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Abstract. A two-level fractional factorial study was performed by computer simulation on the periodic state
process performance of a pressure swing adsorption-solvent vapor recovery process (PSA-SVR). The goal was to
investigate factor (parameter) interaction effects on the process performance, i.e., interaction effects that cannot
be ascertained from the conventional “one-at-a-time” approach. Effects of seven factors, i.e., the purge to feed
ratio, pressure level, pressure ratio, heat transfer coefficient, feed concentration, feed volumetric flow rate and bed
length to diameter ratio, on the process performance were investigated. The results were judged in terms of the light
product purity, heavy product enrichment (and relative enrichment) and recovery, and bed capacity factor. Only the
purge to feed ratio, pressure ratio, and feed concentration had significant effects on the benzene vapor enrichment
(and relative enrichment); and no two-factor and higher interactions were observed. The light product purity was
affected by all seven factors; and the relative importance of the effect of each factor depended on the levels of the
other factors, i.e., significant two-factor interaction effects existed. Two-factor interaction effects also existed on
the benzene vapor recovery, although the effects of all seven factors and their interactions were relatively small.
The bed capacity factor was affected mainly by the purge to feed ratio, the heat transfer coefficient and the feed
concentration; two factor and higher order interaction effects were insignificant. Overall, this study demonstrated
the utility of fractional factorial design for revealing factor interactions and their effects on the performance of a
PSA-SVR process.
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Introduction

The pressure swing adsorption (PSA)-solvent vapor re-
covery (SVR) process has been overlooked by industry,
until only recently. However, the recent commercial-
ization of this process has changed this lack of interest
(Holman and Hill, 1992; Hall and Larrinaga, 1993). A
variety of commercial applications of PSA-SVR have
proved its efficiency and economy compared to con-
ventional solvent vapor recovery processes. Its impor-
tant environmental applications include the recovery
and concentration of organic vapors produced from
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wastewater collection and treatment operations, pro-
cess vents, gasoline storage vessel vents, etc. However,
what sets PSA-SVR apart from conventional PSA pro-
cesses is that the performance is based on the light
product purity (usually air), and the enrichment and re-
covery of the heavy component (i.e., the solvent vapor).
In contrast, conventional PSA process performance is
judged by the light product purity and recovery, while
the heavy component is simply an undesirable waste
gas; and over the past two decades, the industrial and
academic focus on the development of most PSA pro-
cesses has been only on the purification and recovery of
the light component. Thus, the understanding of PSA
for heavy product enrichment and recovery is lacking.
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The recent works by Ritter and Yang (1991a,b) ap-
pear to have been the first PSA studies to address
the simultaneous light component purification, and
heavy component recovery and enrichment both ex-
perimentally and theoretically. Following their works,
PSA researchers began investigating heavy compo-
nent enrichment and recovery from a variety of feed
gases (Kikkinides et al., 1991; Kikkinides and Yang,
1991, 1993a,b; Diagne et al., 1994, 1995; Chue et al.,
1995; Liu and Ritter, 1996). These studies collectively
showed that the PSA-SVR process performance is af-
fected by many factors (parameters), including the pro-
cess and operating conditions, and the bed dimensions.
The effects of some important factors on the process
performance have been investigated by Ritter and Yang
(1991a), Chue et al. (1995) and Diagne et al. (1995),
with the most comprehensive study done by Liu and
Ritter (1996). They investigated the effects of nine pa-
rameters on the performance of a PSA process designed
for benzene vapor recovery. However, all of these stud-
ies have taken the familiar “one-at-a-time” approach,
in which all factors are held constant while one factor is
varied, and this process is repeated for each remain-
ing factor. Although this approach may appear very
logical, as the comparisons are made under relatively
homogenous conditions, it is incapable of assessing
the relative importance of each factor and measuring
the extent of interactions between various factors. In
many situations factors interact with each other so that
the performance of the process (responses) depends on
the particular factor level combinations employed.

In view of the various factors contributing to the
PSA-SVR process performance, it is difficult to assess
the relative importance of each factor without a sys-
tematic approach to the problem. Factorial design is
proving to be a very powerful technique when deal-
ing with this kind of problem. For example, Bohn and
Manz (1985) used a 2* factorial design to examine the
interaction effects of various reactor parameters on the
properties of SiNH films; Kannan et al. (1988) used
a one-eighth fractional design to optimize a porous-
carbon fuel-cell electrode; and Gaertner and Dhurjati
used a one-sixteen fractional factorial design to identify
important variables and variable interactions affecting
the hybridoma reaction system (1993a) and a one-half
fractional factorial to identify the important variables
and interactions affecting the kinetics of nutrient uptake
and waste production (1993b).

A factorial design was used here to carry out, by
computer simulation, a systematic and extensive study

on the effects of seven of the most important param-
eters (factors) on the PSA-SVR process performance.
The seven factors (parameters) were: the purge to feed
ratio (PF), pressure level (PL), pressure ratio (PR), heat
transfer coefficient (H), feed molar fraction (YF), feed
volumetric flow rate (VF), and bed length to diame-
ter ratio (LD). The process performance was based on
the solvent vapor recovery (R), enrichment (E), rel-
ative enrichment (Eg), light product purity (y,), and
bed capacity factor (BCF). The overall objective was to
obtain a comprehensive understanding of the relative
importance of the effects of each factor on the process
performance, and the effects of their interactions, if any,
which could not be gleaned from the aforementioned
“‘one-at-a-time” studies.

Process Description and Process
Performance Indicators

Process Description

A four-step, two-bed, PSA-SVR process was simulated
in this study using commercially relevant PSA-SVR
process conditions for the recovery of benzene vapor
from nitrogen (inert carrier gas) using activated char-
coal. The four steps consisted of (I) cocurrent feed
pressurization from Py, to Py, (II) cocurrent high pres-
sure adsorption with feed, (III) countercurrent blow-
down from Py to P (evacuation), and (IV) low pressure
desorption with countercurrent light product purge.
Note that since high affinities exist between the sol-
vent vapor and the adsorbent, vacuum desorption was
necessary in Step IV. The solvent vapor was enriched
and recovered in Steps III and IV, whereas the light
component was purified during Step II. In Step IV the
purge gas used in one bed came directly from the other
bed as the light product of Step II; thus, the inlet purge
gas of one bed had the same composition and temper-
ature as the Step II light product of the other bed at all
times. The amount of the light product that was used
for purge was determined by the PF, which was defined
as the ratio of the actual gas volume used for purge to
the actual volume of the feed gas. In special cases, as
in the present study, where the adsorption step time is
equal to the purge step time, PF is equal to the ratio
of the purge gas velocity at Py, to the feed gas velocity
at PH.

The seven factors were changed as follows. The PF
was increased by increasing the purge flow rate during
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Step IV. The PL was changed by changing both the high
and low pressures, and it was represented by P;. The
pressure ratio was changed by decreasing P, with Py
fixed. The H was simply increased to a different value,
as was the VE. The LD was changed while keeping the
bed volume constant.

Process Performance Indicators

The PSA-SVR process performance at the periodic
state was judged by five process performance indica-
tors: R, E and Eg, y,, and the BCF. R was defined as
the ratio of the number of moles of the solvent vapor
leaving the bed during Steps III and IV to the number
of moles of the solvent vapor entering the bed during
Steps I and II. E was defined as the average mole frac-
tion of the solvent vapor leaving the bed during Steps I11
and IV divided by the mole fraction of the feed solvent
vapor. Eg was defined by Liu and Ritter (1996) as the
ratio of the actual E to the maximum possible enrich-
ment obtained under the most ideal conditions (E;).
The most ideal conditions exist when heat and mass
transfer, and velocity effects are ignored, the gas and
adsorbed phases are frozen during Steps I and III, the
bed is long enough to contain the concentration wave,
and the purge to feed ratio is unity (LeVan, 1995). Liu
and Ritter (1996) showed that under these conditions,
E; is simply equal to Py /Py, and that E; provides a
fixed reference point from which to judge E. y,, was de-
fined as the average mole fraction of the solvent vapor
exiting the light product end of the bed during Step 1.
BCF was defined as (Liu and Ritter, 1996)

L
BCF:/ qdz/q}L (1)
4]

BCF represents the capacity of the bed that is used
at the periodic state (measured at the end of Step II)
compared to the maximum capacity of the bed at the
feed conditions. Thus, at a fixed process throughput
and when there is no solvent vapor breaking through
the bed during Step II, a higher BCF indicates a poorer
performance.

Mathematical Model

The mathematical model used in this study was the
same as that used in a previous study (Liu and Ritter,
1996) and is summarized briefly below. The assump-
tions were inert carrier gas and adsorbent; single com-
ponent feed; negligible column pressure drop; ideal

gas behavior; no radial gradients, and no axial disper-
sion and heat conduction; thermal equilibrium between
gas phase and adsorbent; and temperature-independent
gas and adsorbent properties. The mass and heat trans-
fer were accounted for by using, respectively, the linear
driving force (LDF) approximation, and an overall heat
transfer coefficient.

The total and component mass balances were given
by
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where dq /3¢ was based on the LDF approximation as
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The energy balance was given by
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Equations (6) and (7) denote the temperature dependent
adsorption equilibria for the nitrogen-benzene vapor-
activated charcoal system.
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The initial and boundary conditions are listed below;
they were applied to every cycle:

Stepl: att=0: y=yv, T =T,
q=qv forall z
atz=0: y=y,, T=Tf for all ¢
atz=L:u=20 for all ¢
StepIll: att=0: y=y,T=T,q=q; forallz

atz=0: y=y;,, T=Tr,u=u; forall?
Steplll: att =0: y=yy, T =Ty, g =gy forallz

atz=1L:0y/oz=0,u=0 for all ¢
StepIV: att =0: y =y, T = Ty,
q =qum for all z
atz = L: y(t) = yn(s),
T({t)=Tu(t),u =up for all ¢
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Table 1. Bed characteristics, fixed process conditions,

and physical properties.

Bed diameter 0.027 m
Bed length 0.29 m
Bed void fraction 0.43
Solid density 480 kg/m>
Heat capacity of adsorbent  1.05 kJ/(kg K)
Feed temperature 293 K
Ambient temperature 293K
Total cycle time 20 min
Cycle step time I and HI: 2 min

Il and 1V: 8 min
Gas phase density 1.308 kg/m?
Gas phase heat capacity 1.006 kJ/(kg K)
Heat of adsorption —43.5 kl/mol
Mass transfer coefficient 0.086 1/s
g 4.4 mol/kg
by 3.88 ¢~ m*/(mole K"5)

The pressure history was required as input to the PSA
model. The pressure history was represented by a linear
function of time during Steps I and III; and it was held
constant at Py and Py during Steps II and IV, respec-
tively. The bed characteristics, together with the fixed
operating conditions and physical properties, are given
in Table 1. Details of the solution method are given
elsewhere (Liu and Ritter, 1996); finite differences
were employed along with an appropriate matrix solver.

Fractional Factorial Design of Simulations

A full factorial design is an experimental (or simula-
tion) arrangement in which a small integral number
of levels, /, is chosen for each of k factors, and all /¥
combinations of these levels are run. Clearly, the ma-
jor disadvantage of the full factorial method is that the
number of trial runs required increases geometrically
with k. For example, the present study utilized two
levels (I = 2) for seven luctors (k = 7); the full 27 fac-
torial design would have required 128 trial runs. These
runs would be comprised of one average effect, seven
main effects, twenty-one two-factor interaction effects,
thirty-five three-factor interaction effects, thirty-five
four-factor interaction effects, twenty-one five-factor
interaction effects, seven six-factor interaction effects,
and one seven-factor interaction effect. Fortunately,
however, it is possible to reduce the number of runs
quite substantially by confounding the higher order

Table 2. Factors investigated and their levels*,

PF PL PR H YF VFx 10° LD
Levels (—) (kPa) (—) kI/(m?sK) (%) (m®STPfs) (—)

Low (=) 1.5 55715 200 0.004184 2.5 400.0 5.0
High (+) 2.0 7.5975 30.0 0.02092 5.0 500.0 10.74

*(—) represents the low level and (4) represents the high level.

interactions with the individual factors. This kind of
factorial design is called fractional factorial design and
was first proposed by Finney (1945). The detailed the-
oretical basis of this design is beyond the scope of this
study; information can be found in the works by Finney
(1945) and Dey (1985).

In general, main factors tend to be more important
than two-factor interactions, which tend to be more im-
portant than three-factor interactions, etc. Physically,
higher order interactions are expected to be less signif-
icant. Therefore, by properly designing the fractional
factorial simulation and letting the main factors be con-
founded with only higher order interactions, the con-
founded effects can be interpreted approximately as the
main effects only.

The effects of the seven factors mentioned previously
on the PSA-SVR process performance were investi-
gated in the present study (k =7). Two levels (I = 2)
were used for each of the seven factors. The factors
and their levels are summarized in Table 2. A one-
eighth fraction (/=) of the 27 full factorial design was
used, which is called a 272 fractional factorial design
(Box et al., 1978; Duckworth, 1986). Furthermore, a
273 fractional factorial design of resolution IV was
used, which means that no main effects (or effect of
the individual factor) are confounded with each other
or with two-factor interaction (second order interac-
tion) effects; but the main effects may be confounded
with the third and higher order interaction effects, and
any interaction effects may be confounded. Experience
has shown that real interaction effects are not likely to
occur unless at least one of the factors involved in the
interaction has a main effect; and only rarely are sig-
nificant higher than two-factor interactions observed
(Lochner and Matar, 1990).

Results and Discussion
The resolution 1V, 27~ fractional factorial design ma-

trix is given in Table 3, along with the PSA-SVR
process performance (responses) for each of the 16
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Tuble 3. Design matrix and process performance responses.

Factor levels

Process performance responses

Run E Eg Yp R BCF
No. PF PL PR H YF VF LD (—) (—) (ppm) - (%) (%)

1 - - - - - - - 8.017 0401l 0.0 100.0 70.935
2 - - -+ - + + 8.192 0410 0.0 100.0 54.903
3 - - + - + - + 6.786  0.226 1500.4 97359 99.831
4 - - + + + + - 7.116  0.237 1187.5 97.897  99.836
5 - + - - + + - 5056 0.248 14466.0 74.146  99.992
6 - + - + + - + 6303 0315 34.96 99941  99.345
7 - + + - - + + 10.281  0.343 0.12 99.999  91.916
8 - + + + — - - 10.197  0.340 0.00 100.0 56.956
9 + - - - + + + 4859 0.243 1793.1 96.943  99.792
10 + - -+ + - - 5452 0273 0.00 100.0 83.987
Il + - + - - + - 8404 0.280 0.00 100.0 72.119
12 + - + + - - + 8.540 0285 0.00 100.0 35.543
13 + + - - - - + 6403 0320 0.00 100.0 48.777
14 + + -+ - + - 6541 0327 0.00 100.0 44.207
15 + + + - + - - 5814 0.194 1.92 99.997  99.394
16 + + + + + + + 6260  0.209 290.2 99.503  99.737
Average response (grand mean) 7.139  0.291 1204.6 97.863  78.579

runs. In addition to these performance indicators for
each trial run, the average responses (grand means) are
also listed in the last row of Table 3. It must be empha-
sized that the effects of the factors can not be judged in
terms of the responses of any individual trial run, i.e.,
the individual responses in Table 3 have little meaning
in distinguishing the significant effects. Table 4 gives
the average responses at the low and high levels of the
factors and interactions, and the effect of each factor
and interaction on the process performance. Table 5
gives the alias structure of this design. The alias of a
factor or interaction consists of the additional factors
or interactions that are confounded with the factor or
interaction in question. For example, the effects of the
PF-PL interaction given in Table 4 are actually the con-
founded effects of PF-PL and all of its alias given in
Table 5, i.e., three two-factor interactions, four four-
factor interactions, and one six-factor interaction. The
“effect” of a factor or an interaction represents the aver-
age difference between a specific process performance
indicator at the high and low levels of the factor or in-
teraction. The sign with each effect indicates whether
the factor or interaction has a “beneficial”” or “adverse”
effect on the process performance indicator.

To identify the confounded factors or interactions
which have “significant” effects on the process per-
formance, the normal plot technique was used (Box
et al., 1978; Lochner and Matar, 1990). If there is
no “real” factor or interaction effect, the estimated ef-
fects should have a distribution similar to that of a ran-
dom sample from a normal population. When plotted
on normal probability paper, these estimated effects
should be in approximately a straight line. Effects
which are real, on the other hand, should have esti-
mates which appear too large or too small to be part
of a normal random sample. On a normal plot, these
estimates would be outside of the straight line pattern
displayed by the bulk of the other points. This graphical
approach of identifying “significant” estimates is use-
ful because it provides some protection against identi-
fying an effect as being real simply because it is larger,
but not significantly larger, in magnitude than other
estimated effects. Although the analysis of variance
technique can also be used for this purpose and is
more quantitative than the normal plot technique, it
is not necessarily a better technique due to some of
its weaknesses, as pointed out by Lochner and Matar
(1990).
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Table 5. Alias structure of the resolution 1V, 273 fractional factorial simulation design.

Factors or interactions

(from Table 4) Confounded interactions (Alias)

PF PL-PR-YF, PL-H-VF, PR-H-LD,YF-VF-LD, PF-PL-PR-VF-LD, PF-PL-H-YF-LD, PF-PR-H-YF-VF
PL PF-PR-YF, PF-H-VF, PR-VF-LD, H-YF-LD, PF-PL-PR-H-LD, PF-PL-YF-VF-LD, PL-PR-H-YF-VF
PR PF-PL-YF, PF-H-LD, PL-VF-LD, H-YF-VF, PF-PL-PR-H-VF, PF-PR-YF-VF-LD, PL-PR-H-YF-LD
H PF-PL-VF, PF-PR-LD, PL-YF-LD, PR-YF-VF, PF-PL-PR-H-YF, PF-H-YF-VF-LD, PL-PR-H-VF-LD
YF PE-PL-PR, PF-VF-LD, PL-H-LD, PR-H-VF, PF-PL-H-YF-VF, PF-PR-H-YF-LD, PL-PR-YF-VF-LD
VF PF-PL-H, PF-YF-LD, PL-PR-LD, PR-H-YF, PF-PL-PR-YFE-VF, PF-PR-H-VF-LD, PL-H-YF-VF-LD
LD PF-PR-H, PF-YF-VF, PL-PR-VF, PL-H-YF, PF-PL-PR-YF-LD, PF-PL-H-VF-LD, PR-H-YF-VF-LD
PF-PL PR-YF, H-VF, PF-PR-VF-LD, PF-H-YF-LD, PL-PR-H-LD, PL-YF-VF-LD, PF-PL-PR-H-YF-VF
PF-PR PL-YF, H-LD, PF-PL-VF-LD, PF-H-YF-VF, PL-PR-H-VF, PR-YF-VF-LD, PF-PL-PR-H-YF-LD
PH-H PL-VF, PR-LD, PF-PL-YF-LD, PF-PR-YF-VF, PL-PR-H-YF, H-YF-VF-LD, PF-PL-PR-H-VF-LD
PF-YF PL-PR, VF-LD, PF-PL-H-LD, PF-PR-H-VF, PL-H-YF-VF, PR-H-YF-LD, PF-PL-PR-YF-VF-LD
PF-VF PL-H, YF-LD, PF-PL-PR-LD, PF-PR-/-YF, PL-PR-YF-VF, PR-H-VF-LD, PF-PL-H-YF-VF-LD
PF-LD PR-H, YF-VF, PF-PL-PR-VF, PF-PL-H-YF, PL-PR-YF-LD, PL-H-VF-LD, PF-PR-H-YF-VF-LD
PL-LD PR-VF, H-YF, PF-PL-PR-H, PE-PL-YF-VF, PF-PR-YF-LD, PF-H-VF-LD, PL-PR-H-YF-VF-LD
PE-PL-LD PF-PR-VF, PF-H-YF, PL-PR-H, PL-YF-VF, PR-YF-LD, H-VF-LD, PF-PL-PR-H-YF-VF-LD

Also, since only one eighth of the full factorial was
used, it is not possible to isolate the effects of factors
and interactions. Even if it is assumed that the three
and higher order interactions are less significant, the
two-factor interaction effects still can not be directly
obtained from the interaction section of Table 4 be-
cause a two-factor interaction is always confounded
with some other two-factor interactions as shown in
Table 5. However, under the assumption that three and
higher order interactions are negligible and because the
main effects are confounded only with three and higher
order interactions (see Table 5), the effects of the two-
factor interactions can be estimated by using the design
matrix and the response values for each trial run given
in Table 3, as outlined by Lochner and Matar (1990).
Based on this technique, in the two cases where two-
factor interactions proved to be significant, two-factor
interaction tables and plots were constructed. How-
ever, in order to ascertain an exact quantitative under-
standing, some other method such as the response sur-
face method (Box and Draper, 1987) has to be used, or
a full factorial study has to be carried out.

It is noted at the outset that the results obtained here
using a fractional factorial design were consistent (in-
cluding the signs of the effects) with those obtained
from the “one-at-a-time” study (Liu and Ritter, 1996).
Therefore, no explanations of the causes of the effects
are given here. The reader is referred to the detailed
study by Liu and Ritter (1996).
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Figure I. Normal probability plot for the estimated effects on the
benzene vapor recovery, R.

Effects on Solvent Vapor Recovery (R)

The average benzene vapor recoveries at the low and
high levels of factors or interactions for all runs are
given in Table 4. The confounded effects of the factors
and interactions are also presented in Table 4. Figure 1
displays the normal plot for these effects; note that
some points overlap.

The average benzene vapor recovery (grand mean
for R) was 97.86% (Table 3). According to Table 4, all
effects of the factors or interactions on R were within
the range of —4.274% (effect of YF) to 3.609% (effect
of H). Compared to the average recovery of 97.863%,
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Table 6. Two-factor interaction table for effects on solvent
vapor recovery, R (%).

Average R at different level combinations

Interactions  (—,—)* (—.+)* (+ =) (+.H)°
PF-PL 98.81 93.52 99.24 99.88
PF-PR 93.52 98.81 99.24 99.88
PF-H 92.88 99.50 99.24 99.88
PF-YF 100.00 92.34 100.00 99.11
PF-VF 99.33 93.02 100.00 99.11
PF-LD 93.01 99.32 100.00 99.11
PL-PR 99.25 98.81 93.52 99.87
PL-H 98.58 99.47 93.54 99.86
PL-YF 100.00 98.05 100.00 93.40
PL-VF 99.34 98.71 99,98 93.41
PL-LD 99.47 98.58 93.54 99.86
PR-H 92.77 99.99 99.34 99.35
PR-YF 100.00 92.78 100.00 98.69
PR-VF 99.99 92.77 99.34 99.35
PR-LD 93.54 99.22 99.47 99.22
H-YF 100.00 92.11 100.00 99.34
H-VF 99.34 92.77 99.99 99.35
H-LLD 93.54 98.58 99.47 99.86
YF-VF 100.00 100.00 99.32 92.12
YF-LD 100.00 100.00 93.01 98.44
VF-LD 99.99 99.33 93.01 99.11

*The first and second symbols correspond, respectively, to the
levels of the first and second factors in the first column.

all of these effects were relatively small. These results
were not surprising because the process was intention-
ally designed so that no significant solvent vapor break-
through occurred during the adsorption step. However,
once breakthrough occurs, all of these factors have sig-
nificant effects on R (Liu and Ritter, 1996).

It is seen from the normal plot (Fig. 1) that no sin-
gle straight line can cross all the points representing
these effects. This indicated that although the effects
of these factors and interactions were relatively small,
interaction effects did exist on the solvent vapor recov-
ery. Note that once a factor is involved in an interac-
tion, its effect can not be interpreted alone according
to its main effect; and the effect of this factor has to
be analyzed according to the interaction. Therefore,
two-factor interaction tables and plots were constructed
(Lochner and Matar, 1990); the results are displayed in
Table 6 and Fig. 2. The slopes of the two straight lines
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Figure 2. Two-factor interaction plots for the effects on benzene
vapor recovery, R. Solid lines represent low levels (-) of the factors
to their left; dotted lines represent high levels (+) of the factors to
their left; left ends of the lines in each plot represent the low level of
the factor underneath; right ends of the lines in each plot represent
the high level of the factor underneath (see insert).

of each interaction plot in Fig. 2 were quite different,
indicating marked two-factor interaction effects existed
on R. However, the absolute magnitudes of these inter-
action effects can be judged only from the results given
in Table 6, because the axis scales of each interaction
plot in Fig. 2 are generally different. To show how to
interpret these effects, the PF-PR interaction is used;
refer to the insert in Fig. 2.

When the PSA-SVR process was operated at the high
level of the PF (the dotted line in the interaction plot),
increasing the PR from its low to high level (moving
from left to right), improved the R from 99.24% to
99.88%; when this process was operated at the low
level of the PF (the solid line in the interaction plot),
increasing the PR from its low to high level improved
the R from 93.52% to 98.81%, a much bigger improve-
ment compared to that at the high level of PE Similarly,
when the process was operated at the low level of PR
(leftends of the straight lines in the interaction plot), in-
creasing PF from its low to high level improved R from
93.52% to 99.24%; when this process was operated at
the high level of PR (the right ends of the two straight
lines in the interaction plot), increasing the PF from its
low to high level improved R from 98.81% to 99.88%,
a much smaller improvement compared to that at the
low level of PR. Moreover, operating the PSA process
at a higher PF (dotted line in the interaction plot) or a
higher PR (right ends of the two straight lines) always
improved the solvent vapor recovery. The interpreta-
tion of all the other two-factor interactions can be done
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in the same way. Generally, when the PSA process was
operated in each case at a higher PF, PR, H and LD, or
alower PL, YF and VF, R improved; and, in each case,
changing any of the other six factors had less effects
on R than they did at the opposite level of the factor in
question.

Effects on Solvent Vapor Enrichment (E)
and Relative Enrichment (Eg)

The individual and average benzene vapor enrichments
and relative enrichments for all sixteen runs are given
in Table 3. The effects of all the confounded factors
and interactions are given in Table 4. Figures 3 and 4
display the normal plots for the effects on E and Ejp,
respectively.

From the normal plots, it is seen that all points that
represented the effects fell approximately on a straight
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Figure 3. Normal probability plot for the estimated effects on the
benzene vapor enrichment, E.
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Figure 4. Normal probability plot for the estimated effects on the
relative benzene vapor enrichment, Eg.

line, except for the confounded effects of the PF, YF
and PR. Since all the confounded interaction effects
were negligible (which necessarily implied that the in-
teractions involved in the alias were quite small), it was
reasonable to consider that the effect given in Table 4
for each factor was the main effect of that factor. It
is also seen from Table 4 that changing PF and YF
from their low to high levels had a negative effect on
E, while changing PR from its low to high level had
a positive effect on E. These same trends can be seen
from the normal plot (Fig. 3) in which the points rep-
resenting the effects of PF and YF were to the left of
the straight line, while the point representing the effect
of PR was to the right hand of the straight line. For
example, increasing PF from 1.5 to 2 (an increase of
33.3%) decreased E from 7.744 to 6.534 (a decrease
of 15.6%). Similarly, increasing YF from 2.5 to 5.0%
(100% increase) decreased E from 8.322 to 5.956 (a
decrease of 28.4%). On the other hand, increasing PR
from 20 to 30 (50% increase) increased E from 6.353
to 7.925 (an increase of 24.7%).

It is interesting to note that all three factors (PF, PR,
YF) had negative effects on Eg, whereas the PR had
a positive effect on E. This implied that although in-
creasing PR increased the absolute solvent vapor en-
richment, operating the PSA-SVR process at a higher
PR caused the PSA-SVR process to deviate more from
the most idealized conditions. In fact, the average Ex
for all sixteen runs was only 0.291, much lower than
that for the idealized case, which is unity. The small Eg
verified the importance of the effects of non-idealities
on the PSA-SVR process performance, as discussed in
detail by Liu and Ritter (1996). It also indicated that
there may be much room for optimizing these process
conditions.

Effects on Light Product Purity (y,)

The individual and average light product purities for
all 16 runs are given in Table 3. Table 4 displays the
effects of all the confounded factors and interactions
on y,. The normal plot is displayed in Fig. 5; note that
some points overlap.

The magnitudes of the effects of the factors and inter-
actions (Table 4) and the normal plot (Fig. 5) show that
all factors and interactions had significant effects on y,,
at least with respect to restrictions imposed by environ-
mental regulations. Thus, two-factor interaction tables
and plots were constructed (Lochner and Matar, 1990);
the results are given in Table 7 and Fig. 6. Again, for
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Figure 5. Normal probability plot for the estimated effects on the
light product mole fraction, yj.
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Figure 6. Two-factor interaction plots for the effects on light pro-
duct purity, y,. Solid lines represent low levels (-) of the factors to
their left; dotted lines represent high levels (+) of the factors to their
left; left ends of the lines in each plot represent the low level of the
factor underneath; right ends of the lines in each plot represent the
high level of the factor underneath (see insert).

instructive purposes, the PF-PL interaction effects are
used; refer to the insert of Fig. 6.

Table 4 shows that operating the PSA-SVR process
at a higher PF caused y, to decrease. At a PF of 2,
the average y, was 260 ppm, while at a PF of 1.5,
the average y, was 2148 ppm. Moreover, according to
the interaction tables and plots, at a lower level of PF
compared to a higher one, it was easier to increase y,,
when changing the other six factors in the direction of
increasing y,. Similarly, when a higher PL was used
compared to a lower one, it increased y, (Table 4),
and when changing the other factors in the direction of
increasing y), it made it easier to increase y,. Sim-
ilar conclusions can be drawn for all the two-factor

Table 7. Two-factor interaction table for effects on light
product purity, y, (ppm).

Average v, at different level combinations

Interactions  (—,=)* (=, +)* (+.-)* (+.4)°

PF-PL 671.98  3625.77 448.28 73.03
PF-PR 3625.24 672.01 448.28 73.03
PF-H 3991.63 305.62 448.76 72.55
PF-YF 0.03 4297.22 0.00 521.31
PF-VF 383.84 391341 0.48 520.83
PF-LD 3913.38 383.87 0.48 520.83
PL-PR 3625.24 672.01 448.28 73.03
PL-H 823.38 296.88  3617.01 81.29
PL-YF 0.00 112025 0.03  3698.27
PL-VF 375.1 745.15 922 3689.08
PL-LD 296.88 823.38 922  3616.98
PR-H 4064.78 8.74 375.61 369.43
PR-YF 0.00 4073.52 0.03 745.01
PR-VF 8.74  4064.78 37558 369.46
PR-LD 3616.50 457.02 297.36 447.68
H-YF 0.03 444036 0.00 378.17
H-VF 375.58  4064.81 8.74 369.43
H-LD 3616.98 823.41 296.88 81.29
YF-VF 0.00 0.03 38432 443420
YF-LD 0.00 0.03 3913.86 904.67
VF-LD 0.48 383.84 3913.38 520.86

*The first and second symbols correspond, respectively, to
the levels of the first and second factors in the first column.

interactions given in Table 7 and Fig. 6. Generally,
when the PSA-SVR process was operated in each case
at a higher PR, PF, H and LD, or a lower PL, YF and
VF, y, decreased and, in each case, changing any of
the other six factors had less effects on y, than they did
at the opposite level of the factor in question.

Effects on Bed Utilization (BCF)

The portion of the used bed was represented by the
BCF. The average BCF for all sixteen runs is given
in Table 3. The effects of the confounded factors and
interactions are given in Table 4. Figure 7 displays the
normal plot.

The results in Table 4 show that the second and
higher order confounded interaction effects, except for
two cases, caused the absolute value of the BCF to
change by less than 5%. This indicated that it was
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Figure 7. Normal probability plot for the estimated effects on the
bed capacity factor, BCF.

reasonable to use the effect of each factor given in
Table 4 to approximate the main effect of that factor,
i.e., confounded effects were negligible. Moreover, in
some cases-the effect of the factor on the BCF was quite
large, ranging from 38.32% for YF to —13.53% for H;
and only two of the factors changed the absolute value
of the BCF by less than 5% (PL and LD).

The normal plot also showed that only the PF, H and
YF had significant effects on the BCF. Remember, if
the amount of solvent vapor fed into the bed was fixed, a
larger BCF indicated a higher probability of solvent va-
por breakthrough during the adsorption step, and thus
a poorer process performance. Increasing PF from 1.5
to 2.0 (an increase of 33.3%) decreased the BCF from
84.214% 10 72.945% (adecrease of 13.38%). The effect
of H on the BCF was even more marked. Decreasing
H from 0.02092 to 0.004184 kJ/(m?sK) (a decrease
of 80%) increased the BCF from 71.814% to 85.345%
(an increase of 18.84%). However, YF had the largest
effect on the BCF. Increasing YF from 2.5 to 5.0%
(100% increase) increased the BCF from 54.419%
to 97.739% (an increase of 79.6%). Also, increasing
the PL, PR and VF all increased the BCF, but their
effects were less significant. LD had essentially no
effect on the BCF (its effect was only 0.302%), in-
dicating that the PSA-SVR process was operated very
close to equilibrium.

Significance of Results

What do all of these results mean, and why is this frac-
tional factorial design approach better than the more
traditional and user-friendly one-at-a-time approach?
One likes to operate a PSA process at the optimum

operating conditions and also where the effects of dis-
turbances are a minimum. Clearly, factor interactions
affect both the optimization and the sensitivity of a
process because if they exist, the performance of the
process depends on the particular factor level combi-
nation employed. It is impossible to determine factor
interactions using the one-at-a-time approach, at least
without performing numerous runs at all possible factor
levels and combinations. Even then the interpretation
may be questionable.

This fractional factorial design study of a PSA-SVR
process showed that some significant factor interac-
tions do exist, and that they have a marked effect of
the process performance. Other results showed that no
significant factor interactions exist for some process pa-
rameters, which lends credence to some of the results
obtained from the one-at-a-time Approach. However,
what is truly exciting about these results is that only 16
runs were required to obtain a significant amount of in-
formation on how seven factors (parameters) and their
interactions affected the performance of a PSA-SVR
process. This is in contrast to the 128 runs required
for a full factorial design and an unknown number of
runs for the one-at-a-time approach. Nevertheless, the
one-at-a-time approach is still very useful because it
generally gives a very clear picture of what causes the
particular effect in question, as demonstrated by Liu
and Ritter (1996).

Conclusion

A 2773 fractional factorial study was carried out by
computer simulation on the periodic state performance
of a PSA-SVR process. Only 16 simulation runs were
made to study the effects of seven factors (PF, PR, PL,
YF, VF, H and LD) and their interactions on the process
performance, which was measured in terms of R, E,
Er, y, and BCF. The emphasis of this parametric study
was placed on ascertaining the effects of two-factor and
higher order interactions on the process performance.
This kind of information is impossible to obtain with
the more familiar one-at-a-time approach that is fre-
quently used in parametric studies.

The following conclusions were drawn from the re-
sults: Two-factor interaction effects existed on R, al-
though all of these effects were relatively small under
the conditions investigated. Nevertheless, it was ob-
served that R improved when the PSA process was
operated in each case at a higher PF, PR, H and LD, or
alower PL, YF and VF; and, in each case, changing any
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of the other six factors had less effects on R than they
did at the opposite level of the factor in question. No
significant two-factor and higher order interaction ef-
fects existed on E and Eg. Only the PE PR and YF had
the most significant effects on £ and Eg. Increasing
PF and YF decreased E and Eg, whereas increasing
PR increased E, but decreased Ep, indicating that op-
erating the PSA-SVR process at a higher PR made the
process deviate farther from the most idealized condi-
tions. Strong two-factor interaction effects were found
on y,. The results showed that when the PSA-SVR
process was operated in each case at a higher PR, PF,
H and LD, oralower PL, YFand VF, y,, decreased and,
in each case, changing any of the other six factors had
less effects on y, than they did at the opposite level of
the factor in question. There were no significant two-
factor and higher order interaction effects observed on
BCF. Only YF, PF and H had significant effects on
BCF. Interestingly, LD had almost no effect on BCF
in this PSA-SVR process, indicating that local equilib-
riazm conditions dominated even though realistic mass
and heat transfer effects were included in the model.

Overall, this study demonstrated the usefulness of
fractional factorial design in the study of PSA pro-
cesses. It revealed, for the first time, that significant
two-factor interactions exist and have a marked effect
on the PSA process performance, i.e., the effect of
one factor involved in an interaction depends on the
level of the other factor. These two-factor interactions
must be accounted for when optimizing a PSA pro-
cess to operate at peak performance while minimizing
disturbances. However, it should be pointed out that
the quantitative resulits obtained from this design apply
only to the conditions under which they were obtained.
If these conditions are changed, e.g., by changing the
factor levels, the results may be different.

Nomenclature

BCF bed capacity factor, %

b, by isotherm parameters, m*/(mol K%3)
C,e  gas phase heat capacity, kJ/(kg K)
Cpe  solid phase heat capacity, kJ/(kg K)
E enrichment

E, ideal enrichment

Eg relative enrichment

H heat transfer coefficient, kJ/(m? s K)
AH  heat of adsorption, kJ/mol

k number of factors, or mass transfer

coefficient, 1/s

l number of levels

L bed length, m

LD bed length to diameter ratio

PF  purge to feed ratio

Py adsorption high pressure, kPa

P, desorption pressure, kPa

PL  pressure level, represented by P,

PR  pressure ratio

q amount adsorbed, mol/kg

equilibrium amount adsorbed, mol/kg

gy  equilibrium amount adsorbed at the
feed conditions, mol/kg

ry bed radius, m

R solvent vapor recovery, %; or gas constant,
m? {mole K)

T temperature, K

To ambient temperature, K

¢ time, s

u interstitial velocity, m/s

VF  volumetric feed flow rate, m® STP/s

YF feed mole fraction

yp  light product mole fraction

z axial coordinate, m

Greek Symbols

pe  gas phase density, kg/m?
ps  solid phase density, kg/m3
e bed void fraction
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