Separation of a Helium-Methane Mixture in

Permeators with Two Types of

Polymer Membranes

The separation of a He— CH, mixture containing 9.95 mol% He in per-
meator modules that incorporate two different types of polymer mem-
branes was studied theoretically and experimentally. The membranes
were symmetric dense capillaries of silicone rubber and asymmetric
hollow fibers of cellulose triacetate. These membranes exhibit reverse
selectivities for He and CH,, silicone rubber being more permeable to
CH,, and cellulose triacetate more permeable to He. The simultaneous
use of these two types of membranes in a permeator enhances the
enrichment and recovery of He compared to the levels obtained with a
single-membrane permeator utilizing either membrane alone. The exper-
imental results were found to confirm the theoretical predictions, the
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agreement being better at the lower stage cuts.

Introduction

Recent advances in membrane technology have given strong
impetus to the study of new process design concepts for the sepa-
ration of gas mixtures by selective permeation through polymer
membranes. One such concept is the simultaneous use of two or
more different types of membranes for a given separation pro-
cess (Ohno et al., 1973-1978; Kimura et al., 1973). The mem-
branes are chosen so as to exhibit specific selectivities for dif-
ferent components of a gas mixture to be separated. Thus, in
order to separate a binary gas mixture, two different membranes
are selected such that one membrane is more permeable to one
component of the mixture, while the other membrane is more
permeable to the second component. The membranes can be in
the form of flat sheets, capillaries, or hollow fibers, and are
usually mounted in devices or modules known as permeators.
Analytical studies of gas separation in two-membrane permea-
tors, i.e., those that enclose two different types of membranes,
have been reported by several investigators for various operating
conditions (Ohno, et al., 1977; Sirkar, 1980; Sengupta and Sir-
kar, 1984). More recently, mathematical modeis that consider
three different flow patterns of the permeated (low-pressure)
and unpermeated (high-pressure) gas streams in a two-mem-
brane permeator have been developed by Perrin and Stern
(1985). These flow patterns are: “perfect mixing,” cocurrent
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flow, and countercurrent flow. The results of a parametric study
based on the above models indicate that the separation and
recovery of feed components achievable in a two-membrane per-
meator can be substantially larger than in a conventional single-
membrane device.

The objective of the present study was to test the validity of
models similar to those proposed by Perrin and Stern. Accord-
ingly, this paper presents the results of an experimental investi-
gation on the separation of a He-CH, mixture by means of
two-membrane permeators enclosing both symmetric dense cap-
illaries of silicone rubber and asymmetric hollow fibers of cellu-
lose triacetate. Silicone rubber is more permeable to CH, than
to He, while the opposite is true for cellulose triacetate. The
He—CH, mixture contained 9.95 mol % He, and measurements
were made at 30°C over a range of pressures and stage cuts. The
permeators were operated under perfect mixing, cocurrent flow,
and countercurrent flow conditions. The experimental results
were compared with model predictions. The original models of
Perrin and Stern (1985), which were derived for symmetric
membranes, had to be modified to take into account the use of
both symmetric and asymmetric membranes.

General Considerations

A simplified diagram of a two-membrane permeator module
is shown in Figure 1. Consider the separation of a binary gas
mixture of components 4 and B in this device. The permeator is

November 1986 Vol. 32, No. 11 1889



represented in Figure 1 as a black box separated into three com-
partments by two planar nonporous membranes, I and II. It is
assumed that membrane I is more permeable to component 4
than to B, and that membrane II is more permeable to compo-
nent B than to 4. The gas mixture to be separated, the feed, is
introduced into the middle compartment at a desired molar flow
rate L, and at a constant total pressure p.z). The mole fractions
of components 4 and B in the feed are designated x;' and
x2(=1 — x), respectively. A fraction of the feed is allowed to
permeate simultaneously through each membrane into the up-
per and lower compartments of the permeator, which are main-
tained at the constant total pressures py,, (<py) and
Puw (<Pye)) respectively. The feed is thus partitioned into three
product streams:

1. A permeated stream of molar flow rate L, and pressure
Py produced by membrane I and enriched in component A.

2. A permeated stream of molar flow rate Ly, and pressure
Py, produced by membrane II and depleted in component 4,
i.e., enriched in component B.

3. An unpermeated stream of molar flow rate L, and pres-
sure p), which can be either enriched or depleted in component
A.

The mole fractions of component A4 in these three product
streams will be designated y{), yil,, and x7, respectively. Sub-
scripts £ and Zrefer to the high- and low-pressure sides of the
membranes, while subscripts i and o designate the permeator
inlet and outlet, respectively. In addition, subscripts I and II
refer to membranes I and II. The fraction 8 of the feed that is
allowed to permeate through each membrane is given by the
relations:

6y = L/ Liey» for membrane I, )
01 = Lyosy/ Liipy, for membrane II, 2)
The fraction 0 is generally referred to as the “stage cut.”

The extent of separation achievable in a two-membrane per-
meator and the required membrane areas depend on the follow-

ing operating variables:

e The feed flow rate

e The feed composition

e The nature of the membranes

e The temperature

e The pressures of the permeated and unpermeated gas
streams in the permeator

® The stage cuts 6 and 6y

e The flow patterns of the permeated and unpermeated gas
streams in the permeator.

For single-membrane permeators, the most often studied flow
patterns have been the so-called “perfect mixing” (Weller and
Steiner, 1950a,b; Stern et al., 1965; Stern and Walawender,
1969; Blaisdell and Kammermeyer, 1973), cross-flow (Weller
and Steiner, 1950a,b; Walawender and Stern, 1972; Blaisdell
and Kammermeyer, 1973), and cocurrent and countercurrent
flow (Oishi et al., 1961; Walawender and Stern, 1972; Blaisdell
and Kammermeyer, 1973; Pan and Habgood, 1974, 1978a,b;
Stern and Wang, 1978). Analytical studies of gas separation in
a perfectly mixed two-membrane permeator have been reported
by Ohnoet al. (1977) and by Sirkar (1980) for limited operating
conditions. Sengupta and Sirkar (1984) have reported the
results of an analytical and experimental study on the separation
of a H,—CO,—N, mixture in a two-membrane permeator oper-
ating under cross-flow, cocurrent and countercurrent flow, and
perfect mixing conditions. More recently, Perrin and Stern
(1985) analyzed the separation of binary mixtures in such a per-
meator under the last three of the above-mentioned conditions.

Experimental Apparatus and Procedure

Permeability measurements with
single-membrane permeators

The permeability to He and CH, of the tubular membranes
used was determined from the steady—state permeation rates of
the pure gases as well as of two different He—CH, mixtures.
Two types of single-membrane permeators were constructed for
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Figure 1. Diagram of two-membrane permeator.

1890

November 1986 Vol. 32, No. 11

AIChE Journal



this purpose, one containing only silicone rubber capillaries and
the other only asymmetric hollow fibers of cellulose triacetate.
The permeators were essentially high-pressure vessels in the
form of shell-and-tube heat exchangers. The procedure for con-
structing these devices has been reported previously (McAfee,
1960; Stern et al., 1977).

The apparatus for measuring gas permeabilities consisted of a
permeator module, the necessary valving, and the instrumenta-
tion required for the measurement and control of the operating
variables, namely temperatures, pressures, flow rates, and gas
compositions. Details of the entire apparatus have been reported
elsewhere (Stern et al., 1977).

In order to perform permeability measurements with pure
gases, He or CH, was admitted to a permeator at some desired
overatmospheric pressure py, such that the capillaries or hollow
fibers were pressurized externally (shell-side). The gas permeat-
ing through the walls of the capillaries or hollow fibers flowed
axially inside these tubular membranes to the low-pressure out-
let of the permeator. The pressure p,, (<p(,,) of the permeated
gas stream, or permeate, was always close to atmospheric pres-
sure at the permeator outlet. [The pressures p, and p, have
been designated p, and p; respectively, in previous publications
(Stern et al., 1977; Stern and Leone, 1980). The present nomen-
clature is more suitable for the subject matter under consider-
ation.] Estimates of the pressure drop inside the capillaries and
hollow fibers indicated that it was not significant under the
experimental conditions. Six different permeator modules were
constructed for the permeability measurements with pure gases:
three of these permeators housed silicone rubber capiliaries and
the other three housed asymmetric hollow fibers of cellulose
triacetate. The characteristics of the six permeators are listed in
Table 1. The permeability of the capillaries and hollow fibers to
He and CH, was characterized by 2 mean permeability coeffi-
cient P, which is defined in a later section. P was determined as a
function of the pressure difference Ap (=py, — p( across the
walls of the tubular membranes under isothermal conditions.

Permeability measurements were also made under steady-
state conditions with two He—CH, mixtures containing 1.01
and 9.95 mol % He, respectively. During these measurements,
the compositions of both the permeated (low-pressure) and
unpermeated (high-pressure) product streams were continu-
ously monitored at the permeator outlets. The tubular mem-
branes, i.e., the capillaries and hollow fibers, were pressurized
externally (shell-side) with the He—CH, mixtures studied. The
flow pattern of the permeated and unpermeated streams inside

Table 1. Characteristics of Single-Membrane Permeators

the permeators was perfect mixing. This flow pattern was
achieved by a suitable choice of permeator dimensions (Hill,
1977) and by employing low stage cuts (§ < 0.2). The flow rates
of the product streams were measured, depending on the magni-
tudes of the fiow rates, with either a soap-bubble meter or by the
water-displacement method. The flow rates of both streams
were required in order to determine the stage cut during a mea-
surement, i.e., the fraction of the feed permeating through the
tubular membranes. The flow rate of the permeated stream also
yielded the permeation rate of a He—CH, mixture through the
walls of the tubular membranes.

The compositions of the permeated and unpermeated product
streams were analyzed with a Varian 3700 gas chromatograph
in conjunction with a recording integrator made by Hewlett-
Packard Co. Details of the analysis have been reported by Perrin
(1986).

The permeability measurements with He—CH, mixtures
yielded permeability coefficients P for He and CH, in silicone
rubber capillaries and asymmetric hollow fibers of cellulose tri-
acetate as a function of Ap and composition under isothermat
conditions.

Gas separation measurements with
two-membrane permeators

The separation of a He—CH, mixture that contained 9.95
mol % He was studied by means of six two-membrane permea-
tors. These permeators enclosed both symmetric dense capillar-
ies of silicone rubber and asymmetric hollow fibers of cellulose
triacetate, the two types of membranes being intermixed. The
construction of a two-membrane permeator was similar to that
of a single-membrane permeator, except that one of the tube
sheets, or headers, in the former was provided with dual outlets
for two permeated product streams instead of a single stream
(Perrin, 1986); this is shown in Figure 2. The characteristics of
the six two-membrane permeators used are listed in Table 2.

Experimental Materials

Pure gases

Pure He, CH,, and N, were obtained from the Linde Division
of Union Carbide Corp. He and CH, were employed for the sep-
aration studies, while N, was used as carrier gas for chromato-
graphic analyses. The purity of these gases was stated by the

Table 2. Characteristics of Two-Membrane Permeators

Tubular Membranes

Tubular Membranes

Effective Effective Effective
Permeator Number Area, A Permeator Number Area, 4, Number Area, Ay Ratio
Module Type N cm? Module Nt cm** N#*  om®™  4/A4;(=1/R)
1 Silicone rubber, 20 40.8 1 125 342.3 10 50.6 6.76
2 symmetric (dense) 30 55.3 2 78 244.6 12 69.5 3.52
3 capillaries* 20 44.5 3 141 363.5 40 188.1 1.93
4 Cellulose triacetate, 36 58.2 4 125 718.8 10 106.2 6.77
5 asymmetric hollow 40 60.1 5 78 538.2 12 153.0 3.52
6 fibers** 40 62.3 6 141 981.4 40 508.1 1.93
*OD = 635 um (25 x 107%in); ID = 305 ym (12 x 10~ in) *1: Cellulose triacetate, asymmetric hollow fibers
**0OD ~ 245 um (9.65 x 1072 in); ID = 69 um (2.72 x 107 % in) **]1I: Silicone rubber, symmetric (dense) capillaries
The permeators differed in length. The permeators differed in length.
AIChE Journal November 1986 Vol. 32, No. 11 1891
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Figure 2. Cross section through end of two-membrane permeator.

supplier to be as follows:

Gas Grade Purity vol %
Helium High purity 99.995 min.
Methane Ultrahigh purity 99.97 min.
Nitrogen Prepurified 99.998 min.

The gases were used without further purification.

Gas mixtures

Two different He—CH, mixtures were used. The gas mix-
tures were obtained from Air Products Co., Tamaqua, Pa. The
following gas analyses were provided for each gas mixture by the
supplier:

1. Helium 1.01 mol %
Methane Balance
Water vapor <15 ppm
Total hydrocarbons <1 ppm

2. Helium 9.95 mol %
Methane Balance
Water vapor <15 ppm

Total hydrocarbons <1 ppm

Membranes

Silicone Rubber. The silicone rubber [poly(dimethylsilox-
ane)] capillaries employed in this study were produced by Dow
Corning Corp. of Midland, Mich., and marketed under the
name Silastic Medical Grade Tubing. The silicone rubber was
stated by the manufacturer to contain 32.25 + 3 vol. % (51.66
wt. %) of a silica filler. The specific gravity of the polymer was
0.98 and that of the silica filler was 2.2.

The nominal diameters of the silicone rubber capillaries were
635 um (2.5 x 1072 in) OD and 305 um (1.2 x 1072 in) ID.
These diameters were measured by microscopic observation.

Additionally, the ID was found experimentally by determining
the weight of mercury required to fill a selected length of capil-
lary. The measured outer and inner diameters of the capillaries
were found to be very close to their nominal values, which were
used in all calculations.

Cellulose Triacetate. Asymmetric hollow fibers of cellulose
triacetate were obtained in a water-wet state from Dow Chemi-
cal Co., Walnut Creek, Calif. The hollow fibers had to be dried
prior to use in order to preserve their asymmetric character dur-
ing the gas permeation studies. The method employed for this
purpose was that described by MacDonald and Pan (1974).

The inner and outer diameters of the hollow fibers of cellulose
triacetate were determined by electron microscopy because their
bore was very small. Using eight samples, the OD of the hollow
fibers was determined to be 245.0 + 11 um (9.65 x 10~%in); the
LD. was found to be approximately 69.0 + 3 pm (2.72 x 1073
in). No specification for the nominal diameters was given by the
manufacturer. However, the dimensions of the outer and inner
diameters of these fibers have been reported by Pan et al. (1978)
to be 225 um (8.86 x 1073 in) and 70 gm (2.76 x 107* in),
respectively.

Experimental Results
Permeability coefficients for pure gases

Steady—state rates of permeation, L,,,, of He and CH,
through symmetric dense capillaries of silicone rubber and
through asymmetric hollow fibers of cellulose triacetate have
been measured by means of the single-membrane permeators
described in the previous section. The measurements were made
at 30°C and at pressures py, in the range from 1.70 x 10° N/m?
(25 psia) to about 3.77 x 10° N/m? (55 psia) at the high-pres-
sure inlet of the permeators. The pressure py, at the low-pres-
sure outlet was always close to atmospheric. It was estimated
that the axial pressure drop in the permeator was not significant
either shell-side or tube-side under the experimental conditions.

The experimental results are reported in terms of mean per-
meability coefficients P, which are defined for tubular mem-
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branes by the relation:

Ly« In (ro/r)

P-
2xL - Ap

, (3)

where r, and r; are the nominal outer and inner radii of the tubu-
lar membranes, L is the length of the tubular membranes, and
Apl=p(£) — p.,] is the pressure drop across the walls of the
membranes. When the walls of the tubular membranes are very
thin, so that r,/r; ~ 1, then:

In (fﬂ) ~— (4)
4 ro

and Eq. 3 reduces to the form used for planar (sheet) mem-
branes:

I—" = Lo(!) . 6/A - AP, (5)

where 6 = (r, — r;) and A are the effective thickness and area of
the membranes, respectively.

The results of the gas permeability measurements with sili-
cone rubber capillaries (r,/r; = 2.083) are presented in Figure 3
in the form of semilogarithmic plots of P for He and CH, as a
function of Ap. The values of P were calculated from Eq. 3. The
maximum error in P has been estimated to be = 10%.

Similar results obtained with asymmetric hollow fibers of cel-
lulose triacetate are presented in Figure 4. The effective thick-
ness & of these hollow fibers was that of their dense surface layer,
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Figure 3. Permeability coefficients P for Helium and
Methane in symmetric dense capillaries of sili-

cone rubber at 30°C.
Straight lines are least-squares fits to experimental data.
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or skin. Previous work with asymmetric hollow fibers of the
same origin indicated that their skin was very thin (Pan et al,,
1978), but the actual skin thickness of the hollow fibers
employed in the present work was not known. Therefore, the
results of the permeability measurements with the hollow fibers
of cellulose triacetate are presented in Figure 4 in the form of
semilogarithmic plots of P/é for He and CH, as a function of
Ap. The values of P/ were calculated from Eq. 5 and their max-
imum error was estimated to be +8%.

An examination of Figure 3 shows that the permeability coef-
ficients for He and CHj in silicone rubber capillaries are essen-
tially independent of Ap under the conditions of this study. The
value of P for He at 30°C agrees within 15% with that reported
by Stern et al. (1965), and within 11% with that of Ohno et al.
(1976). The value of P for CH, at the same temperature also
agrees within 15% with that reported by Stern et al. (1965).

It is interesting to note that measurements of permeation
rates of O,, N,, Ar, Kr, and Xe through silicone rubber capillar-
ies of the same origin as those used in this study showed that P
decreased with increasing Ap at 30°C. (Stern, et al., 1977; Stern
and Leone, 1980). This behavior was attributed to the elastic
deformation of the capillaries under external pressure, which
resulted in an unequal decrease in their outer and inner diame-
ters with an attendant increase in wall thickness. The present
results did not reflect such a behavior, possibly because the scat-
ter in the values of P, which were obtained with three different
permeator modules, was larger than the maximum expected
decrease in P due to elastic deformation. Under the experimen-
tal conditions, this decrease was estimated to be about 5% at
Ap = 2.7 x 10° N/m? (40 psi), based on an average value of
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Figure 4. Permeability coefficients P/5 for Helium and
Methane in asymmetric hollow fibers of cellu-
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Straight lines are least-squares fits to experimental data.
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Young’s modulus E of 3.09 x 10° N/m? (448 psi) for the sili-
cone capillaries (Stern et al., 1977).

Figure 4 shows that the permeability coefficients for He and
CH, in the asymmetric hollow fibers of cellulose triacetate are
also independent of Ap under the conditions of this study. The
values of P obtained for the two gases are an order of magnitude
lower than those reported by MacDonald and Pan (1974) for
hollow fibers of the same origin and under comparable condi-
tions. However, the ideal separation factors a* (He/CH,) =
PHe/ P obtained in the two studies are more consistent: 2 mean
value of a* = 49 was obtained in this study, while MacDonald
and Pan obtained values of o* in the range from about 40 to 60,
depending on the solvents used in drying their hollow fibers.

The above observations suggest that the hollow fibers of cellu-
lose triacetate used in the two studies differed mainly in the
effective thickness of their dense skin. This difference probably
was due, in turn, to some difference in the respective techniques
employed in drying the hollow fibers. For example, MacDonald
and Pan have shown that even very minor variations in the dry-
ing technique will significantly affect the values of gas perme-
ability coefficients.

Permeability coefficients for gas mixtures

Steady-state rates of permeation of two different He—CH,
mixtures through silicone rubber capillaries and through asym-
metric hollow fibers of cellulose triacetate have been measured
at 30°C and at the same pressures as used in the measurements
with pure He and CH,. The mixtures contained 1.01 and 9.95
mol % He, respectively, and the permeation rates were deter-
mined under the so-called perfect mixing conditions described
previously.

Permeability coefficients for He and CH, were calculated
from the permeation rates of the He—CH, mixtures and the
compositions of the high- and low-pressure gas streams at the
permeator outlets. Equations 3 and 5 were used for this purpose,
except that L, was replaced by i, the flow rate of the indi-
vidual components of the mixtures, i.e., L, = ViLy), and Ap
was replaced by Ap/, the partial pressure difference of these
components across the walls of the hollow fibers, i.e., Ap =
PwXs — Piyyi. The symbols x] and yj denote the mole fractions
of component / (He or CH,) in the unpermeated and permeated
product streams, respectively, at the permeator outlets. Since
the measurements were made under perfect mixing conditions,
x! and y! are also the mole fractions of component i in the unper-
meated and permeated streams, respectively, everywhere in a
permeator module. Equation 3 was used for the measurements
with silicone rubber capillaries, while Eq. 5 was used for the
measurements with the hollow fibers of cellulose triacetate.

The permeability coefficients, P and P/6, for He and CH,
obtained from the measurements with the He—CH, mixtures
are compared in Figures 3 and 4 with the permeability coeffi-
cients obtained with pure He and CH, at the same tempera-
tures. The maximum error in the former values of P and P/5 has
been estimated to be +12%. Figures 3 and 4 show that the
results of the permeability measurements with the mixtures
agree within experimental error with those made with the pure
gases. This behavior indicates that He and CH, do not interact
in the permeating mixtures, as would be expected from the low
solubility of the two gases in silicone rubber and in cellulose tri-
acetate. The constancy of the permeability coefficients for He
and CH, (within the experimental error) over the pressure range
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studied can also be attributed to the low solubility of these gases
in the two polymers (Stern and Frisch, 1981),

Comparison of Experimental and
Theoretical Results

Model description

The experimental results of this study on the separation of
He—CH, mixtures in two-membrane permeators have been
compared with the results predicted from the mathematical
models of Perrin and Stern (1985), after these models were
modified to take into account the use of asymmetric tubular
membranes, such as asymmetric hollow fibers. The original
models were based on the following assumptions:

1. Both types of membranes used in a two-membrane perme-
ator are symmetric (dense).

2. The permeability coefficients for the components of a per-
meating mixture are the same as those of the pure components
and, moreover, are independent of pressure.

3. The axial pressure drop in a permeator module is negligi-
ble both shell-side and tube-side.

The last two assumptions are satisfactory for the experimen-
tal conditions of this study (see below). The first assumption,
however, had to be modified because the two-membrane perme-
ators used in this study contained both symmetric and asymmet-
ric membranes. The former were capillaries of silicone rubber
while the latter were hollow fibers of cellulose triacetate. An
asymmetric hollow fiber is visualized here as consisting of a
highly porous, tubular substrate covered with a much thinner,
dense surface layer or skin. The skin is an integral part of the
hollow fiber. The separation of a gas mixture by selective perme-
ation through asymmetric hollow fibers occurs almost entirely in
the skin, which must be nonporous; the porous substrate pro-
vides the hollow fibers with the necessary mechanical strength.
In the asymmetric hollow fibers employed in this study, the skin
was formed on their external surfaces.

The mathematical models describing the separation of a
binary gas mixture in a two-membrane permeator enclosing
both symmetric and asymmetric membranes are presented in
the Appendix for cocurrent and countercurrent operating condi-
tions.

Separation of He—CH, mixtures

The separation of a He—CH, mixture containing 9.95 mol %
He was studied in two-membrane permeators, which housed
both symmetric dense capillaries of silicone rubber and asym-
metric hollow fibers of cellulose triacetate, as detailed in Table
2. The He concentration in large natural gas streams in the
United States is generally in the range from about 0.1 to 1.0 mol
%. However, the use of gas mixtures with such a low He content
in the present study would have resulted in a substantial experi-
mental error.

The measurements were made at 30°C, at several applied
pressures, and over a range of stage cuts 8, and 6;;. The pressures
were: py = 1.70 x 10° N/m? (24.7 psia), 2.39 x 10° N/m?
(34.7 psia), and 3.77 x 10° N/m? (54.7 psia); at the same time,
the pressure p,, was always near | x 10° N/m? (14.7 psia). The
permeators were operated under perfect mixing, cocurrent fiow,
and countercurrent flow conditions. Different stage cuts were
achieved by adjusting the feed flow rates. The accuracy of the
measurements was +3-5% (relative).

AIChE Journal



Typical experimental results are reported in Figures 5 to 9,
where the compositions of the unpermeated (high-pressure)
product stream and of the two permeated (low-pressure) prod-
uct streams are shown as a function of the pressure difference
Ap[=pwy — pw] and the stage cuts 6; and 8 for the three flow
patterns in the permeators mentioned above. It should be noted
that 6; > 6, in Figure 5, 8, ~ 8y, in Figures 6 and 7, and 6, < fy in
Figures 8 and 9.

The separation experiments were also simulated by means of
the mathematical models presented in the Appendix for cocur-
rent and countercurrent operating conditions, and by a straight-
forward modification of the model for perfect mixing conditions
derived for single-membrane permeators (Perrin and Stern,
1985). The permeability coefficients for He and CH, used in
these calculations (P or P/8) were those reported for the pure
gases in Figures 3 and 4, since these agreed closely with the val-
ues obtained from permeability measurements with He—CH,
mixtures. The axial pressure drop inside the silicone rubber cap-
illaries was neglected, having been found to be insignificant for
Ap values of less than 3.45 x 10° N/m? (50 psi) (Stern and
Leone, 1980). The axial pressure drop inside the hollow fibers of
cellulose triacetate was estimated to be less than 2% of the
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Figure 5. Separation of a He—CH, mixture in a two-mem-
brane permeator at 30°C.
Membrane I: Asymmetric hollow fibers of cellulose triacetate.
Membrane II: Symmetric dense capillaries of silicone rubber.
Feed composition: 9.95 mol % He.
Operating conditions: 8; = 2 to 3 8, Apy = Apy = 1.38 x 10° N/m?
(20 psi).
Ratio of membrane areas: 4,/A4; - 3.5.
Curves show theoretical results.
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Figure 6. Separation of He—CH, mixture in a2 two-mem-

brane permeator at 30°C.

Membranes and feed composition as in Fig. 5.

Operating conditions: 6, = 8;;, Ap; = Apy = 1.38 x 10° N/m’ (20
psi).

Ratio of membrane areas: 4;/ Ay = 3.5.

Curves show theoretical results.

applied Ap under the experimental conditions (Pan and Hab-
good, 1978a), and was therefore also neglected.

The theoretical and experimental results are compared in
Figures 5 to 9; the theoretical results are represented by the
curves in these figures. The two sets of data agree in general
within +20%, and in some cases within +10%. This agreement
probably is the best that can be expected, considering the sim-
plifying assumptions made in the theoretical model and the
magnitude of the experimental error. The agreement is better at
the lower stage cuts, particularly when the value of the stage cut
is smaller than that of the feed composition, x;. It should be
noted that under some experimental conditions the compositions
of the three product streams, yie, yi¢, and x}, are only weakly
dependent on the type of flow pattern used. However, the gen-
eral trends are sufficiently clear to permit a meaningful compar-
ison to be made between theory and experiment. The weak
dependence of the product compositions on flow pattern is a con-
sequence of the small stage cuts used in this study. Larger stage
cuts would have resulted, however, in a lower extent of separa-
tion in some cases.

An examination of Figures 5 to 9 reveals the following perme-
ation behavior:

1. When stage cut §; for membrane I becomes larger than
stage cut 8;; for membrane 1§, the performance of a two-mem-
brane permeator approaches that of a single-membrane permea-
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Figure 7. Separation of He—CH, mixture in a two-mem-

brane permeator at 30°C.

Membranes and feed composition as in Fig. 5.

Operating conditions: 8; ~ 6y, Ay = Apy = 2.76 x 10° N/m* (40
psi)-

Ratio of membrane areas: A;/ Ay = 3.5.

Curves show theoretical results.

tor containing membrane I only. The most efficient flow pattern
in a single-membrane permeator, i.¢., the pattern that yields the
highest separation and requires the smallest membrane area, is
countercurrent flow, followed by cross-flow, cocurrent flow, and
perfect mixing (Walawender and Stern, 1972). A two-mem-
brane permeator operating under conditions where 6; > 0y
should exhibit a similar behavior. Figure 5 shows that counter-
current and cocurrent flow yield indeed a higher separation than
perfect mixing in a two-membrane permeator operating with
6, > 6y;; in Figure 5, 6, is approximately two to three times larger
than 8y, The extent of separation achieved is best characterized
by the value of yf, the He mole fraction concentration in the
permeate from membrane I (the asymmetric hollow fibers of
cellulose triacetate). In the present study the terms countercur-
rent and cocurrent apply strictly only to the flow patterns at the
interfaces of the two membranes in the permeator. The separa-
tion of the feed mixture actually occurred under flow conditions
that are better described as cross-flow/countercurrent and
cross-flow /cocurrent, the cross-flow taking place in the asym-
metric membrane 1.

2. The above trends, which were found for conditions when
8, > 0y, were also observed when 6; ~ 6;;. However, the He con-
centration in the permeate from membrane I, y;,, was higher for
6, ~ 0y, as can be seen by comparing Figures 5 and 6 for
Ap = 1.38 x 10° N/m? (20 psi) (in this study, Ap = Ap;, =
Apy).

Whatever the relative values of 8, and 6y, the separation is
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generally enhanced by an increase in the pressure drop Ap
across either of the two membranes, or across both membranes.
This is seen from Figure 6 [Ap = 1.38 x 10° N/m? (20 psi)] and
Figure 7 [Ap = 27.6 x 10° N/m? (40 psi)]. The He concentra-
tion in the permeate from membrane I, }A°, is significantly
higher for Ap = 40 psi than for Ap = 20 psi, when compared at
the same stage cuts.

3. One of the most striking conclusions derived from the the-
oretical models (Perrin and Stern, 1985) was that in cases where
8; « 8y, perfect mixing would yield a better separation than
other flow patterns. This is never the case in single-membrane
permeators. The above prediction appears to be confirmed by
the results presented in Figure 8 and, particularly, in Figure 9,
where 6; ~ 0.1 6;;. Although the experimental results obtained
with the three flow patterns studied are close to each other, the
He concentration in the permeate from membrane I, yrs for per-
fect mixing is seen to be equal to or higher than that for counter-
current or cocurrent flow. Moreover, when 6; « 8y;, the He con-
centration in the permeated product stream from membrane I
increases with increasing 6, as predicted by the theoretical mod-
el. In contrast, when 6; > 6y or 6; ~ 8;; the He concentration in
this stream decreases with increasing 6;; see Figures 5-7. Fig-
ures 8 and 9 also show that for 8; « 8y, the concentration of He in
the unpermeated (high-pressure) product stream increases with
increasing stage cut 6,. This behavior never occurs in a single-
membrane permeator.

An interesting application of two-membrane permeators such
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Figure 8. Separation of He— CH, mixture in a two-mem-
brane permeator at 30°C.
Membranes and feed composition as in Fig. 5.
Operating conditions: 8; ~ 0.1 8y, Ap, = Apy = 0.69 x 10° N/m* (10
psi).
Ratio of membrane areas: 4;/4; = 1.9.
Curves show theoretical results.
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Figure 9. Separation of a He— CH, mixture in a two-mem-

brane permeator at 30°C.

Membranes and feed composition as in Fig. 5.

Operating conditions: 8; = 0.1 8, Ap, = Ap;, = 1.38 x 10° N/m? (20
psi).

Ratio of membrane areas: 4;/ 4, = 1.9.

Curves show theoretical results.

as those described above would be for the recovery of He from
natural gas. The theoretical models indicate that the concentra-
tion of He in the permeate stream from, say, membrane [ (which
must be He-selective) could be greatly enhanced by the presence
of a second membrane with a reverse gas selectivity, provided
that:

1. The selectivity of membrane II toward CH,, relative to
He, is sufficiently large.

2. The stage cut 8y for membrane II is also sufficiently
large.

These conditions were only partially satisfied in the present
study, in which the main objective was to test the validity of the
theoretical models of two-membrane permeators. Thus, the
selectivity of the silicone rubber capillaries (membrane II)
toward CH, relative to He was not sufficiently high (see Figure
3) to significantly increase the He concentration in the perme-
ated stream produced by the hollow fibers of cellulose triacetate
(membrane I). Moreover, the measurements were made at rela-
tively low values of ;.

The potential usefulness of two-membrane permeators is
illustrated in Table 3 for the separation of a He—CH, mixture
containing 9.95 mol % He. The selected operating conditions are
stated in Table 3. The pertinent mathematical model predicts
that for the membranes used in the present study, the He con-
centration in the permeated product stream from membrane I

AIChE Journal

should increase with increasing 8, from 24.24 mol % at 6 =
0.201 to 33.33 mo! % at 8;; = 0.80, 6, being maintained constant
at 0.019. The ideal separation factors used in this calculation
were extracted from Figures 3 and 4. For 8, = 0.019 and §;; =
0.201, the model predicts that the above-mentioned product
stream should contain 24.24 mol % He, which is in satisfactory
agreement with the value of 23.8 mol % He obtained experimen-
tally for the same conditions.

If the silicone rubber capillaries (membrane II), for which a
(He/CH,) = 0.376 at 30°C, Figure 3, could be replaced with a
more highly CH,-selective membrane with aff = 0.0213, the He
concentration in the permeated product stream from membrane
I would vary from 27.16 mol % at 6;; = 0.201 to as much as 73.96
mol % at 6;; — 0.80, with 8, still constant at 0.019. In contrast, a
single-membrane permeator provided just with hollow fibers of
cellulose triacetate (membrane I) could produce a permeate
containing only 21.6 mol % He at 8, = 0.019 (8, = 0), the other
conditions being those specified in Table 3.

Consequently, the separation of a binary gas mixture by
selective permeation could be greatly enhanced by the simulta-
neous use of two different membranes with sufficiently high
reversed gas selectivities, if such membranes can be developed.

Conclusions

The separation of a He—CH, mixture achieved in two-mem-
brane permeators was found to be consistent with the perfor-
mance predicted by the mathematical models, particularly at
the lower stage cuts. The experimental results confirmed the
prediction that the highest separation is obtained when the two-
membrane permeators are operated under either countercurrent
or so-called perfect mixing flow conditions, depending on the
relative values of the two stage cuts.

The models show that much higher separations can be
achieved in two-membrane permeators than in permeators pro-
vided with a single type of membrane (Perrin and Stern, 1985).

Table 3. Effect of Ideal Separation Factors on Separation
of a He-CH, Mixture in 2a Two-Membrane Permeator

Predicted Compositions of Product Streams,

November 1986 Vol. 32, No. 11

mol % He
Stage Cut for Permeated Permeated
Membrane [IT  Stream from Stream from Unpermeated
O Membrane 1 Membrane 11 Stream
(1) a¥f (He/CH,) = 47, of; (He/CH,) = 0.376
201 24.24% 5.85 10.66

0.40 26.73 6.51 11.77
0.50 28.17 6.70 12.41
0.60 29.73 7.32 13.11
0.80 33.33 8.31 14.73

(2) at (He/CH,) = 47; a}; = (a?)~' = 0.0213 (hypothetical value)
0.20t 27.16 0.54 11.96
0.50 40.77 0.94 18.10
0.60 48.67 1.23 21.76
0.80 73.96 2.85 34.61

Membrane I: Cellulose triacetate, asymmetric hollow fibers

Membrane I1: Silicone rubber, symmetric (dense) capillaries

tStage cut for membrane I: §, = 0.019

Feed composition: 9.95 mol % He

Pressure drop across membranes: 1.38 x 10° N/m? (20 psi)

Temperature: 30°C

Perfect mixing flow conditions

jExperimental value: 23.8 mol % He
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However, the separation efficiency of two-membrane permea-
tors becomes significant only when the reverse selectivities of
the two types of membrane toward the components of a binary
gas mixture are sufficiently large and the stage cuts are properly
adjusted.

The described membrane separation technique could be ap-
plied in principle alsc to the separation of multicomponent mix-
tures if membranes that exhibit specific selectivities toward the
different components of the mixtures can be found.

Instead of using a single permeator module enclosing two or
more different types of membranes it is also possible to employ
two or more permeators, connected in various configurations,
each containing a single (but different) type of membrane. A
study of these alternatives has shown that the single permeator
with multiple types of membranes is the most efficient configu-
ration from the viewpoint of achievable separation under com-
parable operating conditions (Stern, et al., 1984).
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Notation

A = membrane area
a, b, ¢ = constants, Eq. A4
C{ ~ expression defined by Eq. Al or A2
C{#® = expression defined by Eq. A5 or A6
L = length of capillaries or hollow fibers
L = local molar flow rate of unpermeated (high-pressure) stream
L,y = local molar flow rate on low-pressure side of membrane I or 11
L,y = molar flow rate of unpermeated (high-pressure) stream at per-
meator (stage) inlet
L, = molar flow rate of unpermeated (high-pressure) stream at per-
meator (stage) outlet
Lyy,,, = molar flow rate of permeated (low-pressure) streams at perme-
ator (stage) outlet
N = number of hollow fibers in permeator
P = mean permeability coefficient
Dy = total pressure (absolute) on high-pressure side of membranes I
and I
D) = total pressure (absolute) on low-pressure side of membrane I
Pue = total pressure (absolute) on low-pressure side of membrane II
riy = Pressure ratio, pesy/Pis) OF Piey/Puie
R = ratio of membrane areas, 4y / 4;
x*# = local mole fraction of component 4 or B in unpermeated (high-
pressure) stream
x# = mole fraction of component 4 or B in feed stream at permeator
inlet
y*# = local mole fraction of component 4 or B in permeated (low-
pressure) stream
¥ = local concentration of more rapidly permeating component
(A) due only to component flux through membrane

Greek letters

o* = ideal separation factor, P4/ P*

6 = effective membrane thickness

6, = stage cut from membrane I, L,/ L
6, = stage cut for membrane 11, Ly, / L,

Subscripts

£ = high-pressure side of membrane

| = permeator (stage) inlet

I = membrane (of type) I or low-pressure side of membrane 1
Il = membrane (of type) Il or low-pressure side of membrane I1
/= low-pressure side of membrane

0 = permeator (stage) outlet
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Superscripts

A,B = component of gas mixture
i = component of gas mixture

Appendix

Perrin and Stern (1985) have developed mathematical mod-
els to describe the separation of binary gas mixtures in two-
membrane permeators operating under perfect mixing, cocur-
rent flow, and countercurrent flow conditions. These models
were derived for a permeator in which both types of membrane
are symmetric (dense) in nature. However, the two-membrane
permeators used in this study enclosed both symmetric and
asymmetric membranes. As was shown by Pan (1983), the sepa-
ration of gas mixtures by means of an asymmetric membrane
must be described by a cross-flow model (Stern and Walawen-
der, 1969), irrespective of whether the high- and low-pressure
gas streams at the interfaces of the membrane flow cocurrently
or countercurrently to one another. The cross-flow pattern is due
to the fact that a gas permeating through the skin at one inter-
face of an asymmetric membrane must traverse its porous sub-
strate, in a direction roughly perpendicular to the skin, before
reaching the opposite interface. Therefore, the models of Perrin
and Stern were modified accordingly and the results are pre-
sented below. In the analysis that follows, membrane I will be
considered as being asymmetric, while membrane II will be
regarded as symmetric.

Cocurrent flow combined with cross-flow

The differential form of Fick’s law, which describes the trans-
port of components 4 and B through membrane I under cross-
flow conditions, is:

ydL, = (ﬁi‘/al)[l’(z)x"— pl(/)y']dAI =C{dAa, (A1)

(1 -)yHdL, =
(Ffal) - [Pyl = x°)— Pin(l - y)]dA=CdA, (A2)

As is shown in Figure 10, y’ represents the local concentration
of component A in the gas permeating through the differential
membrane area dA; (different from the local bulk permeate
concentration y{), and x4 is the local concentration of the
unpermeated stream. L; and L are the flow rates of the perme-
ated and unpermeated streams, respectively. The symbols P, 5,
Dy and p,, have been defined previously. The ratio of Eq. Al
to Eq. A2 yields:

YIA =y) = af(rx? = y)/[n(1 - x*) = (1 - y)], (A3)

where of (—Pi!/ P?) is the ideal separation factor, and rn(=pw/
Pi) is the pressure ratio across membrane I.

The solution of Eq. A3 to yield y’ as a function of the local
unpermeated stream concentration x* is (Stern and Walawen-
der, 1969):

Y =f(x*) = [b— (b — 4ac)'*]/2a, (A4)

where

a=af -1,

b=r + af(rx? + 1),
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Figure 10. Diagram of two-membrane permeator with cocurrent gas flow.

Flow at membrane interfaces is cocurrent; separation of gas mixture in asymmetric membrane 1 is by cross-flow. Thickness of mernbrane I exaggerated
compared to membrane II for clarity. Membrane II is symmetric (dense).

and
¢ = afrix?

For membrane 11, which is symmetric (dense), the transport
equations for cocurrent flow conditions are (Perrin and Stern,
1985):

d(}’Aan) = (PA/BH)[P(/)X - p"(,)y"]dA" - Ciid4y  (AS)

af(1 — yLy) = (P /e pe(l — x |

- Pn(/)(l ,Vn)ldAn = C A, (A6)
where L, and y3} are the local molar flow rate of the permeated
stream and the concentration of component A in that stream
associated with membrane 11, respectively. The relation be-
tween dA; and dA,, is dA;; = RdA,;, where R is a constant that
can be related to the geometry of the membranes (Perrin and
Stern, 1985).

In addition to these equations, several material balances can
be written around the permeator from the inlet to a position z;
see Figure 11. These balances include:

Lipxf = Lyt + Ly Y + Lx*, (ATb)
and
O0=dL+dLy+ L (A7c)
Moreover,
xAL — (L + dL)(x* + dx*) + ydL, + d(Lyyf), (A8a)
and
(Ot + dyP)(L; + dL) = y{L, + ydL, (A8b)

Neglecting second-order terms, a rearrangement of Eqs. A8a
and A8b yields:

dyt/dL, =

v - /L (A9b)

If L, is the independent variable, Egs. A1 through A9 contain

Liy=Li+ Ly + L, (A7a) all the information necessary to derive the equations for y{, va,
r |
L
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Figure 11. Diagram of two-membrane permeator with countercurrent gas flow.
Flow at membrane interfaces is countercurrent; separation of gas mixture in asymmetric membrane [ is by cross-flow. Thickness of membrane I exagger-
ated compared to membrane 11 for clarity. Membrane 11 is symmetric (dense).
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L, Ly, x*, Ay, and A2

dA/dL, = y/C{ (A10)

dAy/dL, — RdA;/dL, (A11)

dy/fdly = (y' — y{)/ L (A12)

dLy/dL, — Ry'(CH + CB)/CH (A13)
dL/dL, = —(1 — dLy/dLy) (A14)

dx4/dL; = —(x*dL/dL; + y + yRCH/C#)/L (A1S5)
Y =f(x") (A16)

L=Ly - L~ Ly (A17)

¥t = (Ligyxf — Lx? — Liy{) /Ly (A18)

The above equations are integrated from the permeator inlet,
where the boundary conditions are:

L= Ly, (A19)
A=Ay =0 (A20)
Li=Ly=0 (A21)

=y (A22)

x4 = xf, (A23)

where ) is determined from Eq. A4 for x* = x{, and y{i is
obtained from a similar expression (Eq. 24b, Perrin and Stern,
1985).
Because dyf/dL, is indeterminate at the permeator inlet,
L’Hospital’s rule is used to give:
dyt/dL, = \dy [dL, = Y(dy' [dx?) - (dx*/dL;), (A24)

where dy’/dx” is determined from the differentiation of Eq.
A4,

Countercurrent flow combined with cross-flow

The following equations apply to countercurrent flow in a
two-membrane permeator with asymmetric and symmetric
membranes. From Figure 11, the mass balances around the per-
meator from the permeator outlet to some position z are:

L=Lyy+ Ly+ Ly (A25)
Lx® = Lyyyx3 + Lyt + Lyyt (A26)
dL =dL; + dLy (A27)
d(Lx*) = d(Liy{') + d(Lyyi}) (A28)
which gives for the governing equations:
dA,jdL, = y'/C{ (A29)
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dAy/dL; = RdA,JdL, (A30)
dy/fdLy = (¥ - y{)/L (A31)

dLy/dL; = Ry(Cfi + C¥/C (A32)
dLjdLy = (1 + dLy/dLy) (A33)

dx*/dL; = (—x*dL/dL, + y + YRCH/CH/L (A34)
y =fx?) (A35)

L=Lyy+ L+ Ly (A36)

yit= (Lx* — Lyyx§ — Liy?)/ Ly (A37)

These equations are integrated from the permeator outlet,
where the boundary conditions are:

x4 = x2 (A38)

The integration procedures to solve the differential equations
for cocurrent and countercurrent flow have been described else-
where (Perrin and Stern, 1985).
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