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The separation of air for nitrogen production can be carried out by pressure-swing
adsorption over a carbon molecular sieve. The separation is kinetically based, since the
equilibrium adsorption of both oxygen and nitrogen is very similar, but the oxygen is
adsorbed faster. Several theoretical and experimental studies have been reported, but
mainly dealing with nitrogen purities below 99.9%. The objective of this article is to
study experimentally the effect of different process variables on the performance of a
rate-induced PSA process in the high-purity region. The effect of cycle time on both the
vield and the specific product per unit cycle become more significant as the purity in-
creases. On the other hand, the specific feed per unit cycle is almost insensitive to
product purity, particularly as the cycle time increases. These results agree very well with

predictions from a theoretical model.

Introduction

Pressure swing adsorption (PSA) has become a subject of
interest in gas separations because of its low energy require-
ment and cost. The basic steps involved in a cycle are typi-
cally pressurization, high-pressure adsorption, equalization,
countercurrent blowdown, and purge. PSA processes have
found widespread application in hydrogen purification, air
drying, and air separation (Yang, 1987). In the first two cases,
the separation takes place because of the difference in the
equilibrium adsorption isotherms of the components of the
gas mixture. On the other hand, the separation of nitrogen
from air on a carbon molecular sieve, is kinetically con-
trolled. The adsorption equilibrium isotherms of oxygen and
nitrogen are almost identical, and the preferential sorption of
oxygen in these adsorbents results from the faster adsorption
of that species on the carbon molecular sieve. Recently, sev-
eral theoretical and experimental studies of a kinetically con-
trolled PSA separation have been reported (Yang and Doong,
1985; Hassan et al., 1986, 1987; Shin and Knaebel, 1987, 1988;
LaCava et al., 1989a,b; Farooq and Ruthven, 1990; Ruthven
and Farooq, 1990; Lemcoff and LaCava, 1992; Lemcoff et al.,
1993; Shirley and LaCava, 1993; Ng et al.,, 1993). Hassan et
al. (1986, 1987) studied air separation on a carbon molecular
sieve using different pressure-swing adsorption cycles. The
linear driving-force model was found to adequately represent
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the experimental results. They also observed that the purity
goes through a maximum as the cycle time increases, and that
the yield increases with selectivity. Shin and Knaebel (1987,
1988) studied the separation of nitrogen from air using differ-
ent molecular sieves, and compared the experimental mea-
surements with the predictions of a pore-diffusion model.
They examined the effect of several process variables on the
performance, and found that there is a trade-off between pu-
rity and yield, which is characteristic of the diffusion-induced
separations. Farooq and Ruthven (1990, 1991) and Ruthven
and Farooq (1990) studied the separation of air using both a
carbon molecular sieve and a modified zeolite. They ob-
served a good agreement between experimental data with re-
sults from simulation studies using different models. The
pore-diffusion model shows a closer agreement than the lin-
ear driving-force model, but it is computationally more time-
consuming. They also found that the carbon molecular sieve
gives a higher yield than the zeolite in the low-purity region.
For oxygen concentrations lower than 1%, similar yield can
be achieved with both sieves, but the zeolite has higher pro-
ductivity. However, neither of the preceding studies have an-
alyzed in detail the high-purity region, nor has a theoretical
model been shown to adequately predict the performance in
that region.

The objective of this article is to study the effect of differ-
ent process variables, especially the cycle time, on the per-
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Figure 1. Pressure-swing adsorber.
Valve numbers refer to Figure 2 cycle sequence.

formance of a rate-induced PSA process in the high-purity
region, and to compare the experimental results with the pre-
dictions of a theoretical model, thereby testing the ability of
the model to cover both the high- and low-purity regions.

Experimental Studies

The experiments were carried in a commercial-scale two-
bed nitrogen PSA unit built by The BOC Group, Inc. The
adsorbent beds contained 1.2 m® of commercial carbon mo-
lecular sieve supplied by Generon Systems, Inc. The adsorb-
ent was an extrudate with an average diameter of 2.5 mm and
a bulk density of 630 kg/m>. The PSA unit typically runs a
series of four processing steps in cyclic fashion. In the first
step of a cycle, one bed is pressurized with air while cocur-
rently producing nitrogen gas, while the second bed is regen-
erated by venting countercurrently to the atmosphere or to a
vacuum. At the end of this first step both the product and
feed ends of the beds are brought into fluid communication,
causing gases from the bed at high pressure to flow into the
regenerated bed until pressure equalization occurs. During
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Figure 2. Valve sequencing for the PSA cycle.
B Open; O closed.

regeneration the low-pressure bed is sometimes purged with
a small fraction of the purified product stream, although this
was not done in the experiments described this article. Pres-
surization of the adsorber beds was controlled according to
the optimal method disclosed by Shirley and LaCava (1993).
The repressurization process involves first slowly introducing
feed gas for an initial period into the bed inlet to raise the
bed pressure to an intermediate pressure less than the pro-
duction pressure. Subsequently, the feed gas is rapidly intro-
duced for a second period less than the initial period until
the production pressure is reached. The PSA unit used in the
experiments is shown in Figure 1. A full cycle on the PSA
plant is shown in Table 1, while the typical timing and valve
positions are represented in Figure 2.

Cycle times between 120 and 1,200 s, and specific products
between 4.5 and 55 Nm?/m>-h at 6.8X10° Pa adsorption
pressure were tested. The measured gas flow rate is con-
verted to Normal conditions (0°C and 1 atm).

Regeneration was done at atmospheric pressure in all cases.
The change in the cycle time was achieved by changing simul-
taneously the duration of the production and venting steps.
The duration of the remaining steps, pressurization, blow-
down, and equalization, were not modified. To carry out the
measurements at different purities, the product flow is varied
by adjusting a valve, while all the other variables are main-
tained constant. After the steady state is reached, the flows
and oxygen concentration are recorded, and a new adjust-
ment of the valve is made.

Theoretical Model

Numerical simulations were carried out using the dynamic
adsorption process simulator (DAPS), developed by LaCava
et al. (1989a). The following assumptions were made in the
development of the simulator:

Table 1. Cycle Description

Step Adsorbent Bed A Adsorbent Bed B
1 Pressurization Regeneration
2 Continued feed and product release Regeneration
3 Equalization
4 Regeneration Pressurization
5 Regeneration Continued feed and product release
6 Equalization
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e The system is nonisothermal, but the thermal effects are
very small, with the temperature fluctuating by less than 2°C.

e The total pressure remains constant during the produc-
tion and purge steps. On the other hand, the pressure is as-
sumed to increase linearly during pressurization, and follow
an exponential decay during blowdown.

e The flow pattern is described by the axial dispersion
model. The axial dispersion is variable point to point along
the bed, a function of pressure and velocity.

¢ In the equalization step, the detailed composition profile
for the pressurizing gas is taken from the corresponding pro-
file of the depressurizing gas of the other bed (point-by-point
model). During the regeneration step, there was no product
purge.

e The rate of uptake of gases by non-Fickian carbon
molecular sieves is described in terms of the slit-potential rate
model (LaCava et al., 1989b), which considers the slit-cavity
structure of the carbon molecular sieve. Under certain condi-
tions, the Langmuir adsorption rate expression is a good ap-
proximation to the slit-potential-rate model, and it is used in
the present work.

Model equations

Mass balance for component i in the fluid is given by

i

sC b 82¢;, 8(v,C)
st A8z 82

€

—(1-€)R,,

where the rate of adsorption is

g,
R, = FY k4 qmlK; C(1-26,)— 6,].

The boundary conditions for the production step are

c(0,1)=C Dia 26
. D=C.. +
e iF 'y 8z z=0
8C,
(L,)=0  0,(L,0)=Vy,.

8z

For the pressurization step, the only different boundary con-
dition is the velocity at the top of the bed:

v,(L,8)=0.

During the vent step, the dispersion effect is neglected, and
the boundary conditions are:

5C,
—67(14,1‘)=0 v,(L,t)=0.

Kinetic and equilibrium data were obtained using a batch-
column device under conditions of constant temperature and
volume. Pressure was measured continuously using a Data-
metrics pressure transducer and recorded with a Hewlett-
Packard data-acquisition system (Koss et al., 1986; LaCava et
al., 1989b). At 25°C the oxygen and nitrogen monolayer ca-
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pacity is 1.8 107* kmol/kg CMS, and the adsorption and
desorption kinetic constants are, respectively, 7.684 X 1072
m’>/kmol s and 0.0176 L/s for oxygen, and 3.11x 1073
m>/kmol s and 0.000585 L/s for nitrogen.

The PSA performance is determined in terms of the spe-
cific product and yield at a certain nitrogen product purity.
The specific product is defined as the product flow rate per
unit adsorbent volume, while the yield is the ratio between
the net flow rate of nitrogen produced and the flow rate of
nitrogen fed to the system. The specific feed, in turn, is de-
fined as the feed flow rate per unit of adsorbent volume. In
order to make comparisons between the experimental and
computational results the data were normalized according to
their values at a given reference point: 1% oxygen product
concentration at 360-s cycle time. In addition, the specific
feed and specific product data were placed on a per-cycle
basis (rather than a per-unit time basis) so as to separate the
data on the graphs, for ease of reading. Accordingly, the data
are shown graphically as either product/cycle, feed /cycle, or
the ratio product/feed, which is a measurement of the yield.

Results and Discussion

The experimental results obtained are shown graphically in
Figures 3a through Sa. Figure 3a is a plot of the product per
cycle vs. the product purity, while Figure 4a is a plot of the
product yield (product/feed ratio) vs. the product purity.

In the low-purity regime, where the range of product pu-
rity varies from 0.1% to 10.0% O, (1,000 to 100,000 ppm O,),
both the product per cycle and yield tend to converge, indi-
cating that the purification of product is relatively inde-
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Figure 3. Product rate (product flow/cycle, normalized)
as a function of product purity (ppm O,) for
four cycle times.

Top: experimental; bottom: predicted.
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Figure 4. Product yield (product flow/feed flow, normal-
ized) as a function of product purity (ppm O,)
for four cycle times.

Top: experimental; bottom: predicted.

pendent of cycle time. This could only be so if the shape of
the mass-transfer zone (MTZ) is insensitive to the cycle time
at low purities (Schork et al., 1993). It would be expected that
the MTZ would span the length of the adsorbent bed in the
low-purity region, because of the small amount of O, ad-
sorbed (Ng et al, 1993). In addition, in this region the
throughputs are high (specific product/cycle/pore volume
> 1), meaning that the average exposure time of a molecule
to the CMS is small relative to the cycle time. This would
also cause the shape of the MTZ to tend toward being cycle
time-independent.

In the high-purity region, that is, product purities from
0.001% to 0.1% O, (10 to 1,000 ppm O,), the curves in Fig-
ures 3a and 4a have a greatly different behavior. The prod-
uct/cycle curves begin to diverge in greater degree as the
product becomes more pure, while the product yield curves
begin to separate one-by-one as the purity goes up. The
shortest cycle times give the lowest amount of product per
cycle as well as the lowest yields. The longest cycle time, 1,200
s, has the smallest variation in product/cycle as the purity
goes up, while the shortest cycle time, 240 s, has the greatest
variation. It is also interesting to note the “breakpoints” at
which individual yield curves separate from others: about
5,000 ppm O, for a 240-s cycle time; about 170 ppm for 360-s;
and about 100 ppm for 480 s. Although the mechanistic cause
for this behavior is unknown, it is most probably related to
the diffusional limitations of the adsorbent to purify a por-
tion of the feed within the allotted cycle time. As the purity
requirement increases more oxygen needs to be adsorbed, re-
quiring a longer exposure time for that uptake to occur.
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Figure 5. Feed rate (feed flow/cycle, normalized) as a
function of product purity (ppm O,) for four
cycle times.

Top: experimental; bottom: predicted.

While the product /cycle and product/feed ratios show dis-
tinctly similar behavior in both the high- and low-purity re-
gions, a plot of the specific feed multiplied by the cycle time
vs. the product purity differs from these parameters alto-
gether. Figure Sa is a plot of the specific feed multiplied by
the cycle time vs. the product purity. The feed /cycle ratio is a
measure of the amount of air processed per cycle to achieve
a certain purity. As can be seen from Figure Sa, the feed /cycle
values are fairly insensitive to product purity, particularly as
the cycle time increases. This insensitivity of the feed/cycle
to purity is even greater when one considers that a portion of
the feed ends up as product, and that the volume of product
decreases as the purity increases. If only the amount that is
vented from the adsorbers as waste is considered (feed-prod-
uct), this parameter is almost independent of purity.

The results from the simulation studies at 6.8 X 10° Pa (85
psig) adsorption pressure and different cycle times are repre-
sented in Figures 3b—5b. A direct comparison between the
predicted values and the experimental measurements at two
cycle times is shown in Figures 6—-8. A good agreement is
observed, specially at high purities. The dependence of both
product /cycle and product/feed on the oxygen concentration
increases as the cycle time decreases. It can be seen that at
1% (10,000 ppm) oxygen in the product, the product/cycle at
240-s cycle time is less than the value at 1,200-s cycle time, as
it is at an oxygen concentration of 10 ppm. The yield mea-
sured at 240-s cycle time, in the range of oxygen concentra-
tions considered, is always lower than that at 1,200 s. How-
ever, the difference is smaller at the higher oxygen concen-
tration.
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Figure 6. Comparison between the predicted and ex-
perimental product rate for two cycle times.

The product /cycle data shown in Figures 3a and 3b repre-
sent the amount of nitrogen produced per unit bed volume
during the cycle. It can be seen that this amount increases
with cycle time, and also as the purity decreases. Due to the
kinetic control of the adsorption of nitrogen from air, as the
cycle time increases more gas is adsorbed during the adsorp-
tion step. Since oxygen adsorbs faster than nitrogen, higher
purities can be achieved for the same nitrogen production
rate, or at a constant purity, higher production rates can be
reached. In the high-purity regime there is good agreement
between the calculated and experimental data. The largest
disagreement appears to occur for the product/cycle data at
1,200-s cycle time in the low-purity regime, where the calcu-
lated values are much greater than the experimental values.
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Figure 7. Comparison between the predicted and ex-
perimental product yield for two cycle times.
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Figure 8. Comparison between the predicted and ex-
perimental feed rate for two cycle times.

This can be attributed to the different pressurization rate,
which has been shown to affect the process performance
(Shirley and LaCava, 1993).

A reasonable agreement between the experimental and
calculated values of the product/feed ratio is shown in Fig-
ure 7. While both sets of data tend to converge in the low-
purity regime, there is more curvature to the experimental
curves than the calculated curves, although the significance
of this is not understood.

The calculated values of feed/ycle as a function of prod-
uct concentration also compare well with the experimental
data (Figure 8). Here the simulator overpredicts the amount
of feed air necessary to produce product at a given purity by
about 20% in the high-purity region. This overprediction may
be due to faster kinetics assumed in the simulator than actu-
ally exists in CMS.

Of course, as Figures 3 and 4 show, both the product/cycle
and product/feed tend to zero as the product purity goes to 0
ppm, but the feed/cycle (Figure 5) goes to some finite, limit-
ing value. By extrapolating the experimental and calculated
data to product/cycle values of zero, the limiting values of
the feed/cycle can be determined. These values reflect the
amount of air needed to bring the adsorber vessels up to the
production pressure, including the amount needed for ad-
sorption as well as that needed to fill the interstitial and pore
volumes in the CMS. In short, they represent on a bulk scale
what microbalance experiments represent on a small scale:
the effect of exposure time on uptake. When plotted against
the part (half) cycle time (Figure 9), the limiting feed /cycle is
a gross measure of the adsorption kinetics of air. At short
cycle times the majority of the limiting feed is due to the gas
needed to fill the interstitial space in the adsorbent beds, such
that very little nitrogen purification occurs, while at long cy-
cle times the adsorption of both nitrogen and oxygen is near
equilibrium levels with little nitrogen purification, again. In-
terpolation of the data gives an adsorption half-time of about
1,600 s, which matches closely that for air at the same pres-
sures from batch adsorption experiments.
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Conclusions

The separation of air by pressure swing adsorption on a
carbon molecular sieve has been studied both experimentally
and numerically over a wide range of product purities. A good
agreement has been found between the experimental results
and the predictions of dynamic adsorption process simulator
(DAPS) over a wide range of purities.

In the low-purity region both the specific product and yield
tend to converge, and the product purity is independent of
cycle time, while in the high-purity region the performance
improves as the cycle time increases. A greater effect of the
oxygen concentration of the product on the performance is
observed at the shorter cycles.

The limiting values of feed /cycle were used to estimate the
adsorption half-time for air in the adsorber vessels. The value
matched closely that obtained from batch adsorption experi-
ments.

Notation

C = gas-phase concentration, kmol/m?
D, =axial dispersion coefficient, m%s
K =Langmuir equilibrium constant, m3/kmol
k, =Langmuir desorption constant, L/s
L =bed length, m
g =adsorbed phase concentration, kmol/m*
q,, =monolayer capacity, kmol/m’
t=time, s
Viroa =825 exit velocity during production step, m/s
v, =axial gas velocity, m/s
z =axial distance, m
€ =bed voidage
6 =9/q

Subscripts

F =feed value
k =component k
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