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A nouvel process for gas separation, called pressure swing permeation, was investigated
to elevate the relatively low permeate pressure by pressurization with high-pressure feed
gas, thereby reducing or eliminating additional permeate compression costs where a
pressurized permeate is required. This process uses two or more membrane modules and
operates in a cyclic fashion, with each module repeatedly undergoing the sequential
steps of feed admission and permeation, residual remouval, permeate reception, permeate
pressurization, and product withdrawal. The unsteady-state permeation associated with
pressure swing permeation was studied parametrically, and a bench-scale unit compro-
mising two hollow-fiber membrane modules in parallel was tested for H, /N, separation
to demonstrate the effectiveness of the process. The permeate product at a pressure as
high as the feed pressure can be produced without using a compressor. This is impossi-
ble with traditional steady-state processes where a pressure differential across the mem-
brane must be maintained. The pressure swing permeation is analogous to pressure
swing adsorption and has the potential to be synergistically integrated with the pressure
swing adsorption process for enhanced separation of gases.

Pressure Swing Permeation: Novel Process for

Introduction

Permeation of gases through polymeric membranes is now
an important component of many gas-separation applica-
tions. Membrane gas separation is a pressure-driven and
rate-controlled process in which the separation is obtained as
a result of the difference in the rate of transmission of differ-
ent gas species through the membrane. The effectiveness of
gas separation by a membrane is dependent not only on the
selective permeability of the membrane but also on the dif-
ference in operating pressure of the gas on both sides of the
membrane. In order for permeation to take place, the up-
stream (feed side) pressure should be higher than the down-
stream (permeate side) pressure. This can be accomplished
in principle by either compressing the feed gas to an elevated
pressure level or maintaining the permeate side at subatmo-
spheric pressures, or a combination of both. The maximum
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reduction in permeate pressure achievable by using a vacuum
pump is physically limited, however, and for comparable
pressure ratios, operating a vacuum pump is normally more
costly than operating a compressor. Therefore, to create the
transmembrane driving force for permeation, feed-gas pres-
surization is most widely employed in practice, while keeping
the permeate side at vacuum conditions is only used in a few
specific applications such as the production of oxygen-en-
riched air. In the latter case, the feed air is readily available
at atmospheric pressure and energy savings are achieved since
only the permeate stream, instead of the entire feed stream,
must be compressed to a desired product pressure. It is gen-
erally not considered worthwhile to use both a compressor
and a vacuum pump in order to increase the transmembrane
pressure differential for permeation.

Membrane gas separation processes are operated conven-
tionally in a steady-state fashion. Both the feed pressure and
the permeate pressure are maintained at constant levels, and
the permeation rate and permeate concentration do not
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change with time, except in the initial start up period. The
steady-state operation has the advantages of ease of startup
and shut down, simplicity of pressure and flow controls, large
throughput of permeation, and low maintenance require-
ments. However, there have been a few patent disclosures
that suggest and demonstrate the benefits of operating mem-
brane gas separations in an unsteady-state fashion for some
applications. Ueda et al. (1990) proposed a cyclic process for
air separation that comprises repetition of the steps of pres-
surization of feed and evacuation of permeate. In this
process, the feed air is repeatedly pressurized and fed to the
membrane unit for a short period of time. Before the air
pressure on the feed side of the membrane reaches a steady
value, the feed air flow is stopped. Whilst permeation is con-
tinuing, the permeate gas accumulates in the permeate side
and its pressure increases. The permeate is then evacuated.
The pressurization of feed and evacuation of permeate can
be carried out by using the same pump, thereby avoiding the
necessity of operating a compressor and a vacuum pump sep-
arately. The pressure difference across the membrane in this
unsteady-state process was shown to be higher than in the
conventional steady-state processes where either the feed gas
is supplied continuously at an elevated pressure or the per-
meate is under constant evacuation.

LaPack and Dupuis (1994) described another unsteady-
state process to improve permeation selectivity by operating
the membrane permeation system dynamically. According to
the solution-diffusion mechanism, the steady-state perme-
ation responds to the permeability coefficient P, which, as a
first approximation, can be considered to be equal to the
product of solubility coefficient S and diffusion coefficient
D. On the other hand, before the permeation reaches the
steady state, the transient permeation rate, which can be de-
scribed by Fick’s second law equation for diffusion, responds
to D and S more independently. The dynamic process of
LaPack and Dupuis (1994) is primarily based on the differ-
ences in the diffusivities of different permeating components
through the membrane. From the instant that the feed gas is
admitted to the upstream side of the membrane and before
the slow diffusing component reaches steady-state perme-
ation, the rate of mass transport through the membrane varies
with time. During this period of transient permeation, the
faster diffusing gas component is enriched in the permeate
side. In a continuous operation, the feed can be introduced
intermittently at appropriate time intervals such that steady-
state permeation is never reached. Alternatively, the differ-
ence in the desorption falloff rates due to the difference in
the diffusivities can also be utilized to effect the separation,
and the permeate collected will be a mixture enriched in the
slower diffusing component.

Comparing the steady-state permeation and the transient
permeation, it is clear that for a given membrane gas-sep-
aration system, only when the mobility selectivity, that is, the
relative diffusion coefficient (Di/Dj), is significantly greater
than the corresponding permselectivity (Pi/Pj) of the mem-
brane will a remarkable improvement in selectivity be at-
tained by using the transient permeation process in prefer-
ence to the steady-state process. It should be pointed out
that the idea of using transient permeation for enhancing
separation efficiency was proposed in the early 1970s by Paul
(1971), and an experimental study was performed by Beck-
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man et al. (1991) in the late 1980s using a relatively thick (147
um) membrane. Higuchi and Nakagawa (1989) carried out a
parametric study of the transient permeation process to show
the improvement in selectivity over steady-state operation by
pulsing the upstream pressure as suggested by Paul (1971).
The productivity was shown to be much lower than what
would be achieved by the steady-state permeation. Kao et al.
(1991) proposed two process schemes to carry out the tran-
sient permeation for the cases where the membrane exhib-
ited opposite diffusivity and solubility selectivities, depending
on the mobilities and solubilities of the gas species to be sep-
arated, and the viability of the process was supported by the
experimental results of He/CH, separation with a silicone
rubber membrane. This is a typical system for which a tran-
sient process can be advantageously employed (Paul, 1971).

The effectiveness of separation by transient permeation
obviously depends on the relative scale of the length of per-
meation on-line time and the time lag of the membrane-gas
system. The time lag 6 is a quantity characterizing the time
elapsed for a transient permeation to reach steady state. For
a simple gas-membrane system, 8 = 12/6D, where | is the ef-
fective thickness of the membrane. With very few exceptions,
the diffusivities of gases in most polymeric materials that are
used to produce membranes are of the order of 108 cm?/s
(Stern, 1994; Paul and Yampol'skii, 1994). For most commer-
cial gas-separation membranes, which are structurally asym-
metric to enhance productivity, the effective thicknegs of the
skin layer is typically in the range of 1,000-2,000 A, and a
thinner thickness (400-1,000 A) is attainable in more finely
tuned membranes (Koros and Chern, 1987; Koros and Flem-
ing, 1993). Based on these data, the time lag for transient
permeation of gases through an asymmetric membrane can
be estimated to be of the order of 10™° to 10~2 s. Since
steady permeation through the membrane will be established
after a period of about three times the time lag (Crank, 1975),
it can easily be concluded that the dynamic permeation
process will have to be run at a cycle frequency that is too
fast to be acceptable for the hardware (that is, the flow-
switching valves) if an asymmetric membrane is used. Conse-
quently, the use of transient permeation for gas separation
encounters a harsh reality; that it can be done in principle
does not mean it can be done in practice, at least with cur-
rently available membranes.

Because of the nature of pressure-driven permeation, the
permeate stream from the membrane system is collected at a
pressure significantly lower than the feed-gas pressure, and
recompression of permeate product is often required. In the
present study, we present a novel unsteady-state permeation
process for gas separation. The primary objective is to pro-
duce a permeate stream at a pressure that is as high as the
feed pressure without using a compressor. The idea is to ele-
vate the relatively low permeate pressure by periodically
pressurizing, or “pushing,” the permeate with the high-pres-
sure feed gas. This process distinguishes itself from all other
dynamic permeation processes in that a permeate stream at a
pressure as high as the feed pressure can be obtained, which
is otherwise impossible with the conventional steady-state
process as well as the aforementioned transient permeation
processes. Furthermore, the process, called pressure swing
permeation due to its cyclic nature, has the potential of being
synergistically integrated with the pressure swing adsorption
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process, which is a complementary process for gas separation
based on selective adsorption. In a hybrid membrane/adsorp-
tion process, the high efficiency of membrane technology for
bulk separation is complemented by the high efficiency of
adsorption separation for producing high purities. An inte-
grated membrane/pressure swing adsorption process has been
investigated (Feng et al., 1998). If the permeate product from
the membrane unit can be obtained at a high pressure, the
subsequent adsorption separation will be more efficient.

In this article, the unsteady-state permeation associated
with the cyclic pressure swing permeation process was ana-
lyzed theoretically, and the separation of hydrogen from
nitrogen was performed experimentally to demonstrate the
effectiveness of the process. It was shown that the pressure
swing permeation process is capable of producing hydrogen-
enriched permeate product at a pressure as high as the feed
pressure. This is a significant improvement, because neither
permeate flow nor hydrogen enrichment can be accom-
plished in a conventional permeation process if the permeate
pressure and the feed pressure are maintained at the same
level.

Pressure Swing Permeation

Though the pressure swing permeation process can be run
as a batch process, it is more efficient to operate the mem-
brane system in a continuous fashion. In a continuous pres-
sure swing permeation process, the membrane system, in a
simple form, comprises two membrane modules (A and B) to
perform a gas separation in a steady-state cyclic fashion. Each
module contains two distinct void spaces separated by the
membrane for the admission and removal of gas streams, re-
spectively. After the high-pressure feed gas is introduced to
membrane module A, permeation takes place, and the per-
meate from module A, which is at a relatively low pressure
level as compared to the feed pressure, is received by module
B. As the permeation in module A proceeds with time, the
pressure of permeate collected in module B increases. Then
the gas feeding to module A is stopped, and the permeate
stored in module B is pressurized with the high-pressure feed
gas, during which period the permeate product at a desired
elevated pressure is displaced out of module B. In the mean-
time, the residue in module A is released. The two modules
are arranged such that the void space in one module used for
receiving the permeate from the other module will receive
the feed gas when the two modules are switched to reverse
their functions in terms of feed admission and permeate re-
ception. Thus the membrane system is ready for the next cy-
cle of operation. It should be mentioned that the membrane
modules should be properly designed and the pressurization
and displacement steps should be carried out in a sufficiently
short period of time to prevent any breakthrough of feed gas
into the permeate product. Hollow-fiber membranes are pre-
ferred because the lengthwise gas mixing in the membrane
module is very limited. The two membrane modules can be
synchronized, and each undergoes five basic operating steps
in the following sequence:

1. Collection of the low-pressure permeate from the other
module

2. Pressurization of the permeate by the high-pressure feed
gas

726 April 2000

Feed
A
M
N Permeate
Ny
B
Residue X
S
x
2) .
Y eed
B
X
Product |
Residue
— A
vent
(3) S
B
A
Y
(4) Permeate
Feed
B le———
Product
Feed A
]
(5) y
B Residue
=
A
(6) S
§ B Residue
3 vent

Vol. 46, No. 4

Figure 1. Cycle sequence of a two-permeator pressure
swing permeation process.

3. Release of permeate product at an elevated pressure

4. Admission of feed to carry on permeation

5. Withdrawal of residue stream.

Clearly, step 4 is responsible for the separation, and step 2
is responsible for producing a high-pressure permeate prod-
uct. Engineering designs directed to minimizing back mixing
of the gas during the pressurization step are necessary to en-
sure product purity.

Figure 1 represents the cycle sequence of a two-module
pressure swing permeation process; a brief description of the
cycle steps is shown in Table 1. Similar to the pressure swing
adsorption process, operating the pressure swing permeation
system at fast cycles can increase the product throughput in
the pressure swing permeation. Further, multimodule ar-
rangements can be used for large processing capacities with
relatively steady and continuous flows of feed and purified
product. Preferentially, the membrane modules used in the
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Table 1. Cycle Steps in a Two-Module Pressure Swing Permeation Process

Step Module A

Module B

1 Admission of feed gas and permeation

2 Withdrawal of residue from module

3 Removal of residue remaining in gas line
4 Reception of permeate from module B
5
6

Pressurization with feed gas and product release

Gas feeding stopped

Reception of permeate from module A
Pressurization with feed gas and product release
Gas feeding stopped

Admission of feed gas and permeation
Withdrawal of residue from module

Removal of residue remaining in gas line

pressure swing permeation process have the same design with
the same permeation performance so that even cycle timings
in the gas-flow controlling valves can be maintained. Note
that the permeation step itself is an unsteady-state operation,
but the pressure swing permeation process can be carried out
in a steady-state cyclic fashion.

Analyses of Permeation Behavior

Consider the permeation system shown in Figure 2 that is
relevant to the pressure swing permeation process. A binary
gas mixture is admitted to the feed side of the membrane,
and the permeate is collected in a receiving vessel, which
would be another membrane module in the pressure swing
permeation process. Let V. and V, be the volumes for ad-
mitting the feed and receiving the permeate, respectively. The
permeation process is obviously an unsteady-state operation
in that the permeation rate, the residue concentration, and
the pressure and composition of the permeate vary with time.
To formulate mathematical equations, the following assump-
tions are made:

1. The time lag of permeation due to transmission of gas
molecules through the membrane is negligible. The permeate
is thus assumed to be received in the reception vessel as soon
as the permeation takes place.

2. The permselectivity of the membrane is independent of
gas composition and pressure.

Feed F(i;sgt;e ’
( P, XF) ) y AR F
Ry Membrane
Y
Permeate | Permeate v
receiver | (o, Ym) | °

Figure 2. Permeation system with constant feed pres-
sure and varying permeate pressure.

AIChE Journal

3. The membrane permeability during unsteady-state oper-
ation is the same as that at steady state.

4. There is no concentration polarization on the feed side,
that is, the concentration on the membrane surface is the
same as the bulk concentration of the feed.

5. On the permeate side, there is no back diffusion from
the bulk permeate to the membrane surface.

6. During permeation, the feed gas is maintained at a con-
stant pressure, and the pressure on the permeate side gradu-
ally increases with time due to the fixed volume of permeate
gas.

Subject to the preceding assumptions, the permeation rate
at a given instant can be written as

dQ,

= LA(PX — pY) 1)
dQ,
=L AP X))~ pA-Y)], &)

where J is the membrane permeance, Q is the quantity of
permeate, A is the membrane area, and P and p are feed
pressure and permeate pressure, respectively. The subscripts
1 and 2 represent the fast and slow permeating components
of the binary gas mixture, respectively, X is the feed concen-
tration, and Y is the concentration of permeate on the mem-
brane surface; both quantities are expressed in terms of the
mol fraction of the fast permeating component. The local
concentration of permeate leaving the membrane surface is
determined by the relative permeation rates of the gas com-
ponents. Thus, Y can be calculated by

dQ dQ, dQ
y=[—=|/[—=+=2. (3)

dt dt dt
The bulk concentration of permeate, Y,,, also expressed in
terms of the mol fraction of the fast permeating gas, is deter-

mined by the relative amount of the gases accumulated in the
receiving vessel, and is given by

Q

Yp=—""—. 4
" Qi+t Q, )
Since the pressure on the feed side is kept constant and no

residue is withdrawn from the permeator during permeation,

the molar rate of gas fed to the permeator is equal to the
molar rate of permeation. For the purpose of illustration of

the unsteady-state permeation, let us assume complete mix-

ing of feed gas in the membrane module to simplify the cal-

culation. On the basis of a materials balance and assuming
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ideal gas behavior, the residue concentration X on the high-
pressure side of the membrane is related to the concentra-
tion of the feed X by

X = (PVe/RT)Xe +(Q+ Q) Xg —Q
B PVe/RT '

®)

The pressure change on the permeate side is related to the
permeation rate by

dp (dQ, dQ;\RT
— =+ (6)
dt dt dt ] Vp

For the case of interest where one membrane module is used
to receive the permeate from the other in the pressure swing
permeation process, the volume of the permeator occupied
by the feed gas Vi is preferentially equal to the volume of
the permeate reception vessel V.

The preceding set of equations constitutes an initial-value
problem. For given initial conditions, all the quantities p, X,
Y, Q;. Q,, and Y, at any instant can be determined by solv-
ing these equations. For the purpose of parametric analyses,
the following numerical values of membrane properties and
operating conditions were chosen in the calculations:

J;=1x10"*cm3(STP) /(cm?-s-cm Hg)

3,/3, =60
P = 5,000 kPa
X =05
T =298.15 K.

For a special case with initial conditions of Q, =Q, =0 and
p=0 at t=0, the initial value of Y is determined by the
relative permeation rate of the gas components by cross-flow
permeation and can be approximated by substituting Egs. 1
and 2 into Eq. 3 to yield

= M att=0. (7)
1+ (Jo/0 = 1) Xe
The permeance ratio (J,/J,) represents the permeation se-
lectivity of the membrane, and is sometimes referred to as
the ideal separation factor. Equation 7 is very similar to the
well-known equation relating the liquid and vapor phase
compositions in distillation (Seader and Henley, 1998). Fig-
ure 3 shows the calculated results for an equal volume of
Ve = Vp; for simplicity, the subscripts are dropped in the dis-
cussions that follow. It is shown that as permeation proceeds
with time, the residue is depleted in the fast-permeating
species, and the permeate pressure builds up. Therefore, the
transmembrane driving force for permeation is gradually de-
creased. Consequently, the permeation rate in the initial pe-
riod of time is fast and gradually slows down. Consider that
the partial permeation rate of a gas component is propor-
tional to its partial pressure difference across the membrane.
As permeation continues, the reduction in the driving force
for the fast gas permeation is more significant as compared
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Figure 3. Calculated results of permeate pressure, per-
meate concentration and residue concentra-
tion as function of time.

to the slow permeating gas. Thus, the concentration of the
fast permeating component in the permeate leaving the
membrane surface is gradually decreasing, resulting in a re-
duction in the bulk permeate concentration of that compo-
nent.

Figure 3 also shows that the separation performance is in-
fluenced by the ratio of the membrane area A and the per-
meate receiving volume V. They are two independent physi-
cal parameters characterizing the design of the membrane
module. It is shown that for the initial conditions just given,
as long as the ratio A/V is maintained constant, variations in
A and V do not affect the separation behavior. This can also
be derived directly from the mathematical model because of
the special initial conditions used, that is, at t=0, Q; =Q, =
0 and p=0. Therefore, the membrane area for permeation
and the volume for permeate reception can be combined as a
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single operating variable to show their joint effects on the
permeation performance. At a given instant, increasing the
value of A/V leads to an increase in the permeate pressure
and a decrease in the residue concentration. This is desired
from the standpoint of gas separation. However, as the
residue concentration decreases, so does the instant per-
meate concentration, leading to a reduction in the bulk
permeate concentration. Fortunately, in the early period of
permeation, the beneficial increase in permeate pressure and
decrease in residue concentration outweigh the detrimental
decrease in permeate concentration. As such, by operating
the pressure swing permeation at a considerably fast cycle to
keep the permeation time reasonably short, the advantage of
operating the unsteady-state permeation will be retained. For
hollow-fiber membrane modules, a ratio of A/V as high as
20,000 m?/m? can readily be achievable with the state-of-the-
art membrane technology (see Appendix). Referring to Fig-
ure 3, for the case under study a permeation step time on the
scale of a few seconds to 10 s is preferentially desired. Such a
time scale is technically achievable with the normal switching
valves currently available, and the technical feasibility of run-
ning the pressure swing permeation is thus rationalized.

In pressure swing permeation, the residue stream can be
withdrawn at a reduced pressure. This can be followed by
further venting the residue that is still retained in the perme-
ator to atmosphere or to vacuum. The preceding calculation
is based on an initial condition of zero permeate pressure at
t =0, which corresponds to an extreme case of vacuum vent-
ing of residue. Deviation from the ideal condition will result
in some reductions in the separation efficiency. In the follow-
ing, the atmospheric venting of residue, which is of particular
interest for practical applications, will be evaluated. It can be
mentioned that it is now no longer adequate to group the
membrane area A and the permeate receiving volume V as a
single parameter to characterize their joint effects on the
separation performance because of the amount of gas
present on the permeate side before a permeation step starts.
Consider the case of the pressure swing permeation where
A=100 m? V=0.005 m? the atmospheric pressure p,=
101.3 kPa, and the permeation step time=5 s. Due to the
cyclic nature of the process, the module used for receiving
permeate from the other module still contains some residue
gas after the residue venting step. Therefore, the initial con-
ditions used to solve Egs. 1 to 6 are dependent on the final
concentration of residue when the permeation is stopped
prior to the next permeation step. This residue concentration
is in fact one of the parameters to be determined. Conse-
quently, a trial-and-error method needs to be used. Basically,
guess a value of the residue concentration Xgz. The initial
values at t =0 can thus be estimated to be as follows

Q; = (PV/RT) Xg
Q.= (PV/RT)(l_ XR)
Y = Xg
P=Po
Then integrate Eqgs. 1, 2, and 6 from t=0to t=5 s, and

compare the value of the final residue concentration so ob-
tained to the one used to calculate the initial conditions. Re-
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Figure 4. History of permeate pressure, permeate con-
centration and residue concentration during
permeation.

Solid and dotted lines represent residue venting to the at-
mosphere and to vacuum, respectively. A/V = 20,000 m?/m?.

peat the procedure until convergence is achieved. As such,
the pressure and concentration of permeate and the concen-
tration of residue at the end of a permeation step are deter-
mined.

The calculated results are illustrated in Figure 4; for com-
parison, the results for residue venting to vacuum (p=0 at
t =0) are also presented in the figure. It can be seen that the
separation is less efficient with residue venting to the atmo-
sphere than to vacuum. As shown in Figure 4, in contrast to
the case of vacuum venting of residue where the concentra-
tion of permeate decreases monotonically with time, the per-
meate concentration initially increases and then decreases
during permeation when the residue is vented to the atmo-
sphere. This is due to two opposing effects. On the one hand,
the space for receiving permeate in this permeation cycle is
initially filled with the remaining residue product from the
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last cycle after residue venting. Thus, an accumulation of per-
meate, whose concentration is higher than the residue prod-
uct, tends to increase the concentration of the faster perme-
ating gas on the permeate side. On the other hand, as men-
tioned earlier, the concentration of the permeate leaving the
membrane surface gradually decreases as permeation pro-
ceeds in time, which tends to reduce the bulk concentration
of the faster permeating gas in the permeate. Two opposing
effects result in the concentration of the faster permeating
gas reaching a maximum concentration in the permeate be-
fore it subsequently declines. It can be expected that the lower
the residue venting pressure is, the higher the magnitude of
the maximum permeate concentration, and the faster the
permeate concentration reaches its maximum. The vacuum
venting (p=0 at t=0) case represents the upper limit of
separation performance achievable with the unsteady-state
permeation.

It must be pointed out that the preceding calculations,
which are based on the assumption of complete mixing of
feed gas (that is, there is no concentration gradient along the
length of the membrane module), are for illustration pur-
poses only. In practice, mixing of feed gas is limited, espe-
cially in a hollow fiber or spiral-wound membrane module.
The results of Figures 3 and 4 thus represent a conservative
scenario, and a better permeation performance is expected in
practical applications.

Experimental Demonstration of Pressure Swing
Permeation

A bench-scale pressure swing permeation unit comprising
two hollow-fiber membrane modules is shown schematically
in Figure 5. Hollow-fiber membranes developed at the Al-
berta Research Council were used in the study. The mem-
brane had an asymmetric structure with a thin outer skin layer
on a microporous support. The nominal outside diameter of
the hollow-fiber membrane was 165 um. The designs of the
two membrane modules were essentially identical, and each
module contained a bundle of 300 fibers housed in a 4.8-mm-
ID stainless-steel tubing. Each end of the modules was pot-
ted with epoxy resins to form a fluid-tight tubesheet, resem-
bling a shell and tube heat exchanger. The effective length of
the fiber was 22.5 cm, and the membrane area in each mod-
ule was 350 cm?, corresponding to a membrane area packing
density of approximately 8,600 m2/m?®, At ambient tempera-
ture (23°C), the membrane exhibited a hydrogen permeance
of about 1x10~%cm3(STP)/Acm?-s-cm Hg), or 3.35%x1078
mol/(m?-s-Pa) in Sl units, and a hydrogen/nitrogen perme-
ance ratio of about 55.

The test unit consisted of a pair of membrane modules (A
and B) and a few switching valves (C, D, F, and 1) for direct-
ing the flows of the gas streams. Both C and D were six-port
sequential valves with the ports at position 1 being plugged.
Valves F and | were the on-off and three-port switching
valves, respectively. All of the switching valves were auto-
mated by timer-controlled actuators. The membrane units
were arranged such that the feed gas was always introduced
to the shell side of the membrane module that underwent
permeation. During permeation, the residue outlet on the
shell side of the module was closed, and the permeate pro-
duced on the bore side was received by the space on the shell
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Figure 5. Experimental setup.

A and B: Membrane modules; C and D: 6-port sequential
switching valves; E: storage vessel of ““‘pushing” gas; F: on—off
switching valve; G: pressure regulator; H: back-pressure reg-
ulator; I: 3-port switching valve; P: pressure transducer.

side of the second module. The permeate was then *pushed
with a secondary feed gas to pressurize the permeate prod-
uct. Obviously, the time for the pressurization step should be
sufficiently short to prevent the “push gas” from break-
through at the outlet of the permeate product. In this experi-
ment, for easy control of the gas pushing, the “push gas” was
stored in a storage vessel (E) before being released to a
membrane module. The pressure of the “push gas” can be
maintained independently of the operating permeation pres-
sure, and the storage volume can be adjusted. Unless speci-
fied otherwise, the push gas pressure was set at about 300
kPa higher than the desired permeate product pressure, and
the push gas storage volume was fixed at 6.4 mL. The pres-
sures of both the residue and the permeate products released
from the membrane unit can be controlled by back-pressure
regulators (H). In the experiments, however, the residue
stream was withdrawn at essentially local atmospheric pres-
sure (which was 94 kPa absolute) by using a short piece of
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Figure 6. Cycle sequence chart showing the position of
switching valves during pressure swing per-
meation.

capillary tubing to provide the necessary restriction to gas
flow. The pressure changes in both modules during pressure
swing permeation were monitored by pressure transducers.

Owing to the cyclic operation of the pressure swing perme-
ation process, the flow rates and concentrations of both
residue and permeate product also underwent a cyclic varia-
tion. To smooth out these variations, a surge tank with a sub-
stantially large volume was installed in the gas lines. As a
result, the measured gas flow rate and concentration are
time-averaged quantities. Figure 6 is a cycle-sequence chart
that shows the distribution of time in each step and the cor-
responding positions of the switching valves. The cycle time
for each membrane module was maintained at 13 s; the per-
centage permeation on-line time was 38.5%, and the perme-
ate pressurization time was 23.1%. The pressure swing per-
meation system was tested for the separation of hydrogen
from nitrogen, and the results are discussed below.

Table 2 illustrates the results of an experiment in which a
permeate product containing 78.8 vol % hydrogen at a pres-
sure of 1320 kPa was produced from a 1590 kPa feed gas
containing 49.4 vol % H,. A hydrogen recovery of 29% was
achieved. The significance of the results is that the partial
pressure of hydrogen in the permeate product is about 32%
higher than its partial pressure in the feed. This can never be
accomplished by using the conventional permeation process
without recompression of the permeate, since a partial pres-
sure differential across the membrane must always be main-
tained for the permeation and separation to occur. It should
be mentioned that a distinction between the residue “prod-
uct” and the residue “‘vent” streams is made here. After the
residue was released from the membrane module at a speci-
fied pressure, the remaining residue in the membrane system
needs to be vented before the feed gas is introduced to the
membrane system for the next cycle of permeation operation.
During the residue venting step, some of the permeate gas
entrapped in the gas line that connected the two membrane
modules was swept to the vented residue stream. Thus the

Table 2. Pressure Swing Permeation Test for Hydro-
gen/Nitrogen Separation

Pressure Concentration Flow Rate
kPa Gauge H, vol % cm3(STP)/min
Feed 1,590 49.4 386.6
Residue product ~94 41.3 300.0
Residue vent 94 71.4 16.6
Permeate 1,321 78.8 70.0
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concentration of fast permeating gas in the residue vent
stream was higher than in the residue product, though the
residue vent steam was in a very small amount. Reducing the
holdup volume of the gas line or recycling the entrapped per-
meate back to the permeator will obviously improve the re-
covery.

It is of interest to compare the performance of the pres-
sure swing permeation with a conventional steady-state
process. The separation performance that would be obtained
with a conventional process under the same conditions of feed
and pressures as in Table 2 was calculated for one of the
membrane modules using Pan’s model (1986) for the shell-side
feed and countercurrent flow configuration. At a residue
concentration of 42.9% H,, which is equivalent to the overall
residual concentration in Table 2, the permeate concentra-
tion and permeate flow rate are 54.9% H, and 0.28
cm®(STP)/min, respectively. Both values are substantially
lower than those shown in Table 2. Further, with the tradi-
tional permeation process, the maximum permeate hydrogen
concentration that can be obtained at zero stage cut (that is,
zero permeate flow) is calculated to be 58.3% H,, which is
significantly lower than that obtained with the pressure swing
permeation process. Obviously, the results shown in Table 2
are otherwise impossible with the conventional process.

To illustrate the transient change of the gas pressure dur-
ing the cyclic steady-state permeation process, the gas pres-
sure in the membrane system was monitored continuously us-
ing on-line pressure transducers. Figure 7 shows the pressure
change of the push gas and the permeate product. As ex-
pected, the pressure of the push gas dropped during perme-
ate pressurization and eventually declined to the permeate
product pressure. The push-gas pressure oscillated in a
pulse-wave fashion, while the pressure of the permeate prod-
uct was relatively constant. The pressure changes in the two
membrane modules are presented in Figure 8, which shows
the history that the two synchronized modules experienced.
An intuitive depiction of the pressure change in a module is
shown in Figure 9, which also shows the events during the
process. In this figure, the pressures corresponding to BC and
GH are the pressures of feed and permeate product, respec-
tively, and the pressure at point F is the pressure of the per-
meate before being “pushed” to a higher level. It can be seen
from Figure 8 that in this particular experiment, the perme-
ate pressure was increased by about 130% due to the pres-
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Figure 7. Pressure histories of “push” gas (solid line)
and permeate product (dotted line).
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Figure 8. History of gas pressure in the two-module
pressure swing permeation system.

The solid and dotted lines represent modules A and B, re-
spectively.

surization step. The results imply that it is possible to syner-
gistically integrate the pressure swing permeation with a
pressure swing adsorption process for enhanced separation
without using an interstage compressor.

The gas-separation test was also carried out to produce
permeate product at different pressures. This was done by
adjusting the back-pressure regulator for permeate release at
desired pressure levels. Typical results are summarized in
Table 3, where the residue concentration was the overall con-
centration of the residue product and the residue vent. It is
shown that the pressure swing process is even capable of pro-
ducing hydrogen-enriched permeate gas at the feed pressure
level. Examination of the data in Table 3 shows that:

1. An increase in the permeate product pressure tends to
decrease the product purity and the product recovery.

2. At a given product pressure, the flow rate of the perme-
ate product is usually lower when the product purity is higher.

3. The trade-off relationship between product purity and
product recovery commonly observed in the conventional gas
permeation process seems to not apply in the pressure swing
permeation process.

It should be emphasized that the preceding performance
data were just to illustrate the pressure swing permeation
process, and the experiments were not conducted under opti-
mized operating conditions. Because of the cyclic nature of
the process, the permeation on-line time is only a fraction of
the entire cycle time, and thus the feed throughput is nor-
mally lower than the conventional permeation process. Simi-

PRESSURE

D

TIME

A—B: Feeding of gas mixture into module

B—C: Permeation

C—E: Residue release

E—F: Reception of permeate produced from the other module
F->G: Elevation of permeate pressure by pressurization with feed
G—H: Release of permeate product

Figure 9. Pressure changes in the module.

lar to the pressure swing adsorption process, the feed
throughput of the pressure swing permeation process can be
increased by increasing the cycle frequency or by using more
sophisticated multimodule configurations.

Conclusions

A novel permeation process for gas separation, called pres-
sure swing permeation process, was presented. This process
uses two or more synchronized membrane modules that re-
peatedly and alternatively undergo the sequential steps of
permeation, permeate reception, permeate pressurization,
and product withdrawal. The pressure of permeate product is
elevated by pressurization with the high-pressure feed gas,
thereby reducing or eliminating permeate compression costs
where a pressurized permeate is required. The pressurization
step was carried out in a sufficiently short period of time to
ensure the purity of the permeate product.

Pressure swing permeation is a cyclic membrane process.
The unsteady-state permeation associated with the pressure
swing permeation was analyzed parametrically to investigate
the feasibility of the process, and a bench-scale unit compris-
ing two hollow-fiber membrane modules was assembled and

Table 3. Pressure Swing Permeation Test for Hydrogen/Nitrogen Separation*

Permeate Stream

Residue Stream

Hydrogen

Pres. Conc. Flow Rate Conc. Flow Rate Recovery in

kPa H, vol % cm3(STP)/min H, vol % cm3(STP/min) Permeate %
2,163 76.0 97.0 40.0 2745 40.2
2,163 77.1 80.3 40.4 247.2 38.3
1,473 79.0 112.6 38.2 297.6 43.9
1,473 80.3 76.6 40.3 260.1 37.1
784 81.4 125.1 37.1 325.4 457
784 82.5 94.6 38.2 279.5 422
94 89.0 169.8 33.2 415.1 52.3

*Feed pressure 2,163 kPa, residue pressure 94 kPa, feed concentration 49.4 vol % H,.
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tested for the separation of hydrogen from nitrogen to
demonstrate the capability of the process. The experimental
results showed that the permeate product at a pressure as
high as the feed pressure can be produced without using a
compressor. This is otherwise impossible with the traditional
steady-state permeation processes if the pressures of the per-
meate and the feed are maintained at the same level. Due to
its cyclic nature, the feed throughput of the process can be
increased by using faster cycle frequencies and /or multimod-
ule configurations. The pressure swing permeation process is
analogous to the pressure swing adsorption and has the po-
tential to be synergistically integrated with pressure swing ad-
sorption, which is often used as a complementary technique
to membrane permeation, to enhance the overall separation
performance without needing an interstage compressor.

Notation

T =temperature, K
t =permeation time, s
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Appendix

Define
fiber inside diameter = d;
fiber outside diameter = d
membrane area = A
module volume = V,
packing factor based on fiber outside diameter = e.
Then
the volume taken by membrane = €V,
the volume of fiber lumen = (d,/d,)%V,
the shell-side void volume = (1— e)V,,.
The shell-side void volume is the volume of feed chamber,
Vg, for the permeation where gas is introduced to the shell
side and permeate is produced from the lumen side. When
one module is used to receive permeate gas from the other
module with the same design, the volume for permeate re-
ception, Vg, is

o

Ve = (di/do)zevo +(1_ E)VO'

The ratio (d,/d;) for hollow-fiber membranes normally
ranges from 2.5 to 4, and the typical membrane packing fac-
tor is 0.4 ~0.5. Thus

Ve = (1— €)V, = V.

This is the basis of assuming equal volumes of feed cham-
ber and permeate receiver in the calculations. With the typi-
cal fiber dimensions, the membrane area per unit module
volume, A/V,, is 2,000-4,000 ft?/ft* (Koros and Fleming,
1993). The quantity A/Vp can thus be estimated to be in the
range of 3,000-8,000 ft2/ft® or 10,000-26,000 m?/m?,
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