio of activated carbon to zeolite 5A on separation performance in the process of producing
industrial hydrogen (CO content in hydrogen is 10 pl-L™') and fuel cell hydrogen (CO content is 0.2
ul-L~") are compared. The results show that Run 3, when the CO content in hydrogen is 10 ul-L7!, the
hydrogen recovery is 89.8%, and the average flow rate of feed gas is 0.529 mol-s~'; When the CO content
in hydrogen is 0.2 pl-L~!, the hydrogen recovery is 85.2%, and the average flow rate of feed gas is
0.43 mol-s~!. With the increase of PP differential pressure, hydrogen recovery first increases and then
decreases, reaching the maximum when PP differential pressure is 0.263 MPa; With the decrease of
the ratio of activated carbon to zeolite 5A, the hydrogen recovery increases gradually. When the CO con-
tent in hydrogen is 0.2 ul-L~! the hydrogen recovery increases more obviously, from 83.96% to 86.37%,
until the ratio of activated carbon to zeolite 5A decreases to 1. At the end of PP step, no large amount
of CO, in gas or solid phase enters the zeolite 5A adsorption bed, while when the CO content in hydrogen
is 10 ul-L’l, and the ratio of carbon to zeolite 5A is less than 1.4, more CO, will enter the zeolite 5A bed.
© 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

have carried out in-depth research on the mathematical model [4-
6], process [7-9], adsorbent [10-13], gas distribution technology

Pressure swing adsorption (PSA) technology is a kind of gas sep-
aration technology, which makes use of the characteristics that the
adsorption capacity of adsorbent for hydrogen is weaker than that
of other gases, and the adsorption capacity for gases increases with
the increase of pressure and decreases with the decrease of pres-
sure. Compared with low temperature method and membrane sep-
aration, PSA technology has the advantages of high purity of
product gas, wide adaptability of feed gas, high degree of automa-
tion and flexible operation [1,2]. PSA hydrogen purification tech-
nology is widely used in the purification of various H,-containing
gases. The purity of hydrogen can reach 99.9-99.9999 %(vol), and
the trace impurities in hydrogen can meet the requirements of var-
ious chemical reactions and hydrogen for proton exchange mem-
brane fuel cell [3]. In order to adapt to different applications and
improve the efficiency and performance of the system, researchers
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[14] of PSA. With the development of computer technology and
the improvement of PSA mathematical model, more and more
researchers use numerical simulation to study on PSA process
[15-25]. Moon et al. [26] simulated a PSA process for hydrogen
recovery from H,-rich gas. Firstly, he compares four- and eight-
bed process, finding that eight-bed process has more pressure
equalization step, and the hydrogen recovery is higher than that
of four-bed process. On the basis, the separation performance of
eight-bed process with three different kinds of purge gas, i.e. pro-
duct gas, remaining gas after the first pressure equalization step,
and remaining gas after the last pressure equalization step, was
compared. The results show that when the hydrogen purity is
greater than 99.99% (vol), the recovery is increased by 3%-6% using
remaining gas after the first equalization depressurization step as
purge gas than using product gas; When the hydrogen purity is
99.99%(vol), using remaining gas after the last equalization depres-
surization step as purge gas, the highest recovery is 89.7%. Niu et al.
[27] simulated and studied the six-bed PSA hydrogen process with
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four-components (H,/CH4/CO/CO, = 76%/3.5%/0.5%/20% (vol)) in
three-stage pressure equalization twelve-step. He also compared
the separation effect of rPSA and PSA. Under conditions that
adsorption at 2.2 MPa, desorption at 1.0 MPa, volume ratio of acti-
vated carbon to zeolite 5A is 1:1, hydrogen purity is 99.9 %(vol),
recovery of rPSA is 69.88%, dealing capacity is 0.8875 mol-s™!,
and H, yield is 0.4713 mol-s~'; while the recovery of PSA is
83.04%, dealing capacity is 0.39 mols™!', and H, yield is
0.2472 mol-s~".

As a clean secondary energy, hydrogen energy has developed
rapidly in recent years. The market demand for fuel cell hydrogen
is increasing, so more PSA devices are needed to produce fuel cell
hydrogen. The content of CO in product hydrogen is generally
required to be 10 pl-L~! for conventional industrial hydrogen,
while that for fuel cell hydrogen is 0.2 pl-L~!. That is to say, hydro-
gen for fuel cell has more stringent requirements on trace impuri-
ties. Therefore, more study should be taken on the difference
between fuel cell hydrogen PSA and conventional industrial hydro-
gen, to optimize the engineering design and unit performance.
Based on this, a mathematical model of eight-bed PSA hydrogen
process with 5-component (H,/N;/CH4/CO/CO, = 74.59%/0.01%/4.
2%[2.5%[18.7% (vol)), four-stage pressure equalization was estab-
lished. The model adopts composite adsorption bed with activated
carbon and zeolite 5A. The performance differences between
industrial hydrogen (CO content 10 pl-L~!) and fuel cell hydrogen
(CO content 0.2 pl-L~1) production under the same conditions were
compared. The model also evaluates the effect of PP differential
pressure and ratio of activated carbon to zeolite 5A on the separa-
tion performance.

2. Process Flow

This article evaluates a 8-1-4/P PSA hydrogen process, that is
eight adsorbers, one feeding vessel, four-stage pressure equaliza-
tion process. Each adsorber will successively go through the fol-
lowing  sixteen  steps: adsorpton(A), equalization 1
depressurization(E1D), equalization 2 depressurization(E2D),
equalization 3 depressurization(E3D), equalization 4 depressuriza-
tion(E4D), providing purge 1(PP1), providing purge 2(PP2), dump
(D), purge 1(P1), purge 2(P2), equalization 4 repressurization
(E4R), equalization 3 repressurization(E3R), equalization 2 repres-
surization(E2R), equalization 1 repressurization(E1R), final repres-
surization(FR). Each step takes 50 s and each cycle takes 800
seconds. The process flow is shown in Fig. 1. A product gas valve,
E1/E2 valve, E3/E4 valve, PP valve and inlet P valve are set at the
outlet of the adsorber; and a feed gas valve, dump (D) valve, purg-
ing (P) outlet valve and final repressurization (FR) valve are set at
the inlet of the adsorber. The operation process of each adsorber is
shown in Fig. 2, and the sequence of the whole process is shown in
Table 1.

3. Mathematical Model

To develop a mathematical simulation of PSA hydrogen pro-
cess, a non-isothermal dynamic model is selected. In this study,
the following assumptions were adopted:(i) the gas conforms to
the ideal gas property; (ii) ignore the gradient of temperature,
concentration, pressure and adsorption capacity in radial direc-
tion; (iii) the adsorption kinetic model uses the linear driving
force (LDF) model; (iv) Ergun equation is used for momentum
balance; (v) the adsorption equilibrium uses loading ratio correla-
tion (LRC) equation; (vi) the heat balance between gas and solid
phase is achieved quickly. The mathematical equation is as fol-
lows [28,29]:

The component mass balance:

dy; RT (1-¢\0q; oy >y _
a P 5< e >W+ oz Pugp =0 M
The overall mass balance:
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The multi-component adsorption equilibrium(loading ratio cor-
relation (LRC) model):

q = (IP17,‘ — IPQ_jT)IPg_ieXpIP4-i/TPi (6)
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(1-¢)

i L)

Mass transfer (linear driving force (LDF) model):
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The feed gas for the simulation uses five-component (H/N;/
CH4/CO/CO, = 74.59%/0.01%/4.2%[2.5%/18.7% (vol)) hydrogen-
containing gas, under pressure of 2.6 MPa, temperature of
298.15 K, desorption pressure of 0.12 MPa. A composite adsorption
bed of activated carbon (AC) and zeolite 5A (5A) was used, in which
zeolite 5A was located in the upper part of the adsorption bed and
activated carbon was located in the lower part. The parameters of
adsorption bed are shown in Table 2. The length of adsorption bed
is 2.4 m, and the diameter is 0.14 m. The adsorption isotherm
parameters of components on adsorbent were obtained by adsorp-
tion isotherm data simulation. The adsorption heat value of each
component gas is calculated by Clausius Clapeyron Eq. (8) [30].
The dynamic mass transfer coefficients of each component are cal-
culated from the breakthrough curve data, and the specific values
are shown in Table 3.

Clausius Clapeyron equation:

alnP,-
aT

—AH; = RT( (8)

The calculation length is divided into 100 nodes along the axial
direction of the adsorption bed. The partial differential equations
are discretized by the upwind first-order difference method
(uds1) with a time step of 1 s. In the simulation calculation, the
object quality of product are two kinds, namely industrial hydro-
gen with CO content of 10 pl-L~" and fuel cell hydrogen with CO
content 0.2 ul-L~'. Under the condition of fixed adsorption bed
parameters and process parameters, different quality of hydrogen
can be produced by changing the flowrate of feed gas. In order to
fully compare the difference of PSA performance when producing
two kinds of hydrogen, evaluation were made on PP different pres-
sure and ratio of activated carbon to zeolite 5A. The calculation
conditions are shown in Table 4.
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Fig. 2. Elementary steps of the PSA cycle.

4. Results and Discussion
4.1. Simulation results

In order to compare the PSA performance when producing dif-
ferent hydrogen products, researchers control the PP differential
pressure through adjusting the valve flow in PP step, and controls
the CO content in the product hydrogen through adjusting the feed
flow in adsorption step.

The simulation results show that, in Run3, when CO content in
product hydrogen is 10 ul-L™', the hydrogen purity is above 99.99%

(vol), recovery is 89.8%, the average feed flow is 0.529 mol-s~}, and

treatment capacity per unit adsorbent is 1.433 kmol-m 3. The sim-
ulation results are consistent with the operation data from indus-
trial units. When CO content in product hydrogen is 0.2 pl-L™?, the
hydrogen purity is above 99.999 %(vol), recovery is 85.2%, the aver-
age feed flow is 0.43 mol-s ', and treatment capacity per unit
adsorbent is 1.165 kmol-m 3. That is, when the CO content
decreases from 10 plL™' to 0.2 pl.L~!, the hydrogen recovery
decreases by 4.6% and the average feed flow decreases by 18.7%.
After circulation stabilized, the pressure curve in the adsorber is
shown in Fig. 3. It can be seen from Fig. 3 that the when CO content

Table 1
Sequence of the 16-step PSA Cycle
Step
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time/s 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50
Bed A A E1D E2D E3D E4D PP1 PP2 D P1 P2 E4R E3R E2R E1R FR
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Table 2
Characteristics of adsorbents and adsorption bed
Properties Adsorbents
Activated Carbon Zeolite 5A
Tp/m 0.0012 0.001
V] 0.83 1
pp/kgm 3 630 750
3 0.35 0.35
Cps/KIkg 1K ! 0.89 0.921
Adsorption bed
L/m 24
Ri/m 0.07
Ro/m 0.073
pwlkg-m3 7800
Cpw/k] kg 1K 0.5
hi/kW-m~2.K! 0.03851
ho/kW-m~2.K~! 0.01423

in product hydrogen is 0.2 ul-L~! pressure at the end of each pres-
sure equalization is higher than that when CO content is 10 pl-L~".
This is mainly due to the desorption and secondary adsorption of
gas components in the adsorption bed during equalization depres-
surization step. Therefore, the differential pressure of equalization
is not ideal, but it decreases with the increase of equalization. That
is APg4p < APg3p < APgyp < APgpp, Also with the increase of impu-
rities adsorbed in the adsorption bed, the differential pressure
increases. As a result, when CO content in the product gas is low,
the feeding capacity of the adsorption bed, the adsorbed impuri-
ties, and the differential pressure is reduced, while the pressure
at the end of each equalization is higher.

In Run3, the temperature field in the adsorption bed and the
temperature change curves at different positions are shown in
Figs. 4 and 5. It can be seen from Figs. 4 and 5 that the temperature
in the adsorption bed changes periodically with the PSA process,
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Fig. 3. Pressure history during one cycle at Run3(1-C0:10 ul-L~!, 2-C0:0.2 pl-L™1).

and the temperature change in the lower part is much greater than
that in the upper part of the adsorption bed. In the process of
equalization depressurization and providing purge, the tempera-
ture in the lower part of the adsorption bed is decreasing, while
that in the middle and lower part is increasing. In the process of
dump and purge, the temperature below the middle part of
adsorption bed decreases rapidly, which indicates that there are
many gas desorption and secondary adsorption during equaliza-
tion depressurization and providing purge. Besides, the endother-
mic capacity of desorption in the lower part of the adsorption
bed is greater than the exothermic capacity of secondary adsorp-
tion, while the exothermic capacity of adsorption in the middle
and lower part of the adsorption bed is greater than the endother-

Table 3
LRC parameters and LDF coefficients for activated carbon and zeolite 5A
H, N, CHy co CO,
Activated Carbon
IP;/kmol -kg~! —-0.04327 0.014104 0.01759 0.016872 0.043169
IP/kmol-kg~1.K~! -120x 10°* 3.61 x 107° 422 x 107° 439 x 107° 1.18 x 10°*
IP3/MPa ™! —-0.00334 0.12658 0.9344 0.65161 0.4706
IP4/K 0.94667 517.173 157.22 81.1195 473.567
AH; /K] - mol ! 7.85 15.71 18.73 16.66 25.54
Kipg/s™! 0.9 0.261 0.195 0.15 0.036
Zeolite 5A
IP;/kmol kg ™! 0.023095 0.010397 0.018391 0.008285 0.024742
IP,/kmol kg~ 1.K~! 6.32x107° 2.39x107° 4.87x107° 1.92x107° 6.62x107°
IP3/MPa~! 0.042 0.982 1.042 2.486 5.997
IP4/K 4.74 66.881 145.587 271.919 501.839
—AH;/K] - mol ™! 8 18.5 19 29 50.69
Kipg/s™! 0.9 0.147 0.099 0.063 0.014
Table 4
Calculation conditions
Run no. Adsorption pressure/MPa Numbers of pressure equalization APP/MPa AC to 5A ratio
Run1 2.6 4 0.203 1.4/1
Run2 2.6 4 0.233 1.4/1
Run3 2.6 4 0.263 1.4/1
Run4 2.6 4 0.308 1.4/1
Run5 2.6 4 0.263 1.6/0.8
Run6 2.6 4 0.263 1.5/0.9
Run7 2.6 4 0.263 1.4/1.0
Run8 2.6 4 0.263 1.3/1.1
Run9 2.6 4 0.263 1.2/1.2

@ Differential pressure before and after PP step.
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Fig. 5. Bed temperature curve at different positions during one cycle at Run3 (1-
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mic capacity of desorption. In addition, it can be seen from Fig. 5
that when CO content of product hydrogen is low, the position
where the temperature in the adsorption bed changes from
decreasing to increasing is closer to the lower part of the adsorp-
tion bed.

4.2. The influence of PP differential pressure

After the equalization depressurization step, hydrogen with
high purity still exists in the top part of the adsorption bed. Part
of this hydrogen is used as purging gas for other adsorption beds
in PP step, and other part is used as purging gas for the lower posi-
tion of adsorption bed in D step. The gas flow in PP step depends on
the differential pressure. The larger the PP differential pressure is,
the larger the purging capacity is, and the more thorough the
regeneration is. However, the larger the PP differential pressure,
the farther the adsorption front moves to the outlet, and more
purging gas will be needed for regeneration. Therefore, there is
an optimal value of the PP differential pressure between. Fig. 6
shows the variation of hydrogen recovery and feed gas average
flow with PP differential pressure. The recovery of hydrogen and
the feed gas average flow rate increase first and then decrease with
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Fig. 6. Performance at different AP of PP step.

the increase of the PP differential pressure, and reach the maxi-
mum value when the PP differential pressure is 0.263 MPa.

In many researches on PSA process, the purge-to-feed ratio(P/F),
i.e. the ratio of hydrogen volume in purging gas to that in feed gas,
is regarded as an important parameter to evaluate the process. The
providing purge capacity is also purging capacity. The PP differen-
tial pressure will directly affect the P/F. Fig. 7 shows the change of
P/F with PP differential pressure. It can be seen from Fig. 7 that the
P/F increases with the increase of the PP differential pressure.
When the PP differential pressure is 0.263 MPa and CO in product
gas is 10 pl-L~! the corresponding optimal P/F is 9.12% and when
CO is 0.2 pl-L~! optimal P/F is 11.22% respectively. That is to say,
the lower the CO content in the product, the greater the PJF is
required.

4.3. Influence of AC-to-5A ratio

Different adsorbents have different adsorption capability for
different impurities. The hydrogen purification process generally
adopts composite adsorption bed, in which the heavy component
is adsorbed at the lower part, and the light component at the upper
part. According to the impurities composition, the appropriate pro-
portion of adsorbent is selected to achieve the best separation
effect.
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The writer calculates the separation performance under differ- 0.4115 mol-s~! to 0.448 mol-s~.. That is to say, when CO content
ent ratios of activated carbon to zeolite 5A. Fig. 8 shows the in the product gas is 0.2 pl-L™", increasing the proportion of zeolite

changes of hydrogen recovery and feed gas flow when the ratio 5A has a greater impact on the hydrogen recovery and the feed gas
of activated carbon to zeolite 5A changes from 1:1 to 2:1. When capacity, and reducing CO content in the product requires a larger
CO content in product gas is 10 pl-L~', the hydrogen recovery proportion of zeolite 5A.

increases from 89.09% to 90.3%, and the feed gas flow rate Fig. 9 shows the concentration distribution of CO and CO5 in the
increases from 0.5146 mol-s~! to 0.54 mol-s~'. When CO content gas phase, and the adsorption capacity distribution of CO and CO,
in the product gas is 0.2 pl-L~!, the hydrogen recovery increases in the solid phase at the end of the PP step. Fig. 9 shows that no
from 83.96% to 86.37%, and the feed gas flow increases from matter the concentration front of CO and CO, in the gas phase or
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Fig. 9. Solid and gas-phase concentration profiles with the AC-to-5A ratio at the end of PP step((a):1.6/0.8,(b):1.4/1,(c):1.3/1.1,(d):1.2/1.2).
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the adsorption front of CO and CO, in the solid phase, when the CO
content in product is high, it is forward (at the outlet of the adsorp-
tion bed), and when the CO content is low, it is backward. That is,
the lower the CO content in the product, the longer the mass trans-
fer zone of impurities in adsorption bed. When the ratio of acti-
vated carbon to zeolite 5A is 2:1, the concentration front of CO in
the gas phase after PP step does not enter the zeolite 5A bed, and
the CO, in the solid phase is mainly distributed in the activated
carbon layer. When CO content in product is 10 pl-L™!, and the
ratio of activated carbon to zeolite 5A reaches 1.4, a small amount
of CO, in gas and solid phase enters the zeolite 5A layer. With the
increase of ratio of zeolite 5A, the amount of CO, entering the zeo-
lite 5A bed continues to increase. When CO content in product is
0.2 pl-L~", and the ratio of activated carbon to zeolite 5A reaches
1:1, only a small amount of CO, in gas and solid phase enters the
zeolite 5A layer. Therefore, when producing hydrogen with CO
content of 10 pl-L ™!, the optimal ratio of activated carbon to zeolite
5A is 1.4, while when producing hydrogen with CO content of 0.2
ul-L~1, the ratio of activated carbon to zeolite 5A can reach 1:1.

5. Conclusions

In this paper, a non-isothermal model of eight-bed PSA hydro-
gen system four-stage pressure equalization was developed. The
model uses composite adsorption bed of activated carbon and zeo-
lite 5A, and hydrogen mixture with five-component (H,/N,/CH,/
CO/CO, = 74.59%/0.01%/4.2%/2.5%/18.7% (vol)) as raw material,
and two kinds of product hydrogen with CO content 10 pml-ml~!
and 0.2 pl-L~! as target product. From the simulation, the pressure
curve and temperature field for producing two kinds of hydrogen,
and temperature change in different adsorption bed were com-
pared. Moreover, the difference of separation performance when
producing two kinds of hydrogen, and the influence of PP differen-
tial pressure and the ratio of activated carbon to zeolite 5A were
compared. Under the conditions that the adsorption pressure is
2.6 MPa, desorption pressure is 0.12 MPa, PP differential pressure
is 0.263 MPa and the ratio of activated carbon to zeolite 5A is
1.4:1, when the content of CO is 10 pl-L~!, the hydrogen recovery
is 89.8%, and the average flow rate of feed gas is 0.529 mol-s~!;
when the content of CO is 0.2 pl-L™!, the hydrogen recovery is
85.2%, and the average flow rate of feed gas is 0.43 mol-s~!. When
the PP differential pressure increases from 0.233 MPa to 0.3 MPa,
the recovery and feed flow rate first increase and then decrease,
and reach the maximum when the PP differential pressure is
0.263 MPa. When CO content in hydrogen is 10 pl-L~!, the corre-
sponding P/F is 9.12%, while when CO content in hydrogen is 0.2
ul-L~1, the corresponding P/F is 11.22%. When the ratio of activated
carbon to zeolite 5A decreases from 2:1 to 1:1, the hydrogen recov-
ery increases gradually. When CO in product gas is 0.2 pl-L™!, the
hydrogen recovery increases more, from 83.96% to 86.37%. When
the ratio of activated carbon to zeolite 5A reaches 1:1, a large
amount of CO, in gas and solid phase does not enter the zeolite
5A layer. However, when CO in product gas is 10 ul-L™!, and the
ratio of activated carbon to zeolite 5A is less than 1.4:1, more
CO, in gas and solid phase will enter the zeolite 5A layer. This arti-
cle can be guidance of PSA design for fuel cell hydrogen production.

Nomenclature

Aw cross-sectional area of column wall, m?

Cpg heat capacity of gas phase, kJ-kg~!-K~!

Cps heat capacity of particle, kj-kg~"-K~!

Cow heat capacity of column wall, kJ-kg™'-K~!

Dax mass axial dispersion coefficient, m? -s~!

h; heat transfer coefficient of inner wall, kW-m 2K}

he heat transfer coefficient of outer wall, kW-m~2.K~!

—AH,4s; heat of adsorption of i component, kj-mol~!

IP;; LRC coefficient, kmol-kg ™'

IPy; LRC coefficient, kmol kg 1K'

IPs; LRC coefficient, MPa~!

IPy; LRC coefficient, K

Kipei  LDF coefficient, s

K, effective axial thermal conductivity, kW-m~"-K~!
L bed length, m

M molecular weight

P pressure, MPa

qi saturation amount adsorbed of ith component, kmol-kg ™!
qi* equilibrium amount adsorbed of ith component, kmol kg
R gas constant, kJ-kmol~1.K™!

R; inner radius of column, m

R, outer radius of column, m

T particles radius, m

T gas-phase temperature, K

Tamb ambient temperature, K

Tw wall temperature, K

t time, s

u interstitial velocity, m-s~!

v superfificial velocity, m-s™!

Vi mol fraction of ith component in the gas phase,

Z distance along the length of the column, m
€ bed void fraction

u dynamic gas viscosity, kg-m~!.s7!

OB Bulk solid density of adsorbent, kg:-m—>

P gas density, kg-m—>

Ds particles density, kg-m >

Pw density of wall, kg-m—>

v shape factor

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

References

[1] X.T. Feng, Adsorption Separation Technology, Chemical Industry Press, Beijing
(2000) 32-39. (in Chinese)

[2] D.R. He, X.H. Zhou, D.H. Zhang, Simulation of PSA seperation process by ASPEN-
ADSIM, Nat. Gas Chem. Indust. 34 (3) (2009) 11-15.

[3] J. Chen, Y. Jiao, L.B. Bu, J. Wang, Y. Pan, Z.H. Jiang, Application of refinery by-
product hydrogen to produce hydrogen for fuel cell, Nat. Gas Chem. Indust. 45
(4) (2020) 66-70.

[4] RT. Yang, Cyclic Gas Separation Processes. Gas Separation by Adsorption
Processes, Elsevier, Amsterdam (1987) 201-235.

[5] K. Warmuzinski, M. Taficzyk, Multicomponent pressure swing adsorption Part
I. Modelling of large-scale PSA installations, Chem. Eng. Process.: Process.
Intensif. 36 (2) (1997) 89-99.

[6] J.H. Park, J.N. Kim, S.H. Cho, ].D. Kim, R.T. Yang, Adsorber dynamics and optimal
design of layered beds for multicomponent gas adsorption, Chem. Eng. Sci. 53
(23) (1998) 3951-3963.

[7] R. Kumar, D.E. Guro, W.P. Schmidt, A new concept to increase recovery from H,
PSA: processing different pressure feed streams in a single unit, Gas Sep. Purif. 9
(4) (1995) 271-276.

[8] P.C. Wankat, Feed Purge Cycles in pressure swing adsorption, Sep. Sci. Technol.
28 (17-18) (1993) 2567-2586.

[9] FV.S. Lopes, C.A. Grande, A.E. Rodrigues, Fast-cycling VPSA for hydrogen
purification, Fuel 93 (2012) 510-523.

[10] M. Prakash, N. Sakhavand, R. Shahsavari, H,, N, and CH,4 gas adsorption in
zeolitic imidazolate framework-95 and -100: ab initio based grand canonical
Monte Carlo simulations, J. Phys. Chem. C 117 (46) (2013) 24407-24416.

[11] B. Silva, I. Solomon, A.M. Ribeiro, U.-H. Lee, Y.K. Hwang, ].-S. Chang, ].M.
Loureiro, A.E. Rodrigues, H, purifification by pressure swing adsorption using
CuBTC, Sep. Purif. Technol. 118 (2013) 744-756.

[12] J.A.C. Silva, A. Ferreira, P.A.P. Mendes, A.F. Cunha, K. Gleichmann, A.E.
Rodrigues, Adsorption equilibrium and dynamics of fixed bed adsorption of
CH4/N; in binderless beads of 5A zeolite, Ind. Eng. Chem. Res. 54 (24) (2015)
6390-6399.



J. Chen et al./ Chinese Journal of Chemical Engineering 42 (2022) 112-119 119

[13] EV.S. Lopes, CA. Grande, AE. Rodrigues, Activated carbon for hydrogen
purification by pressure swing adsorption: Multicomponent breakthrough
curves and PSA performance, Chem. Eng. Sci. 66 (3) (2011) 303-317.

[14] L.B. Bu, Y.C. Gao, K.B. Li, ].F. Zhang, C. Qing, PIV measurement of flow field for
gas distributors, Nat. Gas Chem. Indust. 37 (23) (2012) 45-47.

[15] A.M. Ribeiro, C.A. Grande, F.V.S. Lopes, J.M. Loureiro, A.E. Rodrigues, Four beds
pressure swing adsorption for hydrogen purification: Case of humid feed and
activated carbon beds, AIChE J. 55 (9) (2009) 2292-2302.

[16] F. Relvas, R.D. Whitley, C. Silva, A. Mendes, Single-stage pressure swing
adsorption for producing fuel cell grade hydrogen, Ind. Eng. Chem. Res. 57
(2018) 5106-5118.

[17] AM. Ribeiro, C.A. Grande, F.V.S. Lopes, ]J.M. Loureiro, A.E. Rodrigues, A
parametric study of layered bed PSA for hydrogen purification, Chem. Eng.
Sci. 63 (21) (2008) 5258-5273.

[18] M. Chlendi, D. Tondeur, Dynamic behaviour of layered columns in pressure
swing adsorption, Gas Sep. Purif. 9 (4) (1995) 231-242.

[19] J. Beck, D. Friedrich, S. Brandani, E.S. Fraga, Multi-objective optimisation using
surrogate models for the design of VPSA systems, Comput. Chem. Eng. 82
(2015) 318-3209.

[20] J.A. Delgado, V.I. Agueda, M.A. Uguina, J.L. Sotelo, P. Brea, C.A. Grande,
Adsorption and diffusion of H,, CO, CH,, and CO, in BPL activated carbon and
13X zeolite: evaluation of performance in pressure swing adsorption hydrogen
purification by simulation, Ind. Eng. Chem. Res. 53 (40) (2014) 15414-15426.

[21] J. Yang, C.H. Lee, ].W. Chang, Separation of hydrogen mixtures by a two-bed
pressure swing adsorption process using zeolite 5A, Ind. Eng. Chem. Res. 36 (7)
(1997) 2789-2798.

[22] A. Abdeljaoued, F. Relvas, A. Mendes, M.H. Chahbani, Simulation and
experimental results of a PSA process for production of hydrogen used in
fuel cells, J. Environ. Chem. Eng. 6 (2018) 338-355.

[23] J.H. Park, J.N. Kim, S.H. Cho, Performance analysis of four-bed H, PSA process
using layered beds, AIChE J. 46 (4) (2000) 790-802.

[24] D.K. Moon, D.G. Lee, C.H. Lee, H, pressure swing adsorption for high pressure
syngas from an integrated gasification combined cycle with a carbon capture
process, Appl. Energy 183 (2016) 760-774.

[25] M.A. Makarema, M. Mofarahi, B. Jafarian, C.-H. Lee, Simulation and analysis of
vacuum pressure swing adsorption using the differential quadrature method,
Comput. Chem. Eng. 121 (2019) 483-496.

[26] D.K. Moon, Y. Park, H.-T. Oh, S.-H. Kim, M. Oh, C.-H. Lee, Performance analysis
of an eight-layered bed PSA process for H, recovery from IGCC with pre-
combustion carbon capture, Energy Convers. Manage. 156 (2018) 202-214.

[27] Z. Niu, N. Jiang, Y. Shen, T. Wu, D. Zhang, Simulation and analysis of rapid
pressure swing adsorption for hydrogen production, CIESC J. 72 (2) (2021)
1036-1046. (in Chinese)

[28] S. Ahn, Y.W. You, D.G. Lee, K.H. Kim, M. Oh, C.H. Lee, Layered two- and four-bed
PSA processes for H, recovery from coal gas, Chem. Eng. Sci. 68 (1) (2012) 413-
423.

[29] Y.W. You, D.G. Lee, K.Y. Yoon, D.K. Moon, S.M. Kim, C.H. Lee, H2 PSA purifier for
CO removal from hydrogen mixtures, Int. J. Hydrog. Energy 37 (23) (2012)
18175-18186.

[30] T.B. Wu, Y.H. Shen, L. Feng, Z.L. Tang, D.H. Zhang, Adsorption properties of N20
on zeolite 5A, 13X, activated carbon, ZSM-5, and silica gel, J. Chem. Eng. Data 64
(8) (2019) 3473-3482.





