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and Technology, Cheongryang, Seoul, Korea

2Department of Chemical and Biological Engineering, Korea University,
Seoul, Korea

Abstract: Hydrogen separation by the four-bed PSA process using layered beds
of activated carbon and zeolite 5A was investigated experimentally and theoreti-
cally to recover high purity H2 from steam methane reforming off-gas. The recov-
ery increased with increasing the residence time at given product purity because of
the contact time between the impurities and the adsorbents is increased. The dif-
ference of increasing the recovery became smaller with increasing the residence
time and then the recovery was not increased after 43.6 seconds of the residence
time. The minimum residence time exists to obtain the maximum recovery at
desired product purity (99.999%þ).

Keywords: Hydrogen, pressure swing adsorption, residence times

INTRODUCTION

Hydrogen, regarded as an ecologically clean and renewable energy source,
is increasingly demanded in various fields including fuel cells, semiconduc-
tor processing, and the petrochemical industry. The most common com-
mercial method for the production of hydrogen is the reformation of
natural gas (methane) by reaction with steam. The steam reforming
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off-gas is composed of about 70�75% hydrogen, 20% carbon dioxide, 3%
carbon monoxide, 4% methane, and small amounts of water. The current
technology to separate hydrogen from steam reforming off-gas is pressure
swing adsorption (PSA). The resulting hydrogen-rich gas (70�75% H2) is
then purified to produce a 99.99%þH2 stream by a PSA process (1–3).

PSA is a well-known method for the separation of bulk gas mixtures
and for the purification of gas streams containing undesirable impurities.
There has been a tremendous growth in PSA during the past four decades
through the modification of the established process and the development
of new adsorbents (4). Hence, the final separation in new hydrogen-
producing plants is based on PSA utilizing the difference in adsorption
properties of various molecules; e.g., components of a gas mixture are
selectively adsorbed onto a solid matrix at high pressure and subse-
quently desorbed by lowering the pressure. A great deal of PSA process
concepts have been patented in the last thirty years, several of which have
been commercialized (5).

As hydrogen is separated from steam reforming off-gas using the
PSA process, layered beds consisting of different adsorbents, such as acti-
vated carbon and zeolite, have been used. Typically carbon dioxide and a
part of methane and carbon monoxide are adsorbed on the first layer of
activated carbon while methane and carbon monoxide are adsorbed on
the second layer of zeolite (2). The performance in the PSA process is
usually defined as the purity and recovery of hydrogen obtained
by executing both experiments and mathematical modelling. The high
purity and recovery of the H2 PSA processes are largely due to an effec-
tive operation of multi-bed PSA processes including several pressure
equalizations, backfill, and layered adsorption bed.

The design and operation of this PSA process is complex because of
the large number of variables and parameters involved. Most pervious
studies on PSA design have been made through rigorous modelling and
experimental investigation (6). The economic production of high purity
hydrogen requires low operating and capital costs, whereas the capital
costs depend largely upon the size of the vessels containing the PSA
adsorbent beds. The PSA bed size is determined by the desired hydrogen
productivity and purity. Hydrogen productivity and recovery are
increased by improved process cycles and=or improved adsorbents. The
design methods of the bed size need to reduce overall capital costs, for
improved hydrogen recovery.

In the present study, hydrogen separation by the PSA process using
the layered beds of activated carbon and zeolite 5A was investigated
experimentally and theoretically to recover high purity H2 from steam
reforming off-gas. Aspen Adsim (Aspen Tech, Inc.) was then utilized
for the estimation and the simulation of the PSA process cycles. The
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simulation results obtained were analyzed numerically by using a
non-isothermal dynamic model incorporating mass, energy, and
momentum balance. By combining the experimental results and the
simulation results, we consequently suggest a design factor of the PSA
bed size for maximizing recovery at the desired hydrogen purity.

EXPERIMENT

In this study, the adsorbents used activated carbon (Granular type, 6� 16
mesh) and zeolite 5A (Sphere type, 4� 8 mesh). The activated carbon was
supplied by Calgon Corporation with an average pellet size of 1.15 mm.
The zeolite 5A was supplied by W. R. Grace Corporation with an average
pellet size of 1.57 mm. The physical properties of the adsorbents and bed
are listed in Table 1. Before the experiment, the adsorbents were regener-
ated for more than 24 hours at 573 K in a drying vacuum oven. The feed
composition based on the steam methane reforming (SMR) off-gas
(72.2 vol% H2, 21.6 vol% CO2, 2.03 vol% CO, 4.17 vol% CH4) was used.
It was assumed that water and other pollutants were pre-treated before
being fed into the PSA process.

The schematic diagram of the experimental apparatus is shown in
Fig. 1. The four adsorption beds were made of stainless steel 3.84 cm

Table 1. Physical properties of adsorbents and bed

Activated carbon Zeolite 5A

Adsorbents
Average pellet size (mm) 1.15 1.57
Pellet density (g=cm3) 0.85 1.16
Bulk density (g=cm3) 0.482 0.764
Heat capacity (cal=g �K) 0.25 0.21

Bed
Length (cm) 100 70
Inside diameter (cm) 3.84
Outside diameter (cm) 4.86
Heat capacity of column (cal=g �K) 0.12
Internal heat transfer

coefficient
(kJ=s �m3 �K) 0.0385

External heat transfer
coefficient

(kJ=s �m3 �K) 0.0142

Density of column (g=cm3) 7.83
Bulk density (g=cm3) 0.532 0.744
External void fraction (-) 0.433 0.357
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ID, 170 cm length, and 0.51 cm wall thickness and packed with activated
carbon and zeolite 5A. The activated carbon layer height is 100 cm at
the feed end and the zeolite 5A layer height is 70 cm above the activated
carbon layer. To measure the temperature inside the bed, four thermo-
couples (K type) were installed at each of the four beds and located in
the bed at 10, 60, 110, and 160 cm distant from the top of the packed
section, at the center and at half the bed radius. The pressure transdu-
cers (Sensys Tech.) were installed at the top of each bed in order to
measure the pressure profile. The pre-calibrated mass flow controller
(Bronkhorst High-Tech) by a wet gas meter (Shinagawa) was installed
to control the feed rate. The adsorption pressure and the purge pressure
in the bed were controlled by the electrical back pressure regulators.
The pre-calibrated mass flow meter (Bronkhorst High-Tech) by a wet
gas meter (Shinagawa) was installed to measure the product flow rate.
The sampling port was placed downstream of the mass flow meter, so
that the product flow rate could be measured without any loss due to
sampling. The product concentrations were monitored continuously
and automatically with a mass spectrometer (Omnistar 300). The con-
trol of the solenoid valve switching and the data acquisition of measur-
ing variables were done by a PLC (National Instruments) linked to a
personal computer whose monitor provided an on-line display of
dynamic changes in all measured values.

Figure 1. Schematic diagram of four-bed PSA process.
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PSA PROCESS DESCRIPTION

To obtain high-purity hydrogen from SMR off-gas, a four-bed, a ten-step
PSA process cycle was experimented with and simulated. The PSA pro-
cess designed for this study consisted of the following steps (7–11):

(a) Adsorption (AD): Feed gas is passed at adsorption pressure PF(9
atm) through an adsorber and a pure H2 stream is produced
through the product end at the feed gas pressure.

(b) Adsorption and Provide Pressurization (AD and PP): Feed gas is passed
at adsorption pressure through an adsorber and a pure H2 stream is
produced through the product end at the feed gas pressure. A part of
this gas was used for pressurization of a companion bed (step (j)).

(c) First Pressure Equalization (EQI-BD): The bed is cocurrently
depressurized to a pressure level of P1. Pure H2 is produced through
the product end which is utilized to partially pressurize another bed
undergoing step (i).

(d) Provide Purge (PP): The bed is cocurrently depressurized to a
pressure level of P2. The effluent gas in this step is used to purge
another bed undergoing step (g).

(e) Second Pressure Equalization (EQII-BD): The bed is further
depressurized cocurrently to a pressure level of P3. The effluent gas
through the product end, that is, a high purity H2, is used to
pressurize another bed undergoing step (h).

(f) Blow down (BD): The bed is countercurrently depressurized to the
lowest pressure level of cycle (P4). The effluent gas, which contains
a part of the desorbed gases and most of the bed void gases, is wasted.

(g) Purge (PG): The bed is countercurrently purged with pure H2 at
pressure P4 obtained from a bed undergoing step (c). The effluent
gas in this step contains the remains of the desorbed impurities,
which are then wasted.

(h) Second Pressure Equalization (EQII-PR): The bed is pressurized
from pressure P4 to P5 by countercurrently introducing the gas
produced by a bed undergoing step (e).

(i) First Pressure Equalization (EQI-PR): The bed is further pressurized
from P5 to P6 by countercurrently introducing the effluent gas from
step (c).

(j) Backfill (BF): Finally, The bed pressure was raised from P6 to PF by
introducing a part of the H2 product gas from a bed undergoing step
(b). The bed is now ready for the next cycle from step (a) to step (j).

Figure 2 shows the pressure history for the above-mentioned PSA pro-
cess and Table 2 presents the cycle steps and time schedules. The impurities
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were adsorbed from the feed gas in step (a) and (b), which were afterwards
desorbed and removed from the bed in steps (f) and (g). Steps (c) and (e)
are added to recover and internally recycle a part of the void and co-
adsorbed H2 in the end of the bed. Step (d) also recovers a part of the void
and the co-adsorbed H2, and the recovery H2 gas at this step is used as the
purge gas of another bed. To obtain high product purity, the impurities are
not allowed to break through the product end of the bed until the end of
the second pressure equalization step (e). The effluent waste gases were
produced during steps (f) and (g). The experimental operation conditions
are summarized in Table 3. In every experimental run, the adsorption pres-
sure and the purge pressure were set to 9 atm, and 1.3 atm, respectively.

MATHEMATICAL MODEL

The non-isothermal and non-adiabatic dynamic model, including mass,
energy, and momentum balance was used to simulate a PSA process with
the following assumption:

i. ideal gas law applies;
ii. the flow pattern can be described by the axial dispersion plug flow

model;

Figure 2. Pressure history.
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iii. the solid and gas phase reach thermal equilibrium instantaneously;
iv. the mass transfer rate can be represented by a linear driving force

(LDF) rate expression; and
v. radial concentration and temperature gradients are negligible (11–19).

Based on the above assumptions, the mass balance for the bulk gas
adsorption was written as follows:

�DLieb
@2Ci

@z2
þ @uCi

@z
þ et

@Ci

@t
þ qb

@�qqi

@t
¼ 0 ð1Þ

with the total bed voidage (et) and the bed density (qb) calculated by:

et ¼ eb þ epð1� ebÞ ð2Þ

qb ¼ qp ð1� ebÞ ð3Þ

The momentum balance in a bed was given by Ergun’s equation:

dP

dz
¼ �

150� 10�5lgð1� ebÞ2

4R2
peb

3
uþ

1:75� 10�5Mwqgð1� ebÞ
2Rpe3

b

v2
g

 !
ð4Þ

Mass transfer rates are expressed as LDF model.

@�qqi

@t
¼ kiðq�i � �qqiÞ ð5Þ

Table 3. Operating conditions in experimental run

Run PF [atm] P4 [atm] vf� [cm=s] tc [sec]

A 9 1.3 5.22 160
B 9 1.3 5.22 200
C 9 1.3 5.22 240
D 9 1.3 4.70 200
E 9 1.3 4.70 240
F 9 1.3 4.70 320
G 9 1.3 3.90 320
H 9 1.3 3.90 360
I 9 1.3 3.90 440
J 9 1.3 3.90 520
K 9 1.3 3.14 520
L 9 1.3 3.14 560
M 9 1.3 3.14 600

�Linear velocity.
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Assuming thermal equilibrium between fluid and particles, the
energy balance for the gas and solid phase is given by:

� ebKL
@2T

@z2
þ ðetqgCpg þ qBCpsÞ

@T

@t
þ qgCpgeu

@T

@z

� qB

Xn

i

Qi
@�qqi

@t
þ 2hi

RBi

ðT � TW Þ ¼ 0 ð6Þ

Energy balance around the wall of the column is represented as
follows:

qwCpwAw
@Tw

@t
¼ 2pRBi

hiðT � TwÞ � 2pRBo
hoðTw � TatmÞ ð7Þ

where Aw ¼ pðR2
B0
� R2

Bi
Þ.

The equilibrium isotherms are assumed to be described by Dual-Site
Langmuir (DSL) model [7–8]:

qi ¼
qmi1Bi1Pyi

1þ
P
k

ðBk1PykÞ
þ qmi2Bi2Pyi

1þ
P
k

ðBk2PykÞ
ð8Þ

where the isotherm parameters are functions of temperature:

qm1 ¼ k1; B1 ¼ k2 expðk3=TÞ; qm2 ¼ k4; B2 ¼ k5 expðk6=TÞ ð9Þ

The DSL isotherm parameters and the values of heats of adsorption
are listed in Table 4.

Table 4. Dual-site Langmuir parameters and heat of adsorption

k1

[mmol=g]
k2

[1=atm]
k3

[K]
k4

[mmol=g]
k5

[1=atm]
K6

[K]
Qi

[cal=mol]

Activated
carbon

H2 2.40E-5 9.0E-4 1700 4.80E-4 6.0E-5 1915 �1800
CO 3.65E-3 8.7E-5 2003 4.37E-4 2.0E-3 2050 �4000
CH4 5.80E-3 1.0E-4 2060 7.40E-4 3.5E-3 2200 �5600
CO2 8.00E-3 8.0E-6 3100 1.40E-3 9.6E-7 4750 �5900

Zeolite 5A H2 7.8E-4 9.0E-5 1647 7.0E-6 1.2E-5 3000 �1500
CO 2.3E-3 9.7E-5 2920 9.5E-4 7.9E-5 3280 �7000
CH4 2.6E-3 2.1E-4 2200 7.5E-4 3.0E-9 4800 �4600
CO2 3.0E-3 1.1E-3 2508 1.4E-3 1.0E-2 3300 �8500
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The boundary conditions for the PSA simulation are as follows:

AD step : yið0; tÞ ¼ yi;F ; Tð0; tÞ ¼ TF ; uð0; tÞ ¼ uF ð10Þ

EQI-BD, PP and EQII-BD step : uð0; tÞ ¼ 0 ð11Þ

BD step: uðL; tÞ ¼ 0 ð12Þ

PG step: yiðL; tÞ ¼ yi;PP; TðL; tÞ ¼ TF ; uðL; tÞ ¼ uPP
PPP

PPG
ð13Þ

EQII-PR and EQI-PR step: yiðL; tÞ ¼ yi;EQ�BD; TðL; tÞ ¼ TF ð14Þ

BF step: yiðL; tÞ ¼ yi;P;TðL; tÞ ¼ TF ð15Þ

The governing partial differential equations were solved in space and
the resulting ordinary differential equations are solved using Aspen
ADSIM from Aspen Technology Inc. (20).

RESULTS AND DISCUSSION

Cyclic Steady State of PSA Process

In the PSA process, the cyclic steady state is important for the process
analysis. It is determined that the changes of product purity, the concen-
tration of the gas phase in the bed, and the temperature swing are almost
constant. Doong et al. (1986) reached the cyclic steady state after
10 cycles for hydrogen separation of multi-component gas mixtures by
the PSA process using the activated carbon (21). Lee et al. (1999) also
reached the cyclic steady state after 10 cycles for hydrogen separation
of coke oven gas (COG) by the two-bed PSA process.

Figure 3 shows behaviors of the product purity, which was obtained
from the experiment for run A, F, and J. When the product purity is high
(99.999%þ), it is almost constant while the cycle number increased during
run A. However, as the cycle number increased, the product purity
decreased during runs F and J because the CO and CH4 were exhausted
at the end of the bed. For run F, the experiment reached the cyclic steady
state after approximately 25 cycles. For run J, the experiment reached the
cyclic steady state after approximately 20 cycles. In this study, the PSA
process operated 30-cycles experiment.

Along with the product purity, the temperature variation in the
bed represented a cyclic behavior of a PSA process. The temperature
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variations at four locations of run F are presented in Fig. 4. It can be seen
that a PSA process reached the cyclic steady state after 25 cycles, as
revealed by the product purity (Fig. 3). The range of temperature swing
was largest at the feed end section; this section behaved as the activated
carbon layer where a considerable amount of adsorbates underwent
adsorption and desorption during a cycle (19). However, the range of
the temperature swing at the product end section was smallest because
this section purified the raffinate stream from the activated carbon layer.
It was noteworthy that the two thermocouples of 110 and 160 cm at
the initial cycles showed a relatively small extent of temperature swing.
This implies that, at an early stage of operation, the concentration wave-
fronts did not proceed much from the feed end due to the initial condition
of the clean bed.

Effects of Total Cycle Time and Linear Velocity

The effect of total cycle time on the performance of a PSA process was
studied with varying linear velocity under the adsorption pressure
9 atm. As shown in Fig. 5 (the linear velocity 5.2 cm=s), the product
purity was high (99.999%þ) until the total cycle time of 200 sec and then

Figure 3. Product purity.
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decreased. A longer total cycle time resulted in lower product purities, as
the bed was more contaminated. However, the recovery increased with
increasing the total cycle time. This increase in the recovery results from
a small amount of hydrogen remaining in the bed, as the bed was con-
taminated by the impurities. Figure 6 shows the concentration profiles
in the gas phase at the end of the second pressure equalization step with
different total cycle times. As the total cycle time increased, the mass
transfer zones of impurity approached the end of the bed. Especially,
as the total cycle time increased from 200 to 240 sec, the impurities, CO
and CH4, break through the product end of the column until the end
of the last pressure equalization step. The recovery is lower (66.36%) in

Figure 4. Transient variation of temperature at Run F.
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order to obtain high product purity (99.999%þ) at a linear velocity of
5.2 cm=s.

The recovery is important to operate the PSA process efficiently. To
obtain the high recovery at the same process, the linear velocity must
increase. However, as the linear velocity increases, the mass transfer zones
of impurities are broadened so that the recovery decreases at the given purity
(11). In order to obtain high recovery, the PSA process experimented with
and simulated the various linear velocities and cycle times. The experimental
results are shown in Figs. 7–9 with the simulation. With all the linear velo-
city, the trend of the purity and recovery was similar with increasing of the
total cycle time. However, the recovery was different at high purity
(99.999%þ). When the linear velocity decreased from 5.2 to 4.7 cm=s, the
recovery increased from 66.36 to 73.88% at high purity (99.999%þ). The
recovery increased from 73.88 to 75.93%, as the linear velocity decreased
from 4.7 to 3.9 cm=s. But, the difference of the increasing of the recovery
became smaller with decreasing the linear velocity. Also, when the linear
velocity decreased from 3.9 to 3.14 cm=s, the recovery was similar 75.93%
(3.9 cm=s), 75.43% (3.14 cm=s).

Effects of Residence Time

The design of the PSA process is complex because of the large number of
variables and parameters involved, for example, the adsorbent type,

Figure 5. PSA process performance using different total cycle time at linear
velocity 5.22 cm=s.
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the adsorbent particle size, the bed length=diameter ratio, the gas flow
velocity, the residence time, the type of the PSA operating cycle, the
duration of the steps in the PSA cycle, the number of beds, the feed
gas pressure, the feed gas composition, the product purity, recovery,
and the product throughput. When the adsorbents, the feed gas composi-
tion, and the operating condition, are given, the residence time is mainly
the function for design of the PSA process. The residence time can be
represented as:

The residence time ðRTÞ ¼ bed volume

feed flow rate
�Adsorption pressure

Atmosphere
ð16Þ

If the residence time is too short, the bed has no significant
adsorption. When sufficient residence time is provided, the desired pro-
duct purity can be achieved. Increasing the residence time can be done

Figure 6. Concentration profiles in gas phase at the end of second pressure
equalization step. (linear velocity: 5.22 cm=s)
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by reducing the feed flow rate or by increasing the bed volume. Since the
feed flow rate is determined by the desired capacity of the unit, the
required residence time can be achieved by changing the bed volume.
However, in an existing unit, residence time can be altered only by adjust-
ing feed rate or feed pressure or both (6).

Figure 8. PSA process performance using different total cycle time at linear
velocity 3.90 cm=s.

Figure 7. PSA process performance using different total cycle time at linear
velocity 4.70 cm=s.
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Figure 10 shows the experimental results obtained with different resi-
dence times with the desired product purity (99.999%þ) when the bed
volume and the adsorption pressure are fixed. The recovery increased
about 8% when the residence time increased from 32.6 to 36.2 sec. The
increase of the residence time means that the contact time between the

Figure 10. Recovery with the residence time at product purity 99.999%þ.

Figure 9. PSA process performance using different total cycle time at linear
velocity 3.14 cm=s.
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adsorbents and the impurities is increased. As the contact time is
decreased in an existing PSA unit, the amount of the impurities through
the adsorbents is increased due to increasing the feed flow rate. Thus, the
mass transfer zones of impurities are broadened and the recovery is
decreased at given product purity. On the other hand, the recovery
increased about 2% when the residence time increased from 36.2 to
43.6 sec. Noteably, when the residence time increased from 43.6 to
54.2 sec, the recovery was not increased. This implies that the minimum
residence time exists to obtain the maximum recovery at given product
purity (99.999%þ).

Figures 11–14 show the temperature variations at four location with
different residence times. As the residence time increased from 32.6 to
43.6 sec, the range of temperature swing is larger at 60 cm of the section.

Figure 11. Transient variation of temperature at RT 32.6 sec.
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However, the range of temperature swing was similar when the residence
time increased from 43.6 to 54.2 sec.

CONCLUSION

The four-bed, ten-step PSA process using a layered bed of activated
carbon and zeolite 5A were studied to produce a high purity H2 product
from SMR off-gas. The non-isothermal, bulk separation PSA model
adopted the linear driving force approximation for the particle uptake
and the adsorption isotherm used the Dual-site Langmuir. It was possible
to obtain hydrogen of 99.999%þ purity with 75%þ recovery.

Figure 12. Transient variation of temperature at RT 36.2 sec.
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When the total cycle time increased, the recovery increased. The pro-
duct purity decreased because the impurities reached the product end of
the bed and then broke through until the second pressure equalization
step. With all the linear velocity, the trend of the purity and recovery
was similar with the increase of total cycle time. However, at a desired
product purity (99.999%þ), the recovery increased with decreasing the
linear velocity. The difference of the increasing of the recovery became
smaller with the decreasing of the linear velocity. The recovery was
similar 75%þ less than 3.9 cm=s of the linear velocity.

When the adsorbents, the feed gas composition, and the operating
condition are given, the residence time is mainly a function for design
of the PSA bed size. The recovery increased with increasing the

Figure 13. Transient variation of temperature at RT 43.6 sec.
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residence time at given product purity because of the contact time
between the impurities and the adsorbents is increased. The difference
of increasing the recovery became smaller with increasing the residence
time and then the recovery was not increased more than 43.6 sec of the
residence time. The minimum residence time exists to obtain the max-
imum recovery at desired product purity.
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Figure 14. Transient variation of temperature at RT 54.2 sec.
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NOMENCLATURE

Aw cross sectional area (cm2)
C gas phase concentration (mol=cm3)
Cpg heat capacity of gas phase (cal=mol�K)
Cps heat capacity of particle (cal=g�K)
Cpw heat capacity of column wall (cal=g�K)
DL mass axial dispersion coefficient (cm2=s)
h heat transfer coefficient (cal=cm2�s�K)
KL thermal axial dispersion coefficient (cal=cm�s�K)
k1�6 Dual-site Langmuir isotherm parameter
ki mass transfer coefficient (s�1)
P pressure (atm)
�qq adsorbed amount (mol=g)
q� equilibrium amount adsorbed (mol=g)
Q average isosteric heat of adsorption (cal=mol)
Ri inner radius of column (cm)
Ro outer radius of column (cm)
t time (sec)
T gas phase temperature (K)
Tamb ambient temperature (K)
TF feed temperature (K)
Tw wall temperature (K)
u interstitial velocity (cm=s)
uF interstitial velocity of feed (cm=s)
yi mol fraction of ith component in the gas phase
z axial position in the bed (cm)
et total bed voidage
eb interparticle vodiage
ep intraparticle voidage
l viscosity (cm=g�s)
q density (cm3=g)
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