
Pressure Swing Adsorption: An Experimental 
Study of Diffusion-Induced Separation 

Gas separation based on differences in intraparticle diffusion rates 
was achieved by four-step pressure swing adsorption (PSA) process. 
The application studied was the separation of nitrogen from air using 
molecular sieve type RS- 10. Systematic PSA experiments were con- 
ducted in bench-scale equipment to study several variables, including 
duration of steps of the cycle, flow rates, pressure ratio, subatmo- 
spheric blowdown and purge, and column geometry. 

The test results were compared with predictions of a mathematical 
model (Shin and Knaebel, 1987). In all cases, the trends of product pu- 
rity and net recovery of both theory and experiment were in close agree- 
ment. Since the theory accurately portrays the overall behavior of the 
process, the transport mechanisms embodied in the theory may provide 
insight into diffusion-induced separation by PSA. In addition, by review- 
ing the results of the parametric studies of the variables, it has been 
possible to gain an intuitive understanding of the relations between fac- 
tors that affect each step, and hence overall performance. 

Introduction 
Pressure Swing Adsorption (PSA) has become a subject of 

interest for small-scale gas separation because of its potential 
for high separation performance (in terms of product purity and 
recovery), compared with alternate technologies. Depending on 
the mechanism that is exploited, PSA separations can be catego- 
rized as equilibrium-based or diffusion-induced. Equilibrium- 
based separation, which exploits the differences in equilibrium 
capacities of gases on an adsorbent, has been fairly well estab- 
lished theoretically and experimentally and already commer- 
cialized for some applications (Ruthven, 1984; Wankat, 1986; 
Yang, 1987). In contrast, diffusion-induced separation exploits 
differences in intraparticle rates of diffusion within an adsor- 
bent. This approach has been developed over the past decade as 
manufacturing techniques for suitable carbon and zeolite mo- 
lecular sieves have advanced. To date, only production of nitro- 
gen from air is known to be commercialized. 

Recently, several experimental studies and theoretical models 
of diffusion-induced separation have been published (Yang and 
Doong, 1985; Doong and Yang, 1986,1987; Hassan et al. 1986, 
1987). They focused primarily on presentation of the theoretical 
models and the effects of a few variables on performance. 

The operatioR of the diffusion-induced PSA process is more 
subtle than that of the equilibrium PSA process because the 
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concentration profile produced along a bed cannot be kept very 
sharp, as it is effected by differences in kinetic selectivity of 
gases into the adsorbent. Therefore, to gain a thorough under- 
standing of the diffusion-induced PSA process, a systematic 
study of the effects of operating conditions and design variables 
on PSA performance is needed. The primary scope of this paper 
is to present bench-scale experimental data and to test our previ- 
ous model (Shin and Knaebel, 1987). The system studied here is 
nitrogen production from air with molecular sieve RS-10. Sev- 
eral operating parameters (including step time, inlet velocities, 
pressure ratio, subatmospheric blowdown and purge, and col- 
umn geometry) were examined in terms of product recovery and 
purity. 

Numerical Simulation 
Numerical simulations were performed using the model in 

our previous paper (Shin and Knaebel, 1987). That model was 
comprised of separate continuity equations that applied within 
the adsorbent particles and along the bed axis. Fick's law was 
presumed to apply for each component within the particles, 
based on independent effective diffusivities. The time and posi- 
tion dependence of compositions, velocities, etc., was determined 
by orthogonal collocation and integration by Gear's method. 

Actually, this model is not likely to depict the concentration 
profiles within an adsorbent particle per se, because there exists 
a bidisperse pore size distribution and the limiting diffusion 
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resistance is likely within the micropores of the 1- to 10-fim- 
sized crystals. If that is true, the size of a crystal may be scaled 
to that of a particle and the predicted concentration profiles may 
be considered to be those within a crystal, while the composition 
profiles within the macropores of a particle remain essentially 
flat. 

All the required parameters in the simulations were measured 
in separate experiments except for the effective diffusivity of 
oxygen and the diffusivity ratio of nitrogen and oxygen. Since 
diffusivities of gases in porous solids are known to depend on 
pressure and temperature and those, along with the external 
film composition and the intraparticle concentration profiles, 
vary significantly during the PSA cycle, it was felt that classical 
techniques for measuring diffusivities would not have clear cor- 

respondence to actual PSA operation. Consequently, those two 
diffusivity parameters were estimated by simulating the PSA 
process over a range of operating conditions for a series of trial 
values and comparing the results with experimental counter- 
parts. Specifically, the experiments analyzed in this manner 
were 1-4, 13-15, and 20-23 (cf. Table 1). Subsequently, PSA 
performance was predicted for other operating conditions, ad- 
justing no parameters. This approach may have partially com- 
pensated for inadequacies of the model, i.e., by empirically and 
implicitly accounting for effects that were not explicitly dealt 
with in the model. 

A large-film mass-transfer coefficient was used because for 
all cases empirical estimates implied that film mass transfer 
resistance was negligible compared to intraparticle mass trans- 

Table 1. Experimental Conditions and Corresponding Experimental and Theoretical Results 

Duration High Low % Recovery Nz mol %I 
Expt. - Pres. Pres. Temp. Blowdown Column NH x lo3 Nm x lo3 
No. t ,  fl r3  t, (kPa) (kPa) (“C) &Purge* Type** (m3at  STP) (m3atSTP)  Exp. Theory Exp. Theory 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

25 2 3 15 
30 2 3 15 
35 2 3 15 
40 2 3 15 
35 2 3 I5 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 
50 2 3 15 
70 2 3 15 

100 2 3 15 
35 6 3 15 
35 10 3 I5 
35 15 3 15 
35 6 3 15 
35 6 3 15 
35 6 3 15 
35 6 3 15 
35 2 3 15 
35 2 5 15 
35 2 8 15 
35 2 11 15 
35 2 2 15 
35 2 5 15 
35 2 9 15 
35 2 12 15 
35 2 3 11 
35 2 3 20 
35 2 3 25 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 
35 2 3 15 

358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
200 
358 
6 20 
200 
620 
200 
358 
620 
200 
358 
620 
358 
358 

117 23.5 
118 22.0 
117 23.0 
116 23.5 
117 24.5 
117 24.5 
116 25.5 
117 25.0 
119 23.0 
119 22.0 
118 22.0 
119 21.2 
110 24.0 
109 24.0 
107 25.5 
109 25.0 
110 27.0 
111 26.0 
111 25.5 
112 25.5 
110 25.0 
108 24.2 
107 24.0 
115 24.8 
109 25.8 
106 26.3 
105 24.8 
112 26.7 
110 25.2 
113 23.6 
113 22.3 
123 23.0 
154 24.5 
113 22.3 
152 25.4 
60 22.8 
79 22.5 

122 21.6 
60 22.0 
78 22.0 

119 21.5 
120 24.0 
125 24.5 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
S 
S 
S 
S 
S 
S 
A 
A 

I 
I 
I 
1 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I1 
111 

0.182 
0.218 
0.254 
0.291 
0.218 
0.254 
0.273 
0.291 
0.393 
0.393 
0.393 
0.393 
0.291 
0.291 
0.291 
0.291 
0.291 
0.291 
0.291 
0.291 
0.291 
0.291 
0.291 
0.349 
0.349 
0.349 
0.349 
0.291 
0.291 
0.291 
0.393 
0.393 
0.393 
0.131 
0.663 
0.393 
0.393 
0.393 
0.218 
0.433 
0.628 
0.393 
0.393 

0.0166 
0.0166 
0.0166 
0.0166 
0.0 166 
0.0166 
0.0166 
0.0166 
0.0166 
0.0166 
0.0166 
0.0 166 
0.0166 
0.0166 
0.0166 
0.0166 
0.0309 
0.0439 
0.0602 
0.0166 
0.0276 
0.0442 
0.0607 
0.0439 
0.0439 
0.0439 
0.0439 
0.0 166 
0.0166 
0.01 66 
0.0166 
0.0166 
0.0166 
0.0166 
0.0166 
0.0166 
0.0166 
0.0166 
0.0166 
0.0166 
0.01 66 
0.0166 
0.0166 

6.44 6.38 
8.16 8.61 

10.65 10.92 
12.39 12.15 
7.07 8.25 
9.41 9.85 

11.67 11.72 
12.99 12.13 
25.84 17.02 
21.36 16.09 
22.74 15.50 
22.18 15.96 
9.39 8.35 
7.40 6.32 
5.10 5.00 
9.19 8.59 
1.07 7.62 
6.43 6.99 
5.41 6.13 

11.51 12.44 
9.72 9.67 
6.74 6.59 
3.37 4.08 

16.63 14.33 
10.76 11.55 
8.57 8.47 
8.26 7.21 
7.35 8.56 

11.95 14.27 
13.30 16.07 
41.56 37.64 
22.46 16.07 
12.54 8.00 
13.83 13.09 
23.05 16.73 
28.89 27.70 
19.05 14.43 
12.03 7.15 
16.87 16.08 
21.83 16.06 
23.12 15.04 
22.40 16.46 
22.37 16.15 

99.75 
99.55 
99.0 
98.35 
99.6 
98.85 
98.3 
97.8 
90.8 
90.7 
91.4 
91.2 
98.25 
98.9 
99.0 
98.45 
98.5 
98.7 
98.8 
97.95 
98.5 
98.85 
99.0 
95.85 
96.8 
97.3 
97.65 
98.75 
97.7 
97.0 
82.3 
93.7 
98.2 
93.8 
93.7 
86.15 
95.05 
98.4 
93.8 
93.7 
93.7 
89.0 
82.3 

100.0 
99.89 
99.09 
98.59 
99.88 
99.41 
98.77 
98.49 
95.39 
96.23 
96.18 
96.02 
99.7 
99.82 
99.88 
99.63 
99.76 
99.83 
99.93 
98.71 
99.42 
99.79 
99.96 
97.47 
98.72 
99.15 
99.1 
99.87 
97.92 
96.57 
82.27 
94.97 

94.45 
97.58 
87.93 
97.29 

95.41 
96.24 
98.53 
94.44 
89.72 

100.0 

100.0 

- 
Note: Pairs of experiments like 3 and 6.8 and 20,9 and 32, and 13 and 16 were done under the same experimental conditions, respectively; however, the theoretical results 

*A-atmospheric, i.e., 117.0 f 12.0 Wa except for experiment 33; S-subatmospheric, the receiver was maintained at about 20.0 Wa, but the column pressure sometimes 

**I: d = 0.0208 m, L - 1.016 m; 11: d - 0.0394 m, L - 0.284 m; 111: d - 0.0635 m, L - 0.109 m. 
The absolute percentage deviations between theory and experiment are: for recovery. average - 2.52%. maximum = 8.82%; for purity, average - 1.812, maxi- 

were not same due to the variation of column low pressure and ambient temperature, which were used to calculate the interstitial velocities for simulations. 

was as high as 122.0 kPa due to the inability of the system to accommodate large volumetric flows. 

mum - 7.42%. 
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fer resistance. Similarly, the Peclet number during high-pres- 
sure feed step was calculated from an empirical correlation (Ed- 
wards and Richardson, 1968) by the use of the interstitial inlet 
velocity and was considered constant during all steps. 

As in the previous work, the pressure in the bed at any time 
was specified apriori. In this case, experimental data were used 
so that the predictions closely correspond to actual experimental 
conditions. It was noted, however, that simpler profiles (e.g., 
combining the pressurization and feed steps and blowdown and 
purge steps, respectively, as two exponentially damped shifts) 
caused insignificant deviations from the exact profiles. In addi- 
tion, as before eight collocation points along the radius of an 
adsorbent particle and six collocation points along the axis of the 
bed were used in all simulations. Using a VAX 8500 minicom- 
puter, about one CPU-hour was required to reach cyclic steady 
state. Fewer cycles were required to attain cyclic steady state in 
simulations than in the corresponding experiments because the 
capacitance of the product tank was ignored in the theory. In 
addition, the purge gas composition was taken to be that of the 
time-averaged product from the previous feed step. As a result, 
simulations of either one- or two-column systems yield identical 
results. 

Experimental Procedure 
Measurement of adsorbent parameters 

The required adsorption and physical properties of molecular 
sieve RS-10 (Union Carbide Corp.) were measured in separate 
experiments, and the values are summarized in Table 2. The iso- 
therm slopes were derived from equilibrium isotherms of the 
pure gases at 27OC, which were measured volumetrically, Figure 
1. The equilibrium adsorption isotherms of RS-10 are very simi- 
lar to those of zeolite 4A measured by Ball (1985), reflecting 
their similar sodium alumino silicate compositions. The diffusiv- 
ity data were estimated from simulations and experiments as 
mentioned previously, and were assumed to be independent of 
pressure and concentration. 

PSA experiments 
The PSA experiments were performed for nitrogen produc- 

tion from air with molecular sieve RS-10. The schematic dia- 
gram of the bench-scale process is shown in Figure 2. The adsor- 
bent was pretreated for 24 hours at 4OOOC under full vacuum 
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n 

I I I I I - 

0 . 0  1.0 2.0 3.0 4.0 5 . 0  6 . 0  7 . 0  

EQUILIBRIUM PRESSURE (BAR1 

Figure 1. Equilibrium isotherms of nitrogen and oxygen 
on molecular sieve RS-10 at 27°C. 

before its use. A single fixed-bed of adsorbent and a four-step 
PSA cycle was used to simplify control and data acquisition, and 
to facilitate process identification. All solenoid valves were con- 
trolled by a DEC PDP 11/73 microcomputer; and pressure, flow 
rates, and product concentration were acquired and simulta- 
neously monitored on a CRT screen. When cyclic steady state 
was reached, the computer stored all necessary data in its virtual 
memory for subsequent retrieval and off-line analysis. Cyclic 
steady state was presumed when there were no changes in the 
pressure and composition in the product tank. A series of four 
35-L tanks were used to minimize pressure fluctuations of the 
feed. In addition, a pressure controller on the feed tank helped 
keep the flow rate during high-pressure feed step constant. 

The concentration of the product was analyzed by a Perkin- 
Elmer MGA-1200 Multiple Gas Analyzer. Since argon was 
partially isolated with nitrogen and its concentration was rela- 
tively low (less than 2%), argon was considered as a part of the 
nitrogen, and so air was considered to be a binary mixture. Nor- 
mally, the pressurized bed after a high-pressure feed step was 
discharged to atmospheric pressure during blowdown and 
purge, except for a series of experiments employing vacuum for 
blowdown and purge. For those cases, the pressurized bed was 
discharged to the partially evacuated by-product tank. 

Table 2. Characteristics of Adsorbent and Packed Bed 
~- 

Particle density 
Bulk density 
Particle radius 
Bed void fraction 
Bed inner diameter 
Bed length 
Effective diffusivity of O2 
Effective diffusivity of N, 
Eff. diffusivity ratio of N2 to 0,: 

Isotherm slope of 0, 

1790. kg/m’ 
724. kg/m’ 

8 x 10-4m 
0.6 
0.0208 m 
1.016 m 
3 x 10-’m2/s 
6 x 10-9m2/s 

0.02 

3.822( kmol/m’ gas ) kmol/m’ solid 

0.0394 m* 
0.284 m* 

0.0635 m* 
0.109 rn* 

kmol/m3 solid ** 
6.545 ( ) kmol/m’ solid 

Isotherm slope of N, 8.178( kmol/m’gas j ’ kmol/m’ gas 
Mass transfer coefficient of O2 
Mass transfer coefficient of N2 

10 m/s 
10 m/s 

*These two columns were used for the study of column geometry effect. 
**This value was used in the numerical simulation of the feed pressure of 620 kPa due to the deviation from linearity. 
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PC Pressure Conlroller 
PT Pressure Transducer 
FC Flow Controller 
FM Flow Meter 
SV Solenoid valve 
NO Normally Open 
NC Normally Closed 
COM Common 

Flgure 2. PSA experimental apparatus. 

PSA performance was determined in terms of product purity 
and recovery following attainment of cyclic steady state. The 
fractional recovery was defined as the ratio of the number of net 
moles of nitrogen produced to the number of moles of nitrogen 
fed to the system. Both quantities were measured over several 
cycles via a wet test meter. 

Results and Discussion 
Eleven operating variables were examined in PSA experi- 

ments. In each study, only the examined variable was changed 
and other variables were kept as constant as possible. About 24 
hours of operation were required to reach cyclic steady state in 
each experiment because of transient effects in the product tank. 
All experimental conditions and corresponding results are sum- 
marized in Table 1. 

The detailed results are discussed in the following sections. 
Prior to reviewing those, however, some general observations 
regarding comparisons of the experimental results and corre- 
sponding theoretical predictions are in order. For example, the 
most significant discrepancies between theory and experiment 
occur at either moderate pressure (e.g., 358 kPa) and low prod- 
uct purity, or high pressure (e.g., 620 kPa). Under those condi- 
tions, the assumptions of linearity and independence of the iso- 
therms begin to break down. The former is evident in Figure 1, 
while the latter has been demonstrated by Miller et al. (1987) 
for oxygen in air with zeolite 5A at 25OC. Specifically, they 
found that, at oxygen partial pressures greater than about 0.5 
bar, the mixed gas and pure component isotherms begin to 
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deviate significantly. In PSA operation such high partial pres- 
sures are associated with low product purity and/or high total 
pressure during the feed step. 

Another assumption that may have caused part of the dis- 
crepancy at moderate to high pressures is the presumption of 
Fickian diffusion and a constant diffusivity to represent the 
sorption mechanism within a particle. In diffusion through a 
porous solid, both bulk diffusion and Knudsen diffusion may 
contribute to the observed rate. As a limiting case when diffu- 
sion occurs in the Knudsen regime (i.e., at  low pressures and in 
small pores), pressure does not affect the diffusivity; hence, that 
effect may be omitted as was done here. Conversely, since the 
molecular sieve particles are comprised of 1- to 10-Fm-sized 
crystals and inert binder, the particles have a bidisperse pore 
size distribution. Thus, depending on conditions, diffusion may 
occur in the transition regime, and so the pressure effect on dif- 
fusivity may be significant. 

For all that, the predicted and observed trends of performance 
are in good overall agreement: no significant systematic devia- 
tions are apparent. On the other hand, there exist some signifi- 
cant discrepancies between experimental and predicted perfor- 
mance in certain cases. Nevertheless, the average absolute 
differences between the experimental and predicted recoveries 
and product purities are only 2.52 and 1.81%, respectively. 

Eflect of duration and inlet velocity of high-pressure 
feed step 

The role of the high-pressure feed step is to produce the puri- 
fied product. Since the concentration profile formed during 
high-pressure feed step is diffuse, increasing the amount of feed 
admitted results in lower purity product but a larger quantity of 
product. Even though more feed is consumed resulting in lower 
purity of the product and both of these effects tend to decrease 
recovery, the product recovery actually increases because the 
increase rate of the net amount of product is greater than those 
two opposing effects, Figures 3 and 4. The trade-off between 
product purity and recovery is a characteristic of diffusion- 
induced separation and is contrary to some ranges of equilibri- 
um-based separations. This tendency is also exhibited in the fol- 
lowing experimental results. 
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I 
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5 . 0  ' I 97.0 

FEED STEP DURATION, S 

Figure 3. Effect of feed step duration on product recov- 
ery and purity. 
E - experiment; T - theory. (See experiments 1 4  in Table 1 for 
conditions.) 
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Figure 4. Effect of feed velocity on product recovery and 
purity. 
E - experiment; T - theory. (See experiments 5-8 in Table 1 for 
conditions.) 

To this point, the separate effects of increasing the amount of 
feed by increasing either the step duration or feed velocity have 
been discussed. Since they may be coupled phenomena, a subse- 
quent series of experiments investigated the effect of the dura- 
tion of the high-pressure feed step for a fixed amount of feed. 
Figure 5 shows how the feed velocity was changed to give the 
same number of moles of feed for each duration of that step. As 
shown in Figure 5, a short duration of the high-pressure step (for 
a fixed amount of feed) results in a small increase in product 
recovery, with no noticeable change in purity. On the other 
hand, a t  longer durations there is no significant change in prod- 
uct purity or recovery. The shorter duration apparently results 
in more product due to less adsorption of feed, but the product 
purity diminishes slightly because of the diffuse concentration 
profile formed during high-pressure feed step. Conversely, for a 
longer duration there is not much variation in product purity or 
recovery because adsorption approaches equilibrium more close- 
ly. 
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Figure 5. 
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Comparison of a short high pressure feed step 
with a long high pressure feed step for a flxed 
amount of feed. 
E - experiment; T - theory. (See experiments 9-12 in Table 1 for 
conditions.) 

Effect of duration of the blowdown step 
Since a longer blowdown step allows more desorption of the 

adsorbed impurity oxygen, the capacity for the adsorption of 
oxygen will increase during the subsequent pressurization and 
high-pressure feed steps. In addition, the adsorbed nitrogen, 
which is the desired component, diffuses slowly out of the adsor- 
bent during blowdown due to its lower diffusivity, which helps to 
cleanse the bed. Both of these effects result in purer product. 
Larger quantities of feed are required, however, during the pres- 
surization step, and smaller quantities of net product are pro- 
duced due to increased loss of gases as blowdown time increases. 
As a result, the recovery decreases, Figure 6. One more interest- 
ing point in this figure is that the product purity reaches a pla- 
teau for blowdown times greater than 10 s. Beyond 10 s, only the 
product recovery decreases without any significant increase in 
product purity. Therefore, the blowdown time should be deter- 
mined with regard to this constraint. 

Effect of the purge step velocity and duration 
The function of the purge step is to cleanse the bed by purging 

the column with part of the product stream produced during the 
high-pressure feed step. The bed can be more completely 
cleansed by simply using more purge gas. In Figure 7, the 
amount of purge gas is increased by increasing the purge gas 
velocity a t  constant duration. The results show that, even though 
there is a slight increase in product purity for higher purge 
velocity, the product recovery decreases drastically. In this set of 
experiments, the durations of the blowdown and purge step were 
6 and 3 s, respectively. This means that 9 s of blowdown and 
purge was sufficient to remove much of the adsorbed oxygen and 
to allow cleansing action by desorbed nitrogen. Therefore, 
increasing the amount purged by simply increasing the purge 
gas velocity results only in a drastic decrease in recovery, with- 
out a significant concomitant increase in product purity. 

Another way to increase the amount of purge gas is to 
increase the duration of the purge step, Figure 8. For those 
trials, the duration of the blowdown step was 2 s, and the dura- 
tion of the purge step was varied from 3 to 11 s. The results show 
that, in the region of short purge time (less than 7 s), there is 
little increase in product purity. This small increase is probably 
due to greater desorption of oxygen and the self-cleansing effect 
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Figure 6. Effect of blowdown step duration. 
E - experiment: T - theory. (See experiments 8 and 13-15 in Table 
1 for conditions.) 

AIChE Journal September 1988 Vol. 34, No. 9 1413 



I 0 1  .o  10.0 I 1 I I I I 

9.0 

8.0 

7.0 

6 . 0  

- 

- 

. 

z 
100.0 g -I U < 

- 

- 

- 

- 

- 
- 

I + 

99.0 

98.0 

97.0 

99.0 5 
0 
0 
U + H i 95.0 

I I I 

Y 

97.0 y I :  I 

I I I I I 5 .0  I I 96.0 
1.0 2 .5  4.6 6.5 8.3 10 .1  12.0 

PURGE VELOCITY (M/S) X 1024x2 

Figure7. Effect of purge velocity on product recovery 
and purity. 
E - experiment; T = theory. (See experiments 16-19 in Table 1 for 
conditions.) 

of gradual desorption of nitrogen, which does not occur during 
the blowdown step because of its short duration. At  longer purge 
times, the purity reaches a plateau (similar to that observed in 
the results of the blowdown duration study), while the recovery 
drops drastically. The drop of recovery in this case is due to the 
combined effect of using more purge gas and increased desorp- 
tion of gases. The results of Figures 7 and 8 indicate that using 
much purge gas to cleanse the bed tends to reduce recovery sub- 
stantially. 

The final parametric study of the purge step examined the 
effect of purge step duration for a fixed amount of purge gas. 
The purge velocity is varied according to the duration to give the 
same number of moles of purge gas, Figure 9. The results show 
that, as the duration increases, the purity increases gradually, 
but the recovery decreases drastically. This trend is expected 
because the 'longer duration of the purge step allows increased 
desorption of gases and thus results in lower recovery but purer 
product. The more significant increase of purity in Figure 9, as 
compared to the previous results, is due to the use of a higher 
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E - experiment; T - theory. (See experiments 2&23 in Table 1 for 
conditions.) 
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inlet velocity during the high-pressure feed step in this set of 
experiments. 

Eflect of duration of the pressurization step 
The effects of the duration of the pressurization step a t  cyclic 

steady state are given in Figure 10. The results show that, as the 
duration increases, the purity decreases but the recovery 
increases. Since nitrogen is the more strongly adsorbed compo- 
nent, longer duration permits greater adsorption of nitrogen. In 
contrast, oxygen is taken up (to the equilibrium limit) nearly 
instantaneously. So, as the time allowed for pressurization 
increases, the gas phase becomes proportionately richer in oxy- 
gen and the subsequent product purity decreases. Also, since 
more gas is adsorbed as the pressurization step is prolonged, 
additional adsorption of gases during high-pressure feed step is 
prevented, and more product is produced, though a t  low purity. 
The consumption of more feed, due to longer pressurization and 
the resulting lower product purity, contributes to a decrease in 
recovery. The product quantity, however, increases a t  an even 
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Table 3. Effect of Pressure Ratio* 

Expt. Pres. % 4 Productivity 
No. Ratio Recovery mol% Ratio 

31 1.755 41.56 82.3 4.78 
32 2.909 22.46 93.1 3.90 
33 4.039 12.54 98.2 2.61 
34 1.763 13.83 93.8 1 
32 2.909 22.46 93.1 3.90 
35 4.074 23.05 93.1 5.46 

*Standard conditions: 1, - 35 s; 1, - 2 s; f, - 3 s; - 15 s; N N  - 0.0166~10-~ 
m’ at  STP. 

greater rate and offsets these two effects. Thus, the overall effect 
is that recovery increases for longer pressurization times. 

Eflect of the pressure ratio 
The effect of the pressure ratio was studied by changing the 

high pressure while the low pressure was kept nearly constant, 
Table 3. The first three results, which were obtained by keeping 
constant all parameters except for pressure ratio, show that as 
the pressure ratio increases the purity increases but the recovery 
decreases. The diverging trends make comparison of the three 
pressure ratios unclear. So, another set of PSA experiments was 
performed to obtain the same purity for three different pressure 
ratios, Le., by adjusting the inlet velocity during high-pressure 
feed step. The results are given in the last three entries in Table 
3. Even though there is a large increase in recovery in the low- 
pressure-ratio region, that effect diminishes at higher pressure 
ratios. Despite that, the productivity increases consistently as 
the pressure ratio increases. The small recovery increase at high 
pressure ratios is partly due to the rate of increase in the total 
amount of feed being greater than that of the net product. 

Eflect of subatmospheric blowdown and purge 
The removal of oxygen can be facilitated by applying vacuum 

to a bed during blowdown and purge step. By doing so, purer 
product is obtained, but recovery decreases due to greater 
desorption of nitrogen as compared with atmospheric blowdown 
and purge, Table 4. For a direct comparison, the same purity of 

product was obtained by adjusting the feed velocity (in the same 
manner as discussed in the previous section). As shown in Table 
5, subatmospheric blowdown and purge are advantageous at low 
feed pressures, but the advantage disappears as feed pressure 
increases. This effect may have been caused by the reduction of 
the time necessary for blowdown when the feed pressure was 
low. That enhanced the removal of oxygen from the bed, which 
improved performance. Nevertheless, at higher feed pressures, 
atmospheric blowdown and purge are sufficient to remove oxy- 
gen. 

Eflect of column geometry 
To study the effect of column geometry, three columns of 

varying L/d  but constant volume were used in PSA experi- 
ments, Tables 1 ,2  and 6. The same duration of each step and the 
same amount of feed and purge were used, so the only variation 
was due to the shape differences. Table 6 shows that the column 
having lowest L / d  gives poorest performance in product purity 
as well as recovery. This trend was explained by the theoretical 
model in our previous paper. Lower interstitial velocities, due to 
larger column diameters (and shortened column lengths), result 
in a decrease in the Peclet number. There is a slight compensa- 
tion due to the slight decrease in the axial dispersion coefficient 
due to the lower interstitial velocity, which contributes to an 
increase in the Peclet number. It is expected that the decrease in 
Peclet number results in poorer separation. In actual experi- 
ments, channeling and/or maldistribution of influent and ef- 
fluent in fatter columns might also have caused poorer separa- 
tion. 

Conclusions 
Nitrogen separation from air has been successfully performed 

with molecular sieve RS-10 by using four-step PSA cycle. Sys- 
tematic studies of important PSA operating parameters in- 
cluded step times, feed and purge velocities, pressure ratio, 
subatmospheric blowdown and purge, and column geometry. 
The results may provide guidance for determining operating 
policies of actual PSA systems. 

Trade-offs between recovery and purity were observed for 
many operating variables, as were interactions among the vari- 

Table 4. Blowdown and Purge for Idential Conditions: Atmospheric vs. Subatmospheric* 

200 kPa 358 kPa 620 kPa 

High Pres. Atmospheric Substmospheric Atmospheric Subatmospheric Atmospheric Subatmospheric 

Expt. No. 31 36 
% Recovery 41.56 28.89 
N,, mol % 82.30 86.15 

32 37 
22.46 19.05 
93.10 95.05 

33 38 
12.54 12.03 
98.20 98.40 

*Standard conditions: 1, - 35 s; t, = 2 s; f, - 3 s; I, - 15 s; NH = 0.393x10-’ m3 at STP; NN - 0.0166~10-’ m3 at STP. 

Table 5. Blowdown and Purge for the Same Products Purity: Atmospheric vs. Subatmospheric* 

200 kPa 358 kPa 620 kPa 

High Pres. Atmospheric Substmospheric Atmospheric Subatmospheric Atmospheric Subatmospheric 

Expt. No. 34 39 32 40 35 41 
5% Recovery 13.83 16.87 22.46 21.83 23.05 23.12 
N,. mol % 93.8 93.8 93.7 93.7 93.7 93.1 

*Standard conditions: f l  - 35 s; f2 = 2s; f3 - 3 s; f, - 15 s; Npu - 0.0166~10-~ m3 at  STP. 
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Table 6. Effect of Column Geometry 

Column I I1 III 
- 

Expt. No. 9 42 43 
% Recovery 25.84 22.40 22.37 
N,, mol % 90.8 89.0 82.3 

I: d = 0.0208 m L = 1.016 m 
11: d = 0.0394 m L = 0.284 m 

111: d = 0.0635 m L = 0.109 m 

Column Dimensions 

Standard Conditions 
t ,  = 35 s t , = 2 s  
t 3 = 3 s  t,= 15s 

NH = 0 .393~10-~  m3 at STP Np, = O.O166xlO-’ m3 at STP 

ables. Those trade-offs and interactions, which for certain com- 
binations proved to be contrary to intuition, made it difficult to 
predict PSA performance by simple generalized rules. There- 
fore, numerical simulation, along with some degree of experi- 
mental verification, is practically essential for achieving a thor- 
ough understanding of diffusion-induced PSA performance. 

Theoretical results were obtained by numerical simulation 
with a fairly simple model. Only two parameters were deter- 
mined empirically, viz., the effective diffusivity of oxygen and 
the effective diffusivity ratio of nitrogen and oxygen. The values 
obtained were 3.0 x lo-’ m*/s and 0.02, respectively. Theseval- 
ues were not varied subsequently, and the predicted trends were 
found to be in close agreement with those of experiments a t  43 
sets of conditions by varying 11 operating conditions or design 
parameters. In fact, the average absolute differences between 
experimental and predicted recoveries and product purities were 
only 2.52 and 1.8 196, respectively. These errors seem relatively 
small in view of the ranges of the variables studied and the 
inherent complexity of the process. 
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Notation 
d = column inner diameter 
L = column length 
N = volume at  STP of gas entering column during step indicated by 

t, = duration of stepj 
subscript, H or Pu 

Subscripts 
H = high-pressure feed step 

Pu = purge step 
j = stepj, 1 to 4 

1 = high-pressure feed step 
2 = blowdown step 
3 = purge step 
4 = pressurization step 
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