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Abstract. The effects of feed composition on the adsorption dynamics and the optimal process design were studied
from the experimental and simulated results in the H2 layered bed PSA with activated carbon and zeolite 5A. The
breakthrough results using the “base composition” (56.4 vol% H2; 26.6 vol% CH4; 8.4 vol% CO; 5.5 vol% N2;
and 3.1 vol% CO2) in various layered beds were compared with those using the “higher nitrogen composition”
and the “no nitrogen composition”. In the breakthrough dynamics, the propagation velocity of wave front of each
component was closely related to the slope of isotherm estimated at its concentration in the feed. Breakthrough
behavior at each layered bed in the “higher nitrogen composition” showed similar trends as that in the “base
composition”. However, the “no nitrogen composition” showed different breakthrough behavior from the other
groups. In this feed composition, it was observed that the order of CO and CH4 breakthrough times was reversed
with a change in the carbon-to-zeolite ratio. Based on the adsorption dynamics and breakthrough behavior of each
feed composition group in various layered beds, the effect of feed composition on a seven-step two-bed PSA process
for the H2 recovery from coke oven gas was investigated numerically to develop a well-designed H2 PSA process
under various operating conditions. As expected from the breakthrough results, the trends of the PSA performance
in the “higher nitrogen composition” were similar to those in the “base composition” except for the slight decrease
in the optimal carbon-to-zeolite ratio. However, in case of the “no nitrogen composition”, high purity product was
obtained from the activated carbon-rich layered bed PSA because the adsorption capacity of the activated carbon
for impurities was superior to that of zeolite. As a result, the optimum carbon-to-zeolite ratio at each operating
condition was slightly changed depending on the propagation velocity of each component on each layer.
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Introduction

Pressure swing adsorption (PSA) has been exten-
sively used in the industry to obtain desired product
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by separation and purification. Due to the increasing
demand of hydrogen for petroleum refinery and petro-
chemical processing, a strong economic motivation
has prompted the development of processes to re-
cover hydrogen from refinery off-gases, coke oven gas
(COG), etc. Many versions of the H2 PSA process
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incorporating two to twelve adsorption beds have
been developed for 99.99–99.9999% purity hydrogen
with 70–90% recovery (Yang, 1987; Ruthven et al.,
1994).

In the previous studies (Klein and Vermeulen, 1975;
Frey, 1983; Wankat and Tondeur, 1985), a layered bed
was applied to a PSA process for the improvement
in the efficiency. Some PSA processes using layered
beds have been set up at an industrial scale for multi-
component gas separation (Chlendi and Tondeur, 1996;
Watson et al., 1996). Also, the adsorption dynamics in
the bed and its optimal design were studied from the
experimental and simulated breakthroughs in the lay-
ered bed composed of the activated carbon and the ze-
olite 5A for H2 mixture separation (Park et al., 1998;
Yang and Lee, 1998). More recently, the adsorption
dynamics of a layered bed and the performance of
a layered bed H2 PSA using COG have been stud-
ied (Lee et al., 1999; Ahn et al., 1999). They also
pointed out that controlling the wave front of leading
component among all impurities played a very impor-
tant role in obtaining a high purity product in a PSA
process.

Since the PSA unit is usually located at the down-
stream of the total process, the feed composition of
the PSA process might vary slightly with time. Kumar
(1994) studied the effects of direct feeding of the vari-
able composition feed on the PSA process by numerical
simulation. He pointed out that the increasing impu-
rity case performed better and the decreasing impurity
case performed worse than the average feed concen-
tration case. However, the feed composition shows no
significant variation during a short period of time ex-
cept in case of providing directly the feed gas from
the upstream process to the PSA unit. The most com-
mon method to mitigate the effect of these variations
is to install a mixing vessel at the upstream of the PSA
and design the adsorption system based upon the av-
erage feed composition. Therefore, the factor that has
conspicuous effect upon the performance of the PSA
process is the variation of the average feed compo-
sition rather than the temporal variation in the feed
composition. In case of coke oven gas stemmed from
the steel industries, the change in the feed composi-
tion by coke or upstream operating condition cannot
be controlled by a mixing vessel. Since this changed
composition will be supplied to the PSA unit for a
certain period of time, understanding adsorption dy-
namics is needed to deal with the change in the feed
composition.

The adsorption step plays a key step to develop-
ing a well-designed H2 PSA process. In this study,
the adsorption dynamics and the breakthrough be-
havior in layered beds with various activated carbon-
to-zeolite ratio were investigated from breakthrough
experiments with three different feed composition
groups. Since it was nitrogen that proved to be the
most important impurity to obtain a high H2 purity
product from COG, the three different average feed
composition groups with different amount of nitro-
gen were used. Based on the breakthrough results,
the effects of feed composition on a seven-step lay-
ered two-bed PSA process with a backfill step for
H2 recovery from COG was investigated numerically
under various operating conditions. The dynamics of
breakthrough and H2 PSA process were analyzed by
using a non-isothermal dynamic model incorporating
mass, energy and momentum balances. Detailed anal-
ysis of the layered bed for various COG feeds can be
used to design an optimal layered bed for a H2 PSA
process.

Experimental

The feed composition based on the related literatures
(Lee et al., 1999) was defined as a “base composition”
(56.4 vol% H2; 26.6 vol% CH4; 8.4 vol% CO; 5.5 vol%
N2; and 3.1 vol% CO2) and the results of this com-
position were compared with those of two different
feed composition groups; One was the “higher nitro-
gen composition” in which N2 concentration reached
up to 7.5% because this composition was sometimes
discharged at steel industry. The other was the “no
nitrogen composition”, indicating a four-component
feed gas mixture with higher CO2 composition than
the other two composition groups. The three different
feed composition groups used in this study are shown
in Table 1.

Table 1. Feed composition for three cases.

Feed composition (vol%)

Case CH4 CO N2 CO2 H2

Base composition 26.6 8.4 5.5 3.1 56.4

Higher nitrogen composition 26.6 8.4 7.5 3.1 54.4

No nitrogen composition 26.6 8.4 0.0 8.6 56.4
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Before the experiment, the activated carbon (PCB,
Calgon Co., 6–16 mesh) and the zeolite 5A (W. R.
Grace Co., 4–8 mesh) were regenerated for more than
12 hours at 323 K and 593 K, respectively. After putting
the activated carbon into the bottom of the bed, zeolite
5A was added. Then, the adsorption bed was initially
saturated with H2 at the adsorption pressure.

The schematic diagram of the experimental appara-
tus is shown in Fig. 1. The adsorption bed was made
of stainless steel of 100 cm length and 3.71 cm ID.
To measure the temperature inside the bed, four RTDs
(Pt 100�) were installed at the positions of 10, 30, 50
and 75 cm from the feed end. The pre-calibrated mass
flow controller (Bronkhorst High-Tech, F-201C) was
installed between a feed tank and adsorption bed to
control the feed rate. The total amount of gas was con-
firmed by a wet gas meter (Shinagawa, W-NK-1B). The
electrical back-pressure regulator between the adsorp-
tion bed and the product tank was installed to main-
tain constant adsorption pressure in the bed. Effluent
stream was sampled between the back-pressure reg-
ulator and the product tank and was analyzed by us-
ing a mass spectrometer (Balzers, QME 200). Due to
the same main mass spectrum of CO and N2 in mass
spectrometer, the breakthrough curves of these gases
were confirmed by GC (HP, GC 5890 II). The char-
acteristics of the adsorption bed and the adsorbents
used in the experiment and simulation are shown in
Table 2.

Figure 1. Experimental apparatus for breakthrough experiment.

Table 2. Characteristics of the adsorption bed and adsorbents.

Adsorption bed

Length 100 cm

Inside diameter 3.71 cm

Outside diameter 4.245 cm

Heat capacity of wall 0.12 cal/g · K

Activated carbon bed Zeolite bed

Bulk (bed) density 0.482 g/cm3 0.764 g/cm3

External void fraction 0.433 0.357

total void fraction 0.78 0.77

Adsorbents

Activated carbon Zeolite 5A

Pellet size 6–16 mesh 4–8 mesh

Pellet density 0.85 g/cm3 1.16 g/cm3

Heat capacity 0.25 cal/g · K 0.22 cal/g · K

Mathematical Model

Using the axially dispersed plug flow and an ideal gas
law, the material balance for the bulk phase in the
adsorption column was given by
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By applying an ideal gas law to Eq. (1), the overall
mass balance could be represented as follows:
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In Eqs. (1) and (2), the axial dispersion coefficient,
DL , was calculated by a Wakao equation using inter-
stitial feed velocity at the adsorption pressure and this
constant value was used for all the steps (Wakao and
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Funazkri, 1978):

DL

2u Rp
= 20

Re Sc
+ 0.5 (3)

Assuming thermal equilibrium between fluid and
particles, the energy balance for gas and solid phases
was given by
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The effective axial thermal conductivity in Eq. (4),
KL , was estimated by the following empirical correla-
tion (Kunii and Smith, 1960; Suzuki, 1990).

KL/kg = KL0/kg + 6Pr Re (5a)

KL0/kg = ε + 1 − ε

φ + (2/3)(kg/ks)
(5b)

φ = φ2 + (φ1 − φ2)

(
ε − 0.26

0.216

)
for 0.260 ≤ ε ≤ 0.476 (5c)

The constant effective axial thermal conductivity,
which was estimated by using Eq. (5) under the ex-
perimental condition of the adsorption step, was used
for the simulation of that run.

Due to the small diameter of the bed, another energy
balance for the wall of the adsorption bed was used:
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∂t
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(
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)
(6b)

The Ergun’s equation shown below was applied to
the pressure drop across the bed (Alpay et al., 1993;
Kikknides and Yang, 1993; Lu et al., 1993; Yang et al.,
1998).

−dP
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where ν is superficial velocity.
The sorption rate into the adsorbent pellet was de-

scribed by the following linear driving force (LDF)
model, with a single lumped mass transfer parameter,
ω (Yang, 1987; Ruthven et al., 1994).

∂qi

∂t
= ωi (q

∗
i − qi ) (8)

The equilibrium of mixture was described by the
following extended Langmuir-Freundlich model:

qi = qmi Bi Pni
i

1 + ∑n
j=1 B j Pni

j

(9a)

qm = k1 + k2T, B = k3ek4/T , n = k5 + k6/T

(9b)

Then, the slope of isotherm at a partial pressure of ad-
sorbate can be calculated by the following differential
form from the extended Langmuir-Freundlich model
in Eq. (9a).
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The well-known Danckwerts boundary conditions
were applied to the steps that have influent streams.
Since the bed was initially saturated with H2 up to the
adsorption pressure, only the boundary condition for
the adsorption step in a PSA process was applied to
the breakthrough simulation. Also, the input parame-
ters for the L-F model and LDF model as well as the
boundary conditions used in the PSA simulation were
described at the previous works in detail (Ahn et al.,
1999; Jee et al., 2001).

Process Cycle and Conditions for PSA Simulation

In order to obtain an H2 product with a desired level
of high purity and recovery from various sources con-
taining many kinds of impurity, industrial H2 PSA pro-
cesses were generally operated using a backfill step
and layered beds simultaneously (Lee et al., 1999; Ahn
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Figure 2. Flow diagram and cycle sequence of a seven-step two-bed
PSA process.

et al., 1999). In this study, H2 PSA process in the sim-
ulation consisted of two adsorption beds and each bed
was operated by the following cyclic sequence: (1) feed
pressurization of a partially pressurized bed by a previ-
ous pressurizing pressure equalization step and a back-
fill step (FP), (2) high-pressure adsorption (AD), (3)
depressurizing pressure equalization (DPE), (4) coun-
tercurrent depressurization (DP), (5) purge with a light
product, H2 (PG), (6) pressurizing pressure equaliza-
tion (PPE), (7) backfill step with a light product up to
the average of the AD pressure and the PPE pressure
(BF). The cyclic sequence for this seven-step process
with step times and a simple flow diagram were illus-
trated in Fig. 2. The carbon-to-zeolite ratio (c.r.) was
defined as a ratio of the activated carbon layer length to
bed length (Yang and Lee, 1998). The PSA processes
with various carbon-to-zeolite ratios were simulated in
the range of 6 to 11 LSTP/min feed rate (5.55 m/s to
10.2 m/s in superficial gas velocity), 6 to 12 atm ad-
sorption pressure and 0.3 to 1.0 LSTP/min purge rate
(0.278 m/s to 0.925 m/s in superficial gas velocity).

Results and Discussion

Effects of Feed Composition and Carbon-to-Zeolite
Ratio on Breakthrough Curves

Adsorption equilibrium for every pure component on
activated carbon and zeolite 5A was measured by a

volumetric method at several temperatures ( 283.15 K,
293.15 K, and 303.15 K). The measured pure gas ad-
sorption isotherms on activated carbon and zeolite 5A
at 293.15 K are shown in Fig. 3.

The propagation velocity of the concentration wave
front of each component depends on its isotherm be-
cause the curvature of the isotherm at a given pressure
indicates the intensity of interaction force between the
adsorbent and adsorbate at that pressure (Yang, 1987).
The propagation velocity of each component can be
calculated by the following equation.

uci =
(

∂z

∂t

)
ci

= u

1 + 1−ε
ε

�qi

�ci

∣∣∣
ci

(10)

In case of a favorable isotherm, the propagation ve-
locity of the adsorbate with high concentration is faster
than that with its low concentration, which causes a
compressive or self-sharpening wave front. In case of
an unfavorable type, however, the propagation velocity
shows the reverse phenomenon due to the dispersive
wave front. In this study, all the isotherms of the impu-
rities showed favorable types in both activated carbon
and zeolite 5A. Therefore, as the concentration of the
adsorbate in the bed became higher, its propagation ve-
locity of the adsorbate became faster at that condition.
Also, the adsorption dynamics in the layered bed can
be explained by using Eq. (10).

The experimental breakthrough curves using three
different feed composition groups were presented in
Figs. 4–6. In order to investigate the effect of the
carbon-to-zeolite ratio on the feed composition, break-
through experiments were performed at three different
layered beds.

Figure 4 shows the experimental breakthrough
curves of three different hydrogen mixtures in the lay-
ered bed with 0.32 c.r. under 9.68 atm adsorption pres-
sure and 8.6 LSTP/min feed rate. As shown in this
figure, the simulated results agreed well with the ex-
perimental results. As shown in Fig. 4(a) representing
the breakthrough of the “base composition,” the H2

PSA performance in respect of product purity is ex-
pected to depend strongly on its ability to remove N2.
In the zeolite-rich layered bed with 0.32 c.r., the role of
zeolite 5A layer on the adsorption dynamics was more
dominant than that of activated carbon layer. In the ze-
olite 5A layer under the partial pressure of each com-
ponent, the �qi/�ci in CO isotherm was greater than
that of CH4 isotherm by about 1.2 times. Therefore,



344 Ahn, Yang and Lee

Figure 3. Adsorption isotherms of CO2, CH4, CO, N2, and H2 on zeolite 5A and activated carbon at 293.15 K.

the propagation velocity of CH4 mass transfer zone
(MTZ) in Eq. (10) approached the product end faster
than that of CO MTZ.

In order to study the effect of nitrogen which is a
crucial factor in separation performance, the break-
throughs of “higher nitrogen composition” and “no ni-
trogen composition” in Fig. 4(b) and (c) were compared
with that of “base composition” at the same layered
bed. In the breakthrough of the “higher nitrogen com-
position”, the breakthrough time of N2 was faster by
about 54 sec than that of the “base composition” un-
der the same operating conditions due to the increased
propagation velocity of N2 MTZ. Except for the early
breakthrough and the higher roll-up of N2, the behavior
of breakthrough curves in this composition was similar
to that of the “base composition”.

In case of the “no nitrogen composition” in Fig. 4(c),
however, the breakthrough time of H2 was elongated
and showed a sharp breakthrough curve. Meanwhile,
contrary to the other composition groups, CO2 was de-
tected in the effluent stream early due to the higher
concentration of CO2 in the feed. Also, it is noted that
the roll-up in the CH4 breakthrough curve was observed

twice. After the first small roll-up in the front part of the
CH4 breakthrough curve by the CO MTZ, the second
broad roll-up was caused by CO2 MTZ.

In Fig. 5, the carbon-to-zeolite ratio in the configura-
tion of adsorption bed was changed from 0.32 in Fig. 4
to 0.5 under the same operating conditions. Compared
with Fig. 4, the breakthrough time of H2 in all the feed
composition groups were elongated. Also, in Fig. 5(a)
and (b), the difference between the breakthrough time
of N2 and that of other impurities in this bed became
greater than their difference in Fig. 4. Moreover, the
breakthrough time of CH4 was almost the same as that
of CO as shown in Fig. 5. This is because the �qi/�ci

in CH4 isotherm was greater by about 1.2 times than
that in CO isotherm in the activated carbon layer un-
der the partial pressure condition of each component,
which is different from the zeolite 5A layer. Therefore,
in the layered bed with 0.5 c.r., the difference in the
propagation velocities of CO and CH4 in the activated
carbon layer was almost offset by that in the zeolite
layer. Moreover, in case of the “no nitrogen composi-
tion” in Fig. 5(c), the small but clear roll-up of CO was
observed, which was not shown in the zeolite-rich bed.
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Figure 4. Breakthrough curves of (a) “base composition” (Jee et al.,
2001), (b) “higher nitrogen composition”, and (c) “no nitrogen com-
position” in the layered bed with the 0.32 carbon-to-zeolite ratio
under the 10 atm adsorption pressure and 8.6 LSTP/min feed rate.

Figure 6 shows the breakthrough results of three
composition groups in the activated carbon-rich bed
with 0.65 c.r. Compared with the breakthrough re-
sults at the zeolite-rich bed in Fig. 4, the reversion in
the breakthrough order of CO and CH4 was observed.
The breakthrough time of CH4 in the layered bed with
0.65 c.r. became slightly slower than that of CO. Since
the activated carbon layer was elongated, the concentra-
tion wave front of CH4 in the activated carbon-rich bed
propagated more slowly than those in any other layered
bed. Therefore, the small roll-up of CO was observed
in Fig. 6(a) and (b). Also, since the zeolite layer was
shortened, the breakthrough of N2 in Fig. 6(a) and (b)
was faster than those in any other bed. Especially, the
sharp roll-up of CO by CH4 and the broad roll-up of
CH4 by CO2 were shown in Fig. 6(c). Also, the break-
through time of CO2 in the activated carbon-rich bed
was shorter than those in any other beds.

Figure 5. Breakthrough curves of (a) “base composition” (Jee et al.,
2001), (b) “higher nitrogen composition”, and (c) “no nitrogen com-
position” in the layered bed with the 0.5 carbon-to-zeolite ratio under
the 10 atm adsorption pressure and 8.6 LSTP/min feed rate.

As shown in these results, the breakthrough behavior
of each component was affected by the feed composi-
tion and the carbon-to-zeolite ratio of a layered bed.
Especially, the concentration change of strong adsor-
bate (CO2) in the feed gave a detrimental effect on
the breakthrough behavior of other components, while
the concentration change of weak adsorbate (N2) af-
fected just the breakthrough time of itself. Also, the
propagation velocity of the concentration wave front
of each component on each adsorbent depended on its
isotherm.

Breakthrough Dynamics in the Layered Beds

To gain a clearer insight into the adsorption dynam-
ics of each feed composition in various layered beds,
concentration profiles in the gas phase at 180 sec
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Figure 6. Breakthrough curves of (a) “base composition” (Jee et al.,
2001), (b) “higher nitrogen composition”, and (c) “no nitrogen com-
position” in the layered bed with the 0.65 carbon-to-zeolite ratio
under the 10 atm adsorption pressure and 8.6 LSTP/min feed rate.

from the beginning of the step input are presented in
Figs. 7 to 9 with temperature profiles. Furthermore,
these results help predict the dynamic behavior of a
PSA process with 180 sec adsorption step time in this
study.

Figure 7 shows the concentration profile and the tem-
perature excursion in a layered bed with 0.32 c.r. in
Fig. 4. In all of these three composition groups, CH4

MTZ caught up with CO MTZ. Therefore, it is ex-
pected that CH4 MTZ would reach the product end
before CO MTZ as shown in Fig. 4. The MTZ of CO
component progressed to the product end further than
that of CH4 in the activated carbon layer because the
�qi/�ci in CO isotherm was smaller than that in CH4

isotherm at each partial pressure condition. However,
after passing the layer interface, the MTZs of CO and
CH4 became close in the zeolite 5A layer and the slope
of H2 MTZ became very steep. Also, since the differ-
ence of the affinities of CO and CH4 was smaller in

Figure 7. Concentration and temperature profiles in the gas phase at
the 180 sec in the breakthrough simulations of (a) “base composition”
(Jee et al., 2001), (b) “higher nitrogen composition”, and (c) “no
nitrogen composition” in the layered bed with the 0.32 carbon-to-
zeolite ratio under the 10 atm adsorption pressure and 8.6 LSTP/min
feed rate.

the zeolite 5A layer than in the activated carbon layer,
the extent of the roll up of CO by CH4 was small at
180 sec.

The effect of N2 concentration on the breakthrough
time was conspicuous as shown in Fig. 7(a)–(c). In
case of the “higher nitrogen composition” in Fig. 7(b),
the N2 MTZ approached the product end further than
that in case of the “base composition” in Fig. 7(a).
Even though the concentrations of CO and CH4 in
the feed were the same as those in the “base compo-
sition”, these concentration profiles advanced to the
product end further than those in the “base composi-
tion”. Because of the favorable type of N2 isotherm,
the N2 MTZ proceeded along the bed at a higher ve-
locity than that in case of the “base composition”.
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Therefore, if the mole fraction of the component which
propagated faster than any other wave fronts was in-
creased, that component will affect product purity di-
rectly and much more attention should be paid to the
PSA process design or the set-up of the operating
condition.

In the “no nitrogen composition” in Fig. 7(c), it is
interesting that the wave fronts of CO and CH4 MTZs
propagated almost the same as those in Fig. 7(a) but the
temperature profile was different from that in Fig. 7(a).
Increased CO2 concentration in the feed led to in-
creased roll-ups and steep concentration wave fronts
of CH4 and CO. Therefore, at this position, the front
of the temperature profile decreased steeply and the H2

MTZ became steep. However, since the concentration
wave front of CO2 at this time passed through a layer
interface, it might have a detrimental effect on the re-
generation of a zeolite layer in the PSA process.

In Fig. 8, the carbon-to-zeolite ratio in the layered
bed was increased from 0.32 to 0.5. While the MTZs of
all the components except CO2 transgressed the layer
interface in Fig. 7, the CH4 MTZ and most of the CO
MTZ at 180 sec breakthrough time in all of the three
composition groups remained in the activated carbon
layer in Fig. 8. Contrary to the 0.32 c.r. bed, the CH4

and CO MTZs were clearly separated due to the dom-
inating effect of the activated carbon layer. Also, be-
cause the adsorption capacity of CH4 was greater than
that of CO in the activated carbon layer, the extent of
the roll-up of CO by CH4 was great in comparison to
that in the 0.32 c.r. bed. Therefore, the concentration
profile of H2 in all composition groups underwent a
stepwise change as shown in Fig. 4. The concentration
wave front of N2 proceeded to the product end more
than that in 0.32 c.r. bed in Fig. 7 due to the short-
ened zeolite layer. Therefore, as shown in Fig. 8(a) and
(b), small temperature excursion at the layer interface
was observed in the “base composition” and “higher
nitrogen composition” due to mainly the adsorption of
N2. However, since the MTZs of impurities except N2

were located away from the product end rather than
those in the 0.32 c.r. layered bed, the PSA process with
this 0.5 c.r. bed is expected to make a product with
improved purity. Meanwhile, since the wide separa-
tion among the MTZs of impurities leads to a broad
concentration profile of H2 over the bed, it will give a
detrimental effect on the product recovery in the PSA
process. However, in case of the “no nitrogen compo-
sition”, the concentration wave fronts and roll-ups of
CO and CH4 in Fig. 8(c) became steeper and propa-

Figure 8. Concentration and temperature profiles in the gas phase at
the 180 sec in the breakthrough simulations of (a) “base composition”
(Jee et al., 2001), (b) “higher nitrogen composition”, and (c) “no
nitrogen composition” in the layered bed with the 0.5 carbon-to-
zeolite ratio under the 10 atm adsorption pressure and 8.6 LSTP/min
feed rate.

gated more slowly than those in Fig. 7(c) due to the
increased activated carbon layer. Also, the temperature
profile showed a steep decrease around the layer inter-
face. Therefore, it can be expected that the H2 purity in
the “no nitrogen composition” can be improved by an
increase in the carbon-to-zeolite ratio.

As shown in Fig. 9, impurities except N2 were held in
the activated carbon layer at 0.65 c.r. bed and all MTZs
were clearly separated. As a result, the concentration
profile of H2 showed a stepwise change clearly similar
to the results in Fig. 8. In Fig. 9(a) and (b), however,
the N2 MTZ proceeded further to the product end than
in the 0.5 c.r. layered bed due to the shortened zeolite
length. Also, because of the different adsorption heat of
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Figure 9. Concentration and temperature profiles in the gas phase at
the 180 sec in the breakthrough simulations of (a) “base composition”
(Jee et al., 2001), (b) “higher nitrogen composition”, and (c) “no
nitrogen composition” in the layered bed with the 0.65 carbon-to-
zeolite ratio under the 10 atm adsorption pressure and 8.6 LSTP/min
feed rate.

N2 between activated carbon and zeolite, the tempera-
ture excursion took place at the layer interface. In case
of the “no nitrogen composition” in Fig. 9(c), the con-
centration wave fronts of all impurities at 180 sec were
held in the activated carbon layer and the MTZ velocity
of CO was slightly faster than in the 0.5 c.r. layered bed.
Since most CO was adsorbed in the activated carbon
layer, zeolite layer was suitable for removing the trace
amount of CO in order to obtain a high purity product
as shown in Fig. 8(c). As a result, since zeolite 5A has
greater adsorption capacity for N2 as well as very low
concentration range of CO than activated carbon, the
zeolite layer could work as a purifier for CO and N2

in the mixture treated bulkily by the activated carbon
layer.

Effects of Feed Composition on the Layered
Bed H2 PSA

Based on the breakthrough results, the effects of feed
composition on a seven-step layered two-bed H2 PSA
process with a backfill step was investigated numeri-
cally to obtain an optimum operating condition. The
change in purity and recovery with carbon-to-zeolite
ratio at each composition group was discussed under
various operating conditions such as feed rate, adsorp-
tion pressure and purge rate.

Effects of Feed Rate and Carbon-to-Zeolite Ratio.
Figure 10 shows the effects of feed rate and carbon-
to-zeolite ratio on the simulated PSA process using

Figure 10. Effects of feed rate and carbon-to-zeolite ratio on (a)
product purity and (b) recovery of the simulated PSA process using
the “base composition” as a feed under 10 atm adsorption pres-
sure and 0.7 LSTP/min purge rate. ( , 6 LSTP/min; ,
7 LSTP/min; , 8 LSTP/min; , 9 LSTP/min; ,
10 LSTP/min; , 11 LSTP/min).
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the “base composition” as a feed under the condition
of 10 atm adsorption pressure and 0.7 LSTP/min
purge rate. The simulation was done in a range of
6 LSTP/min to 11 LSTP/min feed rate with an interval
of 1 LSTP/min.

As shown in Fig. 10(a), the amount of product impu-
rity with carbon-to-zeolite ratio at the same operating
condition showed a concave shape. In order to obtain
the highest purity from each condition, the carbon-to-
zeolite ratio moved from about 0.7 to 0.5 as the feed
rate decreased. At the high feed rate over 8 LSTP/min,
the MTZs of impurities moved further to the product
end in the adsorption step. Therefore, the length of the
activated carbon layer in the bed should be elongated
for bulk separation because the adsorption capacity of
the activated carbon for most impurities such as CO2,
CH4 and CO was superior to that of zeolite. However,
at less than 7 LSTP/min feed rate, the best product pu-
rity could be obtained in the layered bed process with
0.5 c.r. Moreover, a higher than 99.99+% H2 purity
could be obtained only in a layered bed PSA process
at the 6 LSTP/min feed rate.

Since the concentration profiles in the zeolite 5A bed
was the steepest in all kinds of beds at the blowdown
step (Ahn et al., 1999), the loss of H2 could be mini-
mized at this bed. Therefore, at the same product purity
condition, the recovery in the zeolite-rich bed process
was higher than that in the activated carbon-rich bed
process as shown in Fig. 10(b). Also, even though the
product amount increased in proportion to feed rate,
the net amount of H2 in the product did not increase
linearly because the loss of H2 at the blowdown step
increased with a decrease in the feed rate.

Figure 11 shows the simulated results representing
the effects of feed rate and carbon-to-zeolite ratio on the
PSA performance using the “higher nitrogen composi-
tion” under the same operating conditions in Fig. 10.
In Fig. 11(a), while the PSA performance was similar
to that of the “base composition”, the carbon-to-zeolite
ratio giving the highest purity moved from around 0.6 to
0.4 with a decrease in the feed rate. However, under the
same operating condition, the highest H2 purity value
in this composition group was lower than that in the
“base composition”. It implied the importance of N2

amount in the feed because it became a leading wave
front in the adsorption bed.

As mentioned in the breakthrough experiments, an-
other important thing was that the optimum carbon-to-
zeolite ratio for purity moved to a slightly lower value
than that in the “base composition” due to the weak

Figure 11. Effects of feed rate and carbon-to-zeolite ratio on (a)
product purity and (b) recovery of the simulated PSA process using
the “higher nitrogen composition” as a feed under 10 atm adsorp-
tion pressure and 0.7 LSTP/min purge rate. ( , 6 LSTP/min;

, 7 LSTP/min; , 8 LSTP/min; , 9 LSTP/min; ,
10 LSTP/min; , 11 LSTP/min).

adsorption capacity of the activated carbon for N2.
Especially, the product purity in the activated carbon-
rich bed process became worse than that in the “base
composition”. This phenomenon implied that with the
increase of N2 in the feed composition, the zeolite layer
played a more important role in a removal of N2. Also,
the non-linearlity of recovery with carbon-to-zeolite
ratio was slightly greater than that in the “base compo-
sition” as shown in Fig. 11(b).

Figure 12 shows the effects of feed rate and carbon-
to-zeolite ratio on the PSA performance using the “no
nitrogen composition”. In this composition as shown
in Table 1, N2 was not present in the feed and CO2

composition was increased from 3.1% to 8.6%. In case
of the “no nitrogen composition”, since the adsorption
capacity of the activated carbon for impurities was su-
perior to that of zeolite 5A, the PSA process using only
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Figure 12. Effects of feed rate and carbon-to-zeolite ratio on (a)
product purity and (b) recovery of the simulated PSA process us-
ing the “no nitrogen composition” as a feed under 10 atm adsorp-
tion pressure and 0.7 LSTP/min purge rate. ( , 6 LSTP/min;

, 7 LSTP/min; , 8 LSTP/min; , 9 LSTP/min; ,
10 LSTP/min; , 11 LSTP/min).

activated carbon could give the best purity under the
high feed rate conditions. Since a lot of impurities had
to be removed at the high feed rate, the zeolite 5A layer
could not work well as a purifier of CO and only the
activated carbon layer became important as a bulk sepa-
rator. Especially, due to the increased amount of CO2 in
the feed, the zeolite 5A bed process would accompany a
significant swing of temperature by strong adsorption.
This was very unfavorable in a PSA process because
higher temperature reduced adsorption capacity in the
adsorption step and lower temperature in the desorp-
tion step made desorption more difficult. Therefore, the
improvement of product purity with a decrease in the
feed rate was observed in activated carbon-rich bed pro-
cesses as the feed rate changed from 9 to 8 LSTP/min.
Meanwhile, as the feed rate changed from 8 LSTP/min
to 7 LSTP/min, the effect of feed rate on purity was

more significant in the zeolite-rich bed processes than
in the activated carbon-rich bed processes. This is be-
cause the activated carbon layer in the zeolite-rich bed
can hold the concentration wave front of CO2 as men-
tioned in the breakthrough section.

In Fig. 12, when the activated carbon bed was used,
product purity reached 99.5% even at 10 LSTP/min
feed rate. However, to obtain a 99.99% purity prod-
uct, the carbon-to-zeolite ratio moved to the activated
carbon-rich layered bed process from the activated car-
bon bed process with a decrease in feed rate. This was
because the zeolite 5A layer was superior to the ac-
tivated carbon layer in purifying the trace amount of
CO. In addition, the effect of carbon-to-zeolite ratio
on product purity was very significant at the same op-
erating condition, compared with other feed cases in
Figs. 10 and 11. Moreover, a high purity product with
99.99+% was obtained from the activated carbon-rich
bed process in the “no nitrogen composition” at higher
feed rate condition compared to the other feed compo-
sition cases. Since the impurities are remained in the
activated carbon layer as shown in Fig. 9, the short
length of the zeolite 5A layer with 0.8 c.r. is enough to
purify a small amount of CO. Moreover, the difference
in recovery between 8 LSTP/min and 6 LSTP/min at
this bed process was more than 10% even at the same
product purity because the bed was used inefficiently
at low feed rate. Therefore, at constant product pu-
rity, the recovery in the activated carbon-rich bed pro-
cess is higher than that in the zeolite-rich bed process.
Also, a decrease in the recovery with an increase in the
carbon-to-zeolite ratio was slightly steeper than that in
the “base composition”.

Effects of Adsorption Pressure and Carbon-to-Zeolite
Ratio. Figure 13 shows the simulated results repre-
senting the effects of carbon-to-zeolite ratio and ad-
sorption pressure on the simulated PSA process us-
ing the “base composition” under the condition of
7 LSTP/min feed rate and 0.7 LSTP/min purge rate.
Purity and recovery were simulated from 6 to 12 atm
adsorption pressure with an increase of 1 atm. The in-
crease in adsorption pressure prevented all the impu-
rities from proceeding to the product end, similar to
the effect of the decrease in feed rate. Accordingly, as
shown in Fig. 13(a), the optimum carbon-to-zeolite ra-
tio for the best purity at each condition moved from
0.5 to 0.4 as the pressure increased from 6 atm to
10 atm. However, the optimum carbon-to-zeolite ra-
tio over 11 atm moved again from 0.4 to 0.5. This was
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Figure 13. Effects of adsorption pressure and carbon-to-zeolite ra-
tio on (a) product purity and (b) recovery of the simulated PSA pro-
cess using the “base composition” as a feed under 7 LSTP/min feed
rate and 0.7 LSTP/min purge rate. ( , 6 atm; , 7 atm; ,
8 atm; , 9 atm; , 10 atm; , 11 atm; , 12 atm).

because the increase in the adsorption capacity with
pressure was more significant in the activated carbon
layer than in the zeolite layer around this pressure.

Unlike the effects of feed rate, H2 recovery dropped
almost linearly with the adsorption pressure for all
types of the adsorption bed in Fig. 13(b). This was be-
cause the amount of H2 loss from the feed end during a
countercurrent depressurization step was proportional
to the adsorption pressure or, more accurately speak-
ing, to the pressure of the pressure equalization step.
Therefore, at the same product purity with 99.99% H2,
the 0.5 c.r. bed process at 11 atm gave higher recovery
than the 0.4 c.r. and 0.7 c.r. bed processes at 12 atm.
As a result, the optimum carbon-to-zeolite ratio can
improve purity as well as recovery at constant product
purity.

In Fig. 14(a) and (b), the purity and recovery in the
“higher nitrogen composition” case under the same

Figure 14. Effects of adsorption pressure and cabon-to-zeolite ratio
on (a) product purity and (b) recovery of the simulated PSA process
using the “higher nitrogen composition” as a feed under 7 LSTP/min
feed rate and 0.7 LSTP/min purge rate. ( , 6 atm; , 7 atm;

, 8 atm; , 9 atm; , 10 atm; , 11 atm; ,
12 atm).

operating conditions showed a similar trend as those
in the “base composition” case, showing that the pu-
rity and recovery in the “higher nitrogen composition”
were slightly lower than those in the “base compo-
sition”. However, as the pressure was increased, the
carbon- to-zeolite ratio to obtain best purity from each
operating condition moved quickly from 0.5 to 0.4
compared with the results in the “base composition”
case. This was because the longer zeolite layer is
needed to treat the increased N2 in this feed compo-
sition than that in the “base composition” case as men-
tioned in the breakthrough results.

In case of the “no nitrogen composition” as shown
in Fig. 15, the PSA process using only activated car-
bon gave best purity at a low adsorption pressure range
like the result of the effect of feed rate. From the 8 atm
adsorption pressure, the importance of the zeolite 5A
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Figure 15. Effects of adsorption pressure and carbon-to-zeolite ra-
tio on (a) product purity and (b) recovery of the simulated PSA pro-
cess using the “no nitrogen composition” as a feed under 7 LSTP/min
feed rate and 0.7 LSTP/min purge rate. ( , 6 atm; , 7 atm;

, 8 atm; , 9 atm; , 10 atm; , 11 atm; , 12 atm).

layer as a purifier of CO showed up and, therefore,
the PSA process giving the best product purity moved
from the activated carbon bed process to the activated
carbon-rich bed process. Moreover, in order to ob-
tain the high purity product with 99.99+% H2, the
carbon-to-zeolite ratio decreased up to 0.6 to purify
trace amount of CO by strong adsorption in the zeo-
lite layer. Also, similar to the results in the effect of
feed rate, a decrease in the recovery with an increase
in the carbon-to- zeolite ratio was slightly steeper
than that in the “base composition” case as shown in
Fig. 15(b).

Effects of Purge Rate and Carbon-to-Zeolite Ratio.
Figure 16 shows the effect of carbon-to-zeolite ra-
tio and purge rate from 0.3 to 1.0 LSTP/min on the
simulated PSA process using the “base composition”
as feed stream under 10 atm adsorption pressure and

Figure 16. Effects of purge rate and carbon-to-zeolite ra-
tio on (a) product purity and (b) recovery of the simulated
PSA process using the “base composition” as a feed under
7 LSTP/min feed rate and 10 atm adsorption pressure. ( ,
0.3 LSTP/min; , 0.4 LSTP/min; , 0.5 LSTP/min;

, 0.6 LSTP/min; , 0.7 LSTP/min; , 0.8 LSTP/
min; , 0.9 LSTP/min; , 1.0 LSTP/min).

7 LSTP/min feed rate. As shown in Fig. 16(a), in the
range of low purge rate, the effect of purge rate on purity
was more conspicuous in the zeolite-rich bed process
than in the activated carbon-rich bed process. However,
the optimum ratio for purity at above 0.8 LSTP/min
purge rate changed again to 0.5. Especially, while
the purge rate at above 0.8 LSTP/min hardly affected
product purity in the zeolite-rich bed process, the ac-
tivated carbon-rich bed process was still affected by
the purge rate in this range. The activated carbon bed
at the purge step can easily be regenerated because
of the relatively weak adsorption of these impuri-
ties on the surface, while the zeolite 5A bed at that
step still maintained widely dispersed concentration
fronts (Ahn et al., 1999). Therefore, the purge rate at
above 0.8 LSTP/min could not have any effects on the
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zeolite-rich process any more, while all the wave con-
centration fronts spread continuously out to the feed
end in the activated carbon-rich bed process with an
increase in the purge rate.

For recovery in Fig. 16(b), the zeolite 5A bed process
was better than any other bed processes at the same op-
erating condition. Based on the same product purity in
the range of a high purity product, the recovery in the
zeolite-rich bed process was higher than that in the acti-
vated carbon-rich bed process. However, the zeolite 5A
bed process did not approach the desired product purity
(99.99+%) even with an increase in the purge rate.

In Fig. 17, the purity at the same operating condition
in the “higher nitrogen composition” was slightly lower
than that in the “base composition” and, therefore, the

Figure 17. Effects of purge rate and carbon-to-zeolite ratio on
(a) product purity and (b) recovery of the simulated PSA pro-
cess using the “higher nitrogen composition” as a feed under
7 LSTP/min feed rate and 10 atm adsorption pressure. ( ,
0.3 LSTP/min; , 0.4 LSTP/min; , 0.5 LSTP/min;

, 0.6 LSTP/min; , 0.7 LSTP/min; , 0.8 LSTP/
min; , 0.9 LSTP/min; , 1.0 LSTP/min).

recovery in the “higher nitrogen composition” was also
worse than that in the “base composition”. Since the ze-
olite 5A layer was affected by the purge rate more than
the activated carbon layer at the low purge rate, the op-
timum carbon-to-zeolite ratio decreased up to 0.4 with
an increase in the purge rate. Also, similar to the “base
composition”, the optimum carbon-to-zeolite rate must
be increased with a high purge rate over 0.8 LSTP/min.
However, unlike the “base composition”, it showed the
optimum value around 0.4 carbon-to-zeolite ratio in
case of the 0.8 LSTP/min due to increased N2 in the
feed.

In case of the “no nitrogen composition” as shown
in Fig. 18, like the results of the effects of feed rate and
adsorption pressure, the activated carbon bed process

Figure 18. Effects of purge rate and carbon-to-zeolite ra-
tio on (a) product purity and (b) recovery of the simulated
PSA process using the “no nitrogen composition” as a feed
under 7 LSTP/min feed rate and 10 atm adsorption pres-
sure. ( , 0.3 LSTP/min; , 0.4 LSTP/min; ,
0.5 LSTP/min; , 0.6 LSTP/min; , 0.7 LSTP/
min; , 0.8 LSTP/min; , 0.9 LSTP/min; , 1.0 LSTP/
min).
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Table 3. Carbon-to-zeolite ratio and operating conditions for maximum recovery with 99.99+% H2 purity
in a seven-step PSA process.

Carbon-to- Adsorption Feed rate Purge rate
zeolite ratio (−) pressure (atm) (LSTP/min) (LSTP/min)

High nitrogen composition 0.5 12 6 0.9

Base composition 0.5 11 6 0.8

No nitrogen composition 0.8 9 8 0.5

gave best purity at a low purge rate range. The recov-
ery in this composition showed a similar trend as the
results of the effect of the adsorption pressure. How-
ever, the activated carbon-rich layered bed process gave
higher purity than the activated carbon bed process
from 0.5 LSTP/min purge rate. Moreover, compared
with the other two composition groups, the purge rate
at above 5 LSTP/min hardly affected purity in the ac-
tivated carbon-rich bed process because there is no ni-
trogen concentration front in the bed.

To sum up, Table 3 represents the operating condi-
tions and carbon-to-zeolite ratio to obtain 99.99% H2

purity with a maximum recovery from each feed com-
position group. In the case of the “higher nitrogen com-
position,” the desired purity can be obtained by a small
increase in the purge rate and adsorption pressure of the
“base composition” under the same bed system. How-
ever, in the case of the “no nitrogen composition,” the
desired purity is easily obtained from the same operat-
ing condition with the “base composition” because the
optimum operating condition in Table 3 is more favor-
able than that for the “base composition.” However, to
obtain the maximum recovery from this composition,
the carbon-to-zeolite ratio should be changed from 0.5
to 0.8 even though it is not practical in the industrial
field.

Conclusions

The breakthrough dynamics of three composition
groups of COG in layered beds with various carbon-to-
zeolite ratios were studied experimentally and theoret-
ically. Based on the breakthrough study, a seven-step
two-layered bed PSA process for H2 recovery from
COG was investigated numerically for understanding
the effects of feed composition and operating variables
on the PSA performance.

In the breakthrough experiments, the N2 component,
which was the key impurity leading the wave front,
was discharged earlier in the “higher nitrogen compo-

sition” than in the “base composition” under the same
operating conditions. Moreover, the breakthrough or-
der of CH4 and CO in the “no nitrogen composition”
was determined according to the equilibrium isotherm
on activated carbon and zeolite at their partial pressure
in the feed. As a result, in view of equilibrium relation
on the adsorbent of each component, the length ratio
of the activated carbon layer for bulk separation to the
zeolite layer for purification should be determined to
obtain a high purity and recovery.

In case of the “base composition”, the carbon-to-
zeolite ratio for 99.99+% purity H2 product was around
0.5 at various operating conditions. However, if high
purity H2 was not required, a zeolite-rich bed PSA pro-
cess was better than other processes due to higher H2 re-
covery at the same operating condition and the constant
purity condition. The dynamics of the “higher nitrogen
composition” in the bed were similar to those of the
“base composition”. In this composition, the optimum
carbon-to-zeolite ratio had to be slightly lower than that
in the “base composition” because the length of zeolite
5A layer should be elongated for the treatment of the
increased N2 in the feed. Also, the product purity in
this case was lower than that in the “base composition”
under the same operating condition because N2 became
a leading wave front in both composition cases. In case
of the “no nitrogen composition”, the wave fronts of
impurities in the activated carbon bed were much fur-
ther away from the product end than in any other beds
because the activated carbon layer was more favorable
to the bulk separation of all the impurities than the
zeolite 5A layer. Therefore, the activated carbon bed
under the operating conditions for low H2 purity prod-
uct gave best purity compared with any other bed pro-
cesses. However, the carbon-to-zeolite ratio to obtain
99.99+% H2 product shifted from the activated carbon
bed process to the activated carbon-rich layered bed
process.

Based on the 99.9+% H2 purity product, the re-
covery of the zeolite-rich bed process in the “base
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composition” and “higher nitrogen composition” was
higher than that of the activated carbon-rich bed pro-
cess. However, in case of the “no nitrogen compo-
sition”, the recovery difference between the zeolite-
rich bed process and activated carbon-rich bed pro-
cess became small. Even though the zeolite 5A bed
process could give the highest recovery, high purity
H2 (99.99+%) could not be obtained from a zeolite
5A bed PSA in the range of the three operating vari-
ables examined in this study. Moreover, at higher than
99.99+% H2 purity product from COG, the layered
bed PSA proved to be better than the single-adsorbent
bed processes in respect to H2 recovery because the
recovery to obtain that purity should be lost more
in the zeolite bed process than in the layered bed
process.

Nomenclature

a, b Paramenters in Eq. (7a)
A Cross sectional area, m2

B Langmuir-Freundlich isotherm parameter,
atm−1

C p Heat capacity, J/kg · K
DL Mass axial dispersion coefficient, m2/s
h Heat transfer coefficient, J/m2 · s · K
KL Effective axial thermal conductivity, J/m · s · K
kg Thermal conductivity of fluid, J/m · s · K
ks Thermal conductivity of particle, J/m · s · K
n Langmuir-Freundlich isotherm parameter
P Pressure, atm
Pr Prandtl number, (C p)gµ/kg

qm Langmuir-Freundlich isotherm parameter,
mol/kg

q̄ Volume-averaged adsorbed phase
concentration, mol/kg

q∗ Equilibrium adsorbed phase concentration,
mol/kg

Q Average isosteric heat of adsorption, J/mol
R Radius, m
Re Reynolds number, ρgν(2Rp)/µ

Sc Schumidt number, µρg/Dm

t Time, s
T Solid phase and gas phase temperature, K
Tatm Ambient temperature, K
ts Stoichiometric breakthrough time, s
u Interstitial velocity, m/s
y Mole fraction in gas phase
z Axial position in a adsorption bed, m

Greek Letters

α Total void fraction
δ, φ Parameters used in Eq. (5)
ε Interparticle void fraction
µ Viscosity, m/kg · s
ν Superficial velocity, m/s
ρ Density, m3/kg
ω LDF coefficient, s−1

Subscripts

B Bed
i Component i
p Pellet
g Gas phase
s Solid phase
w Wall
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