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THE EFFECT OF A SUPPORT LAYER
ON THE PERMEABILITY OF WATER
VAPOR IN ASYMMETRIC
COMPOSITE MEMBRANES

Li Liu,* Yong Chen, Shuguang Li, and Maicun Deng

National Engineering Research Center of Membrane
Technology, Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, China

ABSTRACT

Water vapor permeation through a silicone rubber—PSF (polysul-
fone) resistance composite membrane was studied. The resistance
of the asymmetric composite membrane to the permeation of ni-
trogen, hydrogen, and water vapor is discussed on the basis of a se-
rial resistance model. Compared with nitrogen and hydrogen, the
resistance to water vapor is not attributable to the skin layer but is
mainly due to the support layer of high water vapor permeability.
The water vapor permeability decreases considerably with the in-
crease of support layer resistance; the effect was greater when a
relatively high vacuum was applied to the permeate gas side of the
membrane. This result was also verified by the experiments of gas
and vapor permeation through the composite membrane. In addi-
tion, the effects of the membrane structure on the water vapor per-
meability, as well as on the resistance of the support layer, were
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also investigated. The membrane dehumidification process was
used because it increased the porosity, the pore size of the support
layer, and the thickness of the skin layer.

Key Words: Water vapor; Asymmetric composite membrane;
Resistance; Support layer; Dehumidification process

INTRODUCTION

The membrane dehumidification process offers many advantages over the
conventional processes, such as chemical absorption, physical adsorption, and
cryogenic cooling (1-3). This dry method of purification is characterized as ad-
vantageous because no material is lost and no solvent is consumed through dehu-
midification. It can be operated continuously without the need for regeneration,
has the potential to be highly energy efficient, is environmentally safe without
generating secondary contaminants, and is efficient in terms of space and weight.
Therefore, membrane dehumidification is a potential and rapidly developing pro-
cess (4). Research on permeation behavior of water vapor was conducted to im-
prove the comprehension of membrane dehumidification processes.

Presently, most of the gas separation membranes employed in industry, such
as the Prism membrane, are composite membranes developed by Henis and
Tripodi (5,6). Usually they have an asymmetric substrate with a thin dense surface
layer on which the separation occurs and a porous layer that acts as a mechanical
support. A high-flux and low-selectivity polymer is coated on the dense layer to
plug a few defects. Generally, for the separation of permanent gases (e.g. O, N,
and H,), almost all the resistance of mass transfer is on the dense layer and the re-
sistance of the support layer can often be neglected or its affect over-simplified in
a permeation model. For this reason, most work is concentrated on the synthesis
of polymers with high flux and selectivity (4) or on the preparation of membranes
with defect-free thin dense layers (7).

However, recent studies have shown that the decrease in permeability for
relatively fast gases, such as He and Hy, is attributed more or less to the support
layer when the skin layer is very thin (8). Beuscher and Gooding have also found
that the resistance of the support layer may reduce the sweep effect in the vapor
permeation process (9,10).

Water vapor is more highly permeable through most of the polymer matrix,
such as the polysulfone (PSF) and silicone rubber components, than the other per-
manent gases. In a composite membrane, the resistance distribution of water va-
por may be different from that of the permanent gases, which have relatively low
permeability. Although the dense layer is not thin, the resistance to water vapor

Copyright © Marcel Dekker, Inc. All rights reserved.
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through the support layer may have great influence on the overall performance of
the composite membrane.

In this paper, the effects of the support layer on water vapor permeability
was investigated based on a serial resistance model, and the permeability of water
vapor through the composite membrane under different pressures was measured
to validate the resistance of the support layer.

THEORY

As shown in Fig. 1, the composite membrane has a PSF asymmetric sub-
strate with a silicone rubber coating. The substrate is composed of a dense layer
on the surface through which separation occurs, and a porous support layer that
has a sponge structure to endure high pressure.

The resistance against gas flow can be expressed as a series circuit analo-
gizing Ohm’s law, and the total resistance is

N S
T 1

+ e
R,  R3 + Rs

R=R, + +R, (1)

The resistance of gases through the silicone rubber coating and the polymer phase

of the PSF skin layer can be calculated by the following equations:

— L (2)
Pi(p)A

R,

R,
coating layer
Ry
dense layer
R,
R;,
support layer
R,
e R
Permeate

Figure 1. The resistance model for gas permeation through composite membranes.
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where L; and L, are the thickness of the coating layer and the dense layer respec-
tively; L is the length of silicone rubber coating plugging into the defective pores
of the skin layer; A is the area of the membrane; and &' is the porosity caused by
the skin layer defects. When water vapor is permeating through membranes, clus-
tering, condensation or swelling may occur due to molecular interactions (11-13).
So the permeability coefficients P;(p) and P,(p) are not constants, just like those
of N, and H,, but depend on the feed pressure of water vapor. Based on an anal-
ogy of capillary flow, Carman suggested that gas permeation through any porous
medium can be mainly controlled by viscous flow and Knudsen diffusion (14).
The permeability of a gas through porous media can be estimated as

T €

Jp=(am+bm2)-m~z 5)

The first term accounts for viscous flow and the second term for Knudsen
diffusion. The parameters a and b are given by

_ 43 SR

T3 £ ™ ©)
111

hbh=—+—+—. m 7
<k D @)

The relative parameters are average pore size m, porosity &, tortuosity ¢, viscosity
|, mean pressure on the 2 side of the pores p,,, and shape factors k and &/k,. Car-
man suggested that for all porous membranes &/k; = 0.8 and k = 2.5.

Therefore the resistance of gases through the defective pores of the PSF skin
layer and the support layer can be expressed as

Ly — L
Ry = . - T 3
(am + bm )AW
L
Ry = 7 ©
(am-l—bm)-A-m-s

The gas permeability rate J is the ratio of the permeation flux Q and the pressure
difference Ap. It varies inversely with total resistance

]Z—:f (10)
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Figure 2. The maximum pore size in which condensation may occur under different feed

pressures.

The relationship between water vapor pressure and the maximum pore in which
capillary condensation may occur can be described by the Kelvin equation
P 20 - cos O Vi

In ? = —7 . ﬁ (1 1)
p? is the saturated pressure of water vapor under operation temperatures; o is sur-
face tension; r is the maximum pore in which condensation may occur; and V,, is
the mol volume of water. By means of Eq. (11), the maximum pore size in which
condensation may occur under different feed pressures was calculated and is
shown in Fig. 2.

From Fig. 2. one can see that when relative pressure p;/p® < 0.9 capillary
condensation could not occur unless the pore size is less than 5 nm, which is much
less than the average pore size in the support layer. So in this work, although cap-
illary condensation does occur in some small pores of the membrane, its effects on
the permeability could be neglected because the size of the support layer is rela-
tively very large.

EXPERIMENTAL
Membrane Preparation

Dense PSF and silicone rubber films were made by the solution casting
method. The polymer solution was cast on glass plates, and the solvents were

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



10: 40 25 January 2011

Downl oaded At:

ORDER i REPRINTS

3706 LIU ET AL.

evaporated for more than 4 hours when the glass was heated to 95°C. Then the
films were set in a vacuum oven to dry for more than 4 days at 140°C.

The hollow fiber composite membrane is prepared by spinning the PSF
asymmetric hollow fiber membrane from a “dry-wet” type dope and coating it
with a silicone rubber solution. The fiber dimension was approximately 450 pwm
o.d. and approximately 150-220 pwm i.d. A membrane module was made for the
permeability measurement.

Permeability Measurement

The gas permeability through the dense polymer films was measured at
30°C on the G.T.R. Measurement Apparatus (RSK Model K-315N-01, Rikaseiki
Kogyo Co, Ltd) shown in Fig. 3. Upstream of the permeation cell was a liquid wa-
ter vial, a ballast volume, and a vacuum gauge with a range of approximately 0—10
kPa. Downstream of the permeation cell was a receiving tank and a pressure trans-
ducer that was operated over the range of approximately 0—1.33 kPa. The tem-
perature of permeation cell was controlled at 30 * 0.5°C. First, the system was
evacuated to the pressure less than 1.5 Pa by a vacuum pump. Then water vapor
was sent into the feed side of film. With the permeation of water vapor, the pres-
sure of the permeate side increased gradually. The permeation coefficients were
calculated by measuring the increasing pressure on the permeate side over time.

The equipment for the permeability measurements of hollow fiber is shown
in Fig. 4. Permeating water vapor was condensed with a liquid nitrogen trap. The
permeability of water vapor was calculated by the weight of collected water. The

Permeation Cell

Valve
P > E]
Ballast : %
Vacuum Gauge
Volume
Liquid
2 X Water
Vial
@ Pressure Gauge —Q—V
Pressure
Transducer D Vacuum Pump
Receiving
Tank B
Receiving Tank A

Figure 3. Schematic of film permeation apparatus.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Membrane Module
of Hollow Fiber

Vacuum Gauge 1:] Vacuum Gauge

ﬁg Vacuum Gauge

Valve X

Liquid
Water

Vial
; Cold Trap

Vacuum Pump

Figure 4. Schematic of membrane permeation apparatus for hollow fiber modules.

pressures of both sides of the membrane were controlled by needle valves, and
they were measured by a vacuum gauge within a range of approximately 0-10
kPa. The temperature of the membrane module was also controlled at 30 *= 0.5°C.
Experimental errors were no more than 10%.

RESULTS
Permeation Coefficient of Polymer Film

As shown in Fig. 5, the permeation coefficient of water vapor, P,(p),
through dense PSF is approximately 3.5-4.0 X 1077 cm® - cm/cm? - s - kPa at

1. 0OE-05
= o PSF
3 > 0 silicone rubber
o %
g, 1. 0OE-06 o o © o © o
ON-
z3
o E
T o
o . 1.0E-07
SR
o S
B~ e © o o o o o
[o]
A

1. 0E-08

0.0 1.0 2.0 3.0 4.0

Feed pressure (kPa)

Figure 5. The permeability coefficient of water vapor through dense PSF and silicone
rubber films.
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Table 1. The Performance of PSF-Silicone Rubber Hollow Fiber Composite Membranes

Ju, JIn,
Membrane Condition cm?/cm?-s-kPa cm?/cm?-s-kPa Selectivity
No. 1 Uncoated 1.52 X 1073 3.62 X 107* 4.2
Coated 6.20 X 107 1.00 X 1077 61.5
No. 2 Uncoated 1.43 X 10°* 3.57 X 1072 4.0
Coated 233X 1073 3.98 X 1077 58.6
No. 3 Uncoated 1.16 X 1073 3.89 X 107* 3.0
Coated 419 X 107° 9.17 X 1077 45.7

Uncoated denotes PSF asymmetric membranes without silicone rubber coating.
Coated denotes PSF asymmetric membrane coated by silicone rubber.

30°C, which is not a strong function of feed pressure on a large-activity scale. The
permeation coefficient of water vapor through silicone rubber, P(p), is approxi-
mately 7.1-9.2 X 10~° cm®-cm/cm?-s-kPa, which slightly increases with the in-
crease of feed pressure. This result is consistent with that of Baker et al. by the
Toepler pump method (15).

The Performance of Hollow Fiber Composite Membrane

Table 1 shows the performance of hollow fiber composite membranes of sil-
icone rubber- PSF that were used in the experiment.

Estimate of Membrane Structure Parameters

A H,-N, selectivity value of 61.5 of membrane No. 1 of Table 1 suggests
that the composite membrane is essentially defect free. The structure parameters
of the dense layer and the coating layer can be estimated by the method outlined
in (16) by means of H; and N, performance. A detailed description of the method
can be seen in appendix A. The results show the following approximate parame-
ters: coating thickness = 0.5 wm; PSF dense layer = 0.05 pm; average pore size
of defect on the dense layer = 0.02 wm; and porosity = 1.0 X 10~°. We assumed
that support layer resistance to H, was less than 5% and that its resistance to N,
can be neglected under relatively high pressure. Based on the resistance model and
the permeability values of H, and N, as calculated from Eqgs. (1,9, and 10), we de-
termined an average pore size of 0.09 wm and a porosity of 1.7 X 1072 for the
porous support layer. The total thickness of the membrane, measured by micro-
scope was approximately 115, which approximately equals the thickness of the
support layer because of the thin dense and coating layers.

Copyright © Marcel Dekker, Inc. All rights reserved.
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The Resistance of Support Layer to Gases

The support layer resistance to gases was calculated through the use of
membrane structure parameters, which were obtained from the evaluation and
measurements described for membrane No. 1. The mean pressure on both sides of
the support layer py, is defined as the arithmetic average of the pressure in the per-
meation side and the pressure of the interface between the dense layer and the sup-
port layer. Detailed calculations of p,, are shown in appendix B. The ratio of gas
resistance between the support layer and the total resistance R4/R, as well as the
permeability J through composite membrane, under different p,,, values can be
seen in Figs. 6 and 7.

Based on the structure parameters calculated for membrane No. 1, the per-
meability of water vapor, N5, and H, passing through the skin or support layer
were calculated by Egs. (1,2,3,9, and 10) (Table 2). No remarkable difference
among the permeability values of water vapor, H,, and N, passing through the
support layer with porous flow were found, but the sequence of permeability
through the dense layer was Jyaier vapor > Ju, >> Jn,. The resistance of the sup-
port layer to water vapor R, was approximately 40%—95% of the total resistance
R, which was the highest among the 3 gases studied.

Gas flow can be mainly explained by viscous flow and Knudsen diffusion
in the support layer. The permeability of the viscous-flow mode is higher than
that of the latter. At relatively low pressures, low permeability is mostly at-
tributed to Knudsen flow because of the high mean free path. As the pressure in
the system increases (i.e., mean free path decreases), the Knudsen flow eventu-
ally transits into a viscous flow where the permeability increases and the resis-

1.0 -
| @<— Saturation
™., Pressure —1: Hy0
0.8 ) —2: Hy
™ —3 N,
0.6 i
e
~
o
0.4
0.2
0.0
0 20 40 60 80 100
pn (kPa)

Figure 6. The ratio of gas resistance on the support layer to the total resistance, R4/R, as
a function of average pressure p,.
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1. 0E-05 — 1t 0
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1. 0E-06
0 20 40 60 - 80 100

Py (kPa)

Figure 7. The permeability rate of nitrogen, hydrogen, and water vapor as a function of
average pressure p,.

tance decreases. The permeability values of H, and N, are independent of the
operation pressure because the PSF dense layer determines their performances at
not very low pressures. However, the high water-vapor permeation coefficient in
PSF contributes to the important role of the support layer in the total resistance
of the membrane.

Because the average pressure on both sides of the support layer is no higher
than 4.24 kPa, the saturation pressure of water vapor at 30°C, the support layer re-
sistance is greater than 90% for the permeation of pure water vapor (Fig. 6). More-
over, Fig. 8 clearly demonstrates that the permeability of water decreases 10-90
times because of the resistance of the support layer.

For dehumidification processes based on membranes, a vacuum system is
often used to improve the differential pressure (i.e., to increase the driving force).
This will reduce the permeability of water vapor according to the analysis above.

Table 2. 'The permeability of Water Vapor, N,, and H, Passing Through Skin or Support

Layer ?2
Permeability (cm*/cm?-s-cmHg) q_:)

o)

Gases Skin layer Support layer Composite membrane ;:;
H,O 4.44 x 1073 1.89 X 107 1.81 X 1074 %
N, 1.79 X 107° 1.07 X 1074 1.75 X 107° =
H, .11 X 1074 227X 1074 6.76 X 1075 a
P = 2.7 kPa. g
°

3
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Figure 8. The influence of the support layer on water vapor permeation through the com-
posite membrane: 1) with the resistance of support and 2) without the resistance of support
layer.

Experimental Verification

The permeability values of water vapor, determined by both experimental
data and calculations based on the resistance model, through silicone rubber—PSF
hollow-fiber composite membrane under different mean pressures on both sides
of the support layer py, are shown in Fig. 9. The figure shows that the calculated

3. E-04
E
< 2.E-04
w
B
o~
nE
K
2 LE04
= |
\
% o experimer'ltal
o0 ——-calculation
0. E+00
0.0 1.0 2.0 3.0 4.0

Pn (kPa)

Figure 9. Water vapor permeability in hollow-fiber composite membrane by the experi-
mental data and calculations under different mean pressures on both sides of the support

layer p .
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Table 3. The Thickness Estimates of the PSF Dense Layer and Silicone-Rubber Coating

Layer
Thickness of Silicone
Rubber Coating Thickness of PSF Thickness of Silicone
Membrane Layer (um) Dense Layer (um) Rubber-PSF
No. 2 ~2 ~0.2 >10
No. 3 ~2 ~0.1 >20

and experimental data are almost consistent with each other. So we induced that
the support layer resistance mainly controls water vapor permeation. The slight
difference between data sets is probably the result of 2 assumptions made in the
experimental design: First, mean pore size was adopted in the model and so the
wide distribution of pore sizes was not regarded. Second, only Knudsen and vis-
cous flows were considered; surface diffusion, capillary condensation, and other
mechanisms that might have also had some impact on water vapor permeation.
Table 3 shows the thickness of the PSF dense layer and the silicone rubber
coating layer, estimated by the performances of N, and H; as listed in Table 1 for
membrane No. 2 and No. 3. If the water vapor resistance was mainly on the
skin layer, like in the case of N, and Hj, the permeability of water vapor (Table 4)
could be evaluated based on the water vapor permeation coefficients of polymer
films and the membrane structure parameters noted in Table 3. From Table 4, one
can see that the expected permeability values of water vapor through the uncoated
membrane are approximately 1.9 X 1072 cm® /cm?-s-kPa and 4.1 X 1072 cm®
/cm?-s-kPa under Pm = 2.7 kPa on membranes No. 2 and No. 3, respectively, and
on both membranes the permeability values decrease approximately 30%—50% af-
ter they are coated. On the contrary, the experimental permeability values of

Table 4. The Expected Permeability Values of Water Vapor
Through Uncoated and Coated Membranes Assuming That
the Resistance Is Mainly on the Skin Layer

Expected Permeability
(cm? /em?-s-kPa)
Membranes Uncoated Coated
No. 2 1.9 X 1072 1.3 X 1072
No. 3 4.1 X 1072 20X 1072
*pm = 2.7 kPa.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



10: 40 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

H,0 VAPOR PERMEABILITY IN SUPPORT LAYER 3713

2. 5E-04
A No. 2 uncoated

aNo. 2 coated
@ No. 3 uncoated
o No. 3 coated

2. 0E-04

.bE-04 |

(cm’/cm® s- kPa)

1. 0E-04

J (H,0)

5. 0E-05

0. OE+00
0.0 1.0 2.0 3.0 4.0
pm (kPa)

Figure 10. Comparison of water vapor permeability through coated and uncoated mem-
branes.

coated or uncoated hollow-fiber membrane at a side range of pressures (Fig. 10),
are nearly 2 orders of magnitude lower than the expected results. Most important,
the permeability of experimental membranes decreased relatively little after being
coated. The great inconsistency between expected and experimental results
showed that the incorrectness of the assumption that the resistance is mainly on
skin layer. Therefore, the resistance of water vapor through the dense layer and the
coating layer can be neglected, and it is the support layer, in fact, that controls wa-
ter vapor permeation.

THE EFFECTS OF MEMBRANE STRUCTURE PARAMETERS
Porosity of the Support Layer

The estimated structure parameters of membrane No. 1 were studied. Al-
though support layer resistance is reduced and water vapor permeability is in-
creased with porosity increases of the support layer, as shown in Figs. 11 and 12,
the resistance of the support layer is not less than 90% of the total resistance until
the porosity reaches 102, If the porosity increases to values greater than 1072, the
resistance reduces rapidly.

The increase in porosity will lead to high water-vapor permeability, but for
gases like nitrogen and methane that possess relatively low permeability, only
small changes will be exhibited. So the enhancement in porosity will lead to a
great improvement of the selectivity between water vapor and nitrogen or methane
in dehumidification processes.

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016
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1.0
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0.0

1. OE-04 1. OE-03 1. 0E-02 1. OE-01 1. OE+00

Pore size of support layer

Figure 11. 'The support layer resistance to water vapor permeation as a function of sup-
port layer porosity.

Average Pore Size of the Support Layer
All the parameters studied, except average pore size, were based on the

structure parameters of membrane No. 1. The support layer resistance reduces and
the water vapor permeability increases with the increase of pore size in the sup-

1. OE-02
< L.OE-03 |
(=W
-
i
5
O 1.0E-04
o
\U/
3 : pm=0. 67kPa
= 1.0E-05 ——2: p=1. 33kPa
~ F ——3: pn=2. 00kPa
~—4: p,=2.67kPa
—5: pn=4. 00kPa
1. 0E-06 : ——

1. 0E-04 1. 0E-03 1. OE-02 1. 0E-01 1. OE+00

Porosity of support layer

Figure 12. The permeability rate of water vapor as a function of support layer porosity.
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Figure 13. The water vapor resistance through the support layer as a function of the av-
erage pore size of the support layer.

port layer, as shown in Figs. 13 and 14. The permeability improves greatly at in-
creased pore sizes until the pore size is larger than approximately 0.2—-0.4 wm. For
this reason, the selectivity of water vapor with nitrogen could also be increased by
enhancing the pore size.

1. 0E-02
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% 1.0E-03
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Q
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== 1.0E-04 |
L E
=
E:T —1: p,=0. 67kPa
= 1.0E-05 —2: pw=1. 33kPa
—3: pn=2. 67kPa
—4: p,=4. 00kPa
1. 0E-06 : ‘

0.0E+00 2.0E-05 4.0E-05 6.0E-05 8.0E-05 1.0E-04
Average pore size of support layer (cm)

Figure 14. The water vapor permeability as a function of the average pore size of the sup-
port layer.
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Therefore, increasing the porosity and pore size of the support layer is be-
lieved to increase the permeability of water vapor. However too high a porosity,
especially that caused by high pore sizes of the support layer will decrease the
strength of membranes.

Thickness of the Dense Layer

Usually, reducing the skin layer thickness is an effective way for separating
N,, H,, and O, because the resistance of the membrane is focused mainly on the
skin layer. However, the resistance is not the primary source of resistance for wa-
ter vapor.

The permeability of water vapor and nitrogen through the skin layer is il-
lustrated in Fig. 15. The thickness has little influence on the water vapor perme-
ability, while the nitrogen permeability decreases greatly with increased skin layer
thickness.

Therefore, we have drawn a different conclusion from that of the traditional
gas separation processes for the separation of water vapor and nitrogen, i.e., the
selectivity is high under a large thickness of the skin layer for water and nitrogen.
Therefore, at the specified conditions, the increase in the thickness of the skin
layer is advantageous for the dehumidification process based on membrane sepa-
ration. Maintaining membrane strength would be easier when thick skin layers are
used for effective separation than when increased porosity and pore size of the
support layer are used to increase permeability.

1. 0E-04

1. 0E-05 /

—1: Hy0 p=0. 67kPa
—2: Hy0 pw=1. 33kPa
——3: H,0 p=2. 67kPa
—4: Hy0 pyy=4. 00kPa
Ny

1. 0E-06 |

JMH0)  (cm®/cm® s+ kPa)

1. OE-07
0.0E+00 2.0E-05 4.0E-05 6.0E-05 8.0E-05 1.0E-04

Thickness of dense layer (cm)

Figure 15. The permeability of water vapor and nitrogen as a function of the dense layer
thickness.
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CONCLUSIONS

The permeation behavior of water vapor through asymmetric composite
membranes is different from that of the permanent gases, as the permeability of
the latter is nearly independent of the membrane support layer. In the silicone rub-
ber—PSF system, experiment results showed that support layer resistance caused
the water vapor permeability to decrease greatly. Results from both simulated mo-
dels and experiments supported this conclusion.

The nearly equal permeability of water vapor through hollow fiber mem-
branes coated with silicone rubber or without coating also verified that the support
layer mainly controls water vapor permeation.

The membrane configuration has a great impact on water vapor permeabil-
ity. The increased porosity and pore size of the support layer favor resistance re-
duction of the support layer and improved water vapor permeability. An increase
in the thickness of the skin layer reduces nitrogen permeability but has almost no
influence on water vapor permeability. This information will allow for enhanced
dehumidification processes through optimized membrane-structure parameters.

APPENDIX A: EVALUATING MEMBRANE STRUCTURE
PARAMETERS

N, and H; resistance through support layer is neglected when evaluating the
structure parameters of skin layer and coating layer. So, in Eq. (1)

From equation (10)

1

k=77

(13)
The skin layer porosity is very low, less than 10, and L, >> L,. Therefore, the
change of L has little influence on gas permeability through the composite mem-
brane (17); L1 = L,.

Through the combination of Eqgs. (1-4), the permeability of gases through
composite membrane can be expressed as

1 L, L,

PP TP (-t Pup) e

(14)

By combining Egs. (1,3, and 8), one can express the permeability of gases through
uncoated membranes as

L
- 2 - (15)
Pyp)-(1 —¢€")+ (am' + bm'z) . m -y
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For 1 hollow-fiber membrane module, the permeability values of H, and N,
with coating are Jij,, HY, and without coating are Jy,, Hy,. With these 4 perme-
ability values plugged into Egs. (14 and 15), m', &', L,, and L, can be resolved.

APPENDIX B: THE CALCULATION OF AVERAGE
PRESSURE OF SUPPORT LAYER p,,

In the composite membrane shown in Fig. 1, the pressure distribution py, p;
and p3-py, and p; are defined as the feed-side and permeate-side pressures of com-
posite membrane, respectively, while p, is the pressure of the interface between
dense layer and support layer. O, and J; are the flow flux of gases passing through
the skin and coating layers. O, and J; are the flow flux and permeability of gases
passing through the support layer. Because

O1=J1-A-(p>—p1) (16)
O =Jr"A-(p3—p2) (17
01=0> (18)
1
L _R+ (19)
J1A 1
1 Ro+ R3; + R3;
|
TA - R4 (20)
+
D = (p2 5 P3) @1

p1 and p, can be measured experimentally and Egs. (1-9) and (16-21) can be
solved for p, and py,.

NOMENCLATURE
A membrane area (cm?)
J permeability rate (cm*/cm?-s-cmHg)
K shape factor
L, the thickness of coating layer (cm)
L{ the length of silicone coating used to plug the defect pores of the dense
layer (cm)
L, the thickness of dense layer (cm)
M molecular weight
m average pore size of support layer (cm)

3

average pore size of skin layer (cm)
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p operation pressure (kPa)
P° saturated pressure (kPa)
Pm the mean pressure on the two sides of pore (kPa)
Py, P, permeation coefficients of silicone rubber and PSF (cm?-cm/cm?-s-
kPa)
q tortuosity
0 gas permeation flux (cm>/s)
r pore size of capillary (m)
R resistance of gas permeation (s-kPa/cm?)
T temperature (K)
Ty standard temperature (273K)
Vin mol volume (cm>/mol)
d/k; shape factor
0 contact angle
[ surface tension (N/m)
€ porosity of support layer
g’ porosity of skin layer
W viscosity (Pa-s)
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