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Abstract. The adsorption dynamics of N2, O2, and Ar in kinetic separation bed with CMS and equilibrium
separation bed with zeolite 13X were investigated by using dried air as a feed. In the CMS bed initially satu-
rated with He, Ar was the first breakthrough component showing a small roll-up and N2 followed at a very close
interval. Then, the breakthrough of O2 occurred with a broad roll-up due to its fast diffusion rate and the rela-
tively slow diffusion rate of N2. In the zeolite 13X bed initially saturated with O2, the breakthrough of Ar first
occurred with roll-up owing to the strong adsorption of N2, then the breakthrough of N2 followed after a very
short interval. Based upon these results, the cyclic adsorption dynamics of the zeolite 13X VSA for air bulk sep-
aration and CMS PSA for oxygen purification were studied. The five-step two-bed O2 VSA with zeolite 13X
produced O2 of over 90% purity with high recovery. The MTZ variation of N2 during the adsorption and vac-
uum steps was described in detail. In the case of the six-step two-bed PSA process for O2 purification, O2 of
99.8+% purity could be produced from the binary mixture (O2/Ar—95:5 vol.%). The dynamic adsorption behav-
iors were investigated by using a concentration-dependent rate model incorporated with mass, energy, and momen-
tum balances. The model reasonably predicted the adsorption dynamics at the equilibrium and kinetic separation
beds.
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1. Introduction

The commercial applications for the adsorptive gener-
ation of oxygen from ambient air using several zeo-
lites have been grossed during the last 30 years. Espe-
cially, the vacuum swing adsorption (VSA) process for
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air separation is competitive with the pressure swing
adsorption (PSA) process for the production of over
15 TPDc oxygen (Yang, 1987). Lots of VSA processes
for air separation have generally been operated in the
range of 1.1 to 1.8 atm for adsorption pressure and
0.05 to 0.3 atm for desorption pressure. Commercial
VSA processes can produce O2 of 90–94% purity from
air.
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Recently, the demand for the high purity oxygen of
over 99% has increased tremendously in many indus-
tries (Hayashi et al., 1996). In addition, the demand
for high purity O2 of over 99.8% is increasing greatly
because the semi-conductor industries have been ex-
panded. This high purity oxygen can be produced by
removing N2 and Ar impurities contained in the prod-
uct of the VSA process. Carbon molecular sieve (CMS)
can be used to remove the argon and nitrogen impuri-
ties contained in the oxygen-rich gas produced from
the VSA process because of its kinetic selectivity be-
tween O2 and other impurities. Therefore, in order
to reduce both the energy and equipment cost and to
maximize the process performance, it is necessary to
understand the adsorption dynamics of air in zeolite
13X bed for air separation and CMS bed for oxygen
purification.

To produce high purity oxygen from air, zeolite 13X
VSA process as a bulk separator and CMS PSA process
as a purifier were studied separately. The adsorption dy-
namics of air in the zeolite 13X bed and CMS bed were
compared by the breakthrough experiments. The VSA
process was studied from a viewpoint of cyclic perfor-
mances such as O2 purity and recovery. Moreover, the
PSA process for removing N2 and Ar impurities from
O2 enriched feed was experimented.

2. Mathematical Model

The governing equations including mass, energy, and
momentum balances, presented in the previous study
(Jee et al., 2002; Kim et al., 2004), were applied to VSA
and PSA processes. The multi-component adsorption
equilibrium was predicted by the LRC model.

The common LDF model assuming constant diffu-
sivity was applied to the zeolite 13X bed while the
modified LDF model with following concentration-
dependent diffusivity was applied to the CMS bed.

2.1. Gluekauf’s LDF Model for Zeolite 13X

∂qi
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= ωi (q

∗
i − qi ), ωi = KDei

r2
c

(1)

In this model, the effective diffusivity, Dei , was as-
sumed constant. Because the diffusion time constants
of O2, N2 and Ar on zeolite 13X showed little concen-
tration dependency, this model was used in the equilib-
rium bed.

2.2. Modified LDF Model for CMS

The following structural diffusion model (Do, 1996)
represents the strong concentration dependency of
diffusional time constant, Dei /R2

p.

Dei ≈ Doi

dqi/dPi
(2)

Recently, Bae and Lee (2004) suggested a modi-
fied structural diffusion model by using a supercritical
relationship. The modified model with the Langmuir
isotherm can be presented as follows:
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3. Experimental Section

In the breakthrough and VSA experiments, the adsorp-
tion bed was made of stainless-steel pipe with a length
of 100 cm, an ID of 3.44 cm, and a wall thickness of
2.67 mm while in the PSA experiments, the bed used
was with a length of 100 cm, and an ID of 2.2 cm, and
a wall thickness of 1.75 mm. The flow rate was con-
trolled by a mass flow controller and the total amount of
feed flow was measured by a wet gas meter. In order to
keep the pressure in the adsorption bed constant, a back
pressure regulator was installed between the adsorption
bed and the product bed. The experimental bed pres-
sure was measured by pressure transducers equipped
at the top and bottom of each bed. The concentration
of the influent and effluent was analyzed by a mass
spectrometer (Balzers, QMG 422). This analyzer was
confirmed by a gas chromatography (HP, 5890II). The
system was fully automated by a personal computer
with a developed control program, and all the measure-
ments including the flow rate, pressure, temperature,
and concentration were saved on the computer through
an AD converter. The high performance vacuum pump
(Ulvac, DAH-60) was used for a vacuum step of VSA
process in the range of 0.2 to 0.4 atm.

As an initial condition, the breakthrough experi-
ments were conducted at the bed saturated by O2

(99.9+%) for CMS bed and He (99.99+%) for zeo-
lite 13X bed under the same adsorption pressure. The
temperatures of the feed, bed, and surroundings were
kept in the range of 297 K to 300 K as an initial experi-
mental temperature.
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Table 1. Characteristics of adsorbents and adsorption beds.

Adsorbent Zeolite 13X CMS

Type Sphere Pellet

Average pellet size, Rp [cm] 0.105 0.283

Pellet density, ρp [g/cm3] 0.93 0.90

Heat capacity, C ps [cal/g·K] 0.42 0.25

Bed density, ρB [g/cm3] 0.70 0.63

Adsorption bed Breakthrough and VSA PSA

Length, L [cm] 100 100

Inside radius, RBi [cm] 1.72 1.1

Outside radius, RBo [cm] 1.987 1.275

Heat capacity of column, 0.12 0.12
C pw [cal/g·K]

Density of column, ρw [g/cm3] 7.83 7.83

Internal heat transfer coefficient, 9.2E-4 9.2E-4
hi [cal/cm2·K·sec]

External heat transfer coefficient, 3.4E-4 3.4E-4
ho [cal/ cm2·K·sec]

Zeolite 13X (Zeochem Co.) and CMS (Takeda
Chem., 3A) were used as adsorbents for the break-
through, VSA and PSA experiments. Prior to the ex-
perimental runs, the zeolite 13X were regenerated at
613 K overnight and the CMS at 423 K. The ternary
mixture (N2/O2/Ar; 78:21:1 vol.%, DaeSung Industrial
Gas Co.) was used as a feed gas for the breakthrough
and VSA experiments while the binary (O2/Ar; 95:5
vol.%) mixture was used for the PSA experiments.
More detailed properties of the adsorbents and the ad-
sorption bed are presented in Table 1.

4. Process Description

The cyclic sequences for the five-step VSA and six-
step PSA were illustrated in Table 2. The VSA for air
separation adopted the Skarstrom-cycle with pressure

Table 2. Cyclic sequences and step times of VSA and PSA processes.

VSA for air separation (↑: Cocurrent flow, ↓: Countercurrent flow)

BED I PR↑ AD↑ DPE↑ Vacuum↓ PPE↓
BED II Vacuum ↑ PPE↓ PR↑ AD↑ DPE↑

PSA for oxygen purification (↑: Cocurrent flow, ↓: Countercurrent flow)

BED I PR ↑ AD ↑ BD1 ↓ BD2 ↓ (O2 produced) ID PU ↑
BED II BD2 ↓ ID PU ↑ PR ↑ AD ↑ BD1 ↓

equalization step. And this process consisted of con-
ventional VSA steps such as pressurization (PR), ad-
sorption (AD), blowdown (BD), vacuum (VU), PPE
(Pressurizing pressure equalization), and DPE (De-
pressurizing pressure equalization) steps.

In the oxygen purification process, the modified six-
step PSA process was operated to obtain the high purity
oxygen of 99.8+%. The flow direction of all the steps
except BD step was co-current. The idle time was ap-
plied to keep the cyclic symmetry. Especially, the two-
stage (high to medium pressure—BD1, and medium
to ambient pressure—BD2) BD steps were introduced
in order to control the purity and recovery of the PSA
process. The effluent from the first blowdown step fol-
lowed after the AD step was used as a purge gas for the
other bed. Then, the second blowdown step produced
an oxygen product.

5. Results and Discussion

The adsorption isotherms of N2, O2 and Ar on zeolite
13X and CMS were measured by a volumetric method.
The adsorption isotherms on CMS were measured up
to the high pressure ranges for the PSA process while
those on zeolite 13X were measured at the low pres-
sure regions for the VSA process. Zeolite 13X showed
noticeable equilibrium selectivity between N2 and O2

throughout the experimental pressure ranges. However,
there was no distinguishable difference in equilibrium
amount among O2, Ar, and N2 at up to 5 atm.

As can be seen in Fig. 1(a), the kinetic selectivity
among three adsorbates on zeolite 13X was not promi-
nent. Moreover, the diffusion time constants did not
show any dependence on concentration. However, as
shown in Figs. 1(b) to (d), the kinetic selectivity in the
Ar/O2 and N2/O2 systems on CMS was quite noticeable
all over the experimental pressure ranges. Therefore, it
is expected that Ar and N2 removal from the O2 rich
gas can be applied successfully to the CMS bed. In
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Figure 1. Effect of adsorption pressure on the variation of diffusion time constants of N2, O2, Ar on (a) zeolite 13X and (b) N2, (c) O2, (d) Ar
on CMS.

addition, the modified structural diffusion model fitted
well with the experimental concentration dependency
of diffusion time constants.

5.1. Breakthrough Experiments

The breakthrough curves for N2, O2, and Ar on the
CMS bed are shown in Fig. 2(a). As an initial con-
dition, He, non-adsorptive, was used to pressurize the
bed to adsorption pressure. As shown in this figure,
Ar was the first breakthrough component at about
110 sec, followed by N2 at a very close interval of
5–10 sec. In particular, the breakthrough curve for N2

was very steep and showed little tailing while that of
Ar was relatively broad and showed a small excursion.
At the N2 plateau, N2 concentration increased slightly
with time until the breakthrough of Ar had finished.
Then, it began to decrease with a tail at the begin-
ning of the breakthrough of O2. The breakthrough of
O2 appeared at about 250 sec, showing a weak roll-
up phenomenon. It implies that N2 and Ar can be

Figure 2. Breakthrough curves of N2, O2, and Ar on (a) CMS bed at 5 atm and 4 LSTP/min and on (b) zeolite 13X bed at 1.5 atm and
2 LSTP/min.

removed at an adsorption step and O2 with high pu-
rity can be produced at a blowdown step in the CMS
PSA.

Figure 2(b) shows the breakthrough curves of air at
the zeolite 13X bed saturated by O2. The breakthrough
of Ar occurred after 200 sec with the sharp roll-up due
to the strong adsorption of N2. And the breakthrough
of N2 followed after the short interval of about 10 sec.
The velocity of the N2 mass transfer zone (MTZ) was
fairly fast because the concentration of N2 in the feed
was relatively high regardless of its high adsorption
capacity.

The roll-up phenomenon of zeolite 13X bed occurred
when the weakly adsorbed components, Ar, lost their
adsorption sites due to the competitive equilibrium ad-
sorption of more strongly adsorbed components. How-
ever, although the partial pressure of N2 in the feed
is much higher than that of the others, the roll-up phe-
nomena in the CMS bed mainly stemmed from the great
kinetic difference between O2 and N2/Ar because the
equilibrium selectivity of O2, N2 and Ar on CMS is
negligible.
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Figure 3. Variation of (a) O2 purity, (b) O2 recovery, and (c) vacuum pressure of VSA process at various AD step times. (1.8 atm adsorption
pressure and 1.3 LSTP/min feed flow rate conditions.)

5.2. VSA Process for Air Separation

The effects of AD step time on O2 purity and recovery
are shown in Fig. 3 and Table 3. In Fig. 3(a), purity
decreased as the AD step times increased. This is be-
cause the increased AD step time led to a breakthrough
of N2 toward the bed end. Purity decreased somewhat
broadly because the VU step time increased simulta-
neously with the AD step time. However, the lower
regeneration pressure by the increased VU step time in
Fig. 3(c) could not offset the improvement in purity.
In Fig. 3(b), recovery increased almost linearly with
the extension of AD step times because the prolonged
AD step time caused the increment of the net product
amount. As a result, the oxygen of 90+% oxygen can
be produced with the recovery of 50% in the zeolite
13X VSA.

The N2 mole fraction at the end of AD step was kept
constant for about 15 sec regardless of the propagation
of N2 MTZ. However, after 15 sec, the bed end was
gradually contaminated because the N2 MTZ propa-
gated noticeably to the bed end. The VU step time was

Table 3. Steady state O2 purity and recovery of VSA process
at 5 atm and 4 LSTP/min.

Adsorption step
time [sec] O2 purity [%] O2 recovery [%]

25 Expt. 93.85 56.80

Calc. 94.05 50.60

30 Expt. 93.55 64.07

Calc. 91.97 58.85

35 Expt. 91.49 70.71

Calc. 89.77 65.82

40 Expt. 87.02 75.56

Calc. 87.49 71.71

also extended with an increase in AD step time to main-
tain the cyclic symmetry. However, the extended VU
step time could not reduce the remaining N2 amount
at the end of the VU step. This is because the incre-
ment of remaining N2 amount at the AD step exceeded
the increased desorption amount at the VU step in the
case of simultaneous extension of the AD and VU step
times.

5.3. PSA Process of Oxygen Purification

The performance of the PSA process using a binary
mixture is presented in Table 4. The purification pro-
cess produced high purity oxygen of 99.8+% with
high recovery and productivity because O2 was ob-
tained mainly from the adsorbed phase after removing
Ar from the gas phase. The result implies that the oxy-
gen product from the VSA process can be successfully
purified by the PSA process. In addition, the modified
LDF model with a concentration-dependent diffusivity
showed a good prediction in the experimental results
at a steady-state.

Figure 4 shows the MTZ and velocity profiles at the
end of each step along the bed. In Fig. 4(a), the O2 con-
centration at the end of the PR step showed a favorable
decrease near the bed end because Ar in the gas phase
was concentrated at the bed end by O2 adsorption. At
the end of the AD step in Fig. 4(b), O2 concentration

Table 4. Steady state O2 purity, recovery and productivity
of PSA process at 5 atm and 4 LSTP/min.

Productivity
O2 purity [%] O2 recovery [%] [mmol/g·sec]

Expt. 9.87 56.90 5.97 × 10−3

Calc. 99.86 58.23 6.10 × 10−3
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Figure 4. O2 concentration profiles in the gas phase at each step of PSA process at 5 atm and 4 LSTP/min.

decreased steeply and nearly approached the bed end.
The adsorbed phase nearly reached the saturated con-
dition with O2 at the feed inlet boundary and a cer-
tain amount of Ar, which could not diffuse into the
CMS, was concentrated in the vicinity of the bed end.
At the end of the BD1 step in Fig. 4(c), the high
purity O2 was purged to the other bed. However, a
certain amount of desorbed Ar remained in the gas
phase. Moreover, the O2 concentration profiles were a
concave shape observed in the bed end. Because Ar
was concentrated at the bed end in the previous step,
the adsorbed Ar at this part of the bed desorbed very
slowly. At the end of the BD2 step in Fig. 4(d), the
whole bed was virtually kept clean with high purity
O2 of over 99.5% because most of the impurities in
the gas phase were vented in the previous step. At the
end of the PU step shown in Fig. 4(e), the feed in-
let was kept clean with high purity O2 received from
the other bed. However, as the adsorption of O2 pro-
ceeded, the O2 mole fraction in the gas phase decreased
gradually.
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