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A theoretical study was carried out into membrane transport phenomena. Formulae for calculating the membrane transport re-
sistance and transmembrane mass flux were given, variations in membrane resistance and moisture flux with the membrane sorp-
tion constant (C) under various humidity conditions were analyzed, and the value of C corresponding to the minimum membrane
resistance or the maximum moisture flux was obtained. The results show that the membrane resistance and moisture flux relate
not only to C but also to the relative humidities on both sides of the membrane. As C increases, membrane resistance initially
decreases but then increases, i.e., a minimum occurs, while the moisture flux first decreases and then increases, i.e., a maximum
occurs. The membrane resistance and moisture flux reach their extrema at the same value of C, which is determined by the rela-
tive humidities on both sides of the membrane. To reduce the membrane resistance, the value of C should be chosen based on the
humidity conditions.
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Membrane separation is an emerging separation technology,
widely used in various fields because of its low energy
consumption, high efficiency, and other advantages [1].
Although membrane separation technology has been suc-
cessfully applied to large-scale liquid phase separations, its
application to gas separation is a relatively new area. Ap-
plications of membrane separations in the gas phase have
high potential value, with examples including the adjust-
ment of natural gas dew point, energy and moisture recov-
eries in a membrane-based total heat exchanger, amongst
others [2]. There are two types of membrane material used
for gas separation: inorganic and organic membranes, with
the latter representing the current state of development for
membrane gas separations. However, organic membranes
may have unstable performance under certain conditions,
such as in the presence of corrosive chemicals or at high
temperature and/or pressure, while an inorganic membrane
may effectively overcome these problems and simultane-
ously yield higher permeability and better selectivity [3].
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There are currently two theoretical models for mass
transfer in membrane gas separations: the pore flow model
and the solution-diffusion model. The pore flow model
mainly applies to mass transfer in a porous membrane and
the relevant mass transfer mechanism relates to the Knudsen
number, while the solution-diffusion model is currently the
most mature model used for membrane gas separations [4].
The latter assumes that the transmembrane permeation pro-
cess comprises three steps including adsorption, diffusion,
and desorption: the gas first adsorbs at the membrane sur-
face on the high concentration side because of physical or
chemical effects, then diffuses from the high to the low
concentration side, driven by the concentration potential
difference, and eventually desorbs from the membrane sur-
face on the low concentration side.

In the solution-diffusion model, the sorption characteris-
tics of the membrane surface have important influences on
the membrane transport process. The sorption property of
the membrane can be described using sorption isotherms,
with one popular sorption isotherm equation widely used in
gas separations having the form [5]:
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Wmax
6:1—C+C/[P‘,/R (T)]’ )

where P, expresses the adsorbate vapor partial pressure,
Py(T) denotes the saturated vapor pressure corresponding to
the system temperature, T, W,y iS the maximum vapor con-
tent of the membrane corresponding to p,=p,(T) and C is the
membrane sorption constant. When eq. (1) is applied to the
adsorption of water vapor from moist air, it can be written
as [6,7]

w
9= max , 1
1-C+C/¢ (12)

where ¢ expresses the air relative humidity.

C is a variable that represents membrane characteristics;
it determines the shape of the sorption curve, as shown in
Figure 1. C=1 indicates that the sorption quantity of water
vapor is linearly related to the relative humidity of moist air,
which corresponds to Henry sorption. C<1 yields an upward
convex curve, which corresponds to Langmuir sorption.
C>1 generates a downward convex curve, which applies to
a variety of desiccants [8—10]. Min et al. [10] experimental-
ly investigated the sorption properties of different mem-
branes, including PVDF (polyvinylidene fluoride), PES
(polyether sulfone) and cellulose and reported that their
sorption constants as 10.26, 3.12 and 6.28, respectively.

C has a substantial influence on the membrane transport
process. Simonson and Besant [6,7] studied the latent heat
efficiencies corresponding to three different values of C.
Niu and Zhang [8] analyzed the effects of the entering air
humidity and maximum sorption capacity on the effective-
ness of a membrane-based total heat exchanger for three
different C values. They also calculated the variations of the
membrane diffusion resistance coefficient with the air hu-
midity for the same C values. Min and Su [11] presented the
continuous changes in membrane resistance with C for a
membrane-based total heat exchanger and found that as C
increases, the membrane resistance initially decreases and
then begins to increase, with the minimum resistance occur-
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Figure 1 Sorption isotherms of membranes.
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ring in the vicinity of but not at the point C=1. Min et al. [12]
investigated the effects of membrane sorption properties on
the membrane transport process by combining experimental
measurements and numerical simulations. They also reported
that the minimum moisture resistance took place at a value
of C close but unequal to unity. These studies motivated the
present authors to pursue the current research. The purpose
of this study is to investigate the effect of membrane sorption
properties on the membrane transport process by adopting the
most fundamental physical model of membrane transport.
Membrane resistance is used to characterize the transmem-
brane permeation, as in Min and Su [11], Min et al. [10,12],
and many other publications on membrane transport [13-19].
Transmembrane transfer of water vapor in moist air is used
as an example but the theory and methodology can apply
equally well to the other cases. Relationships between
membrane resistance, moisture flux and C are determined
and the effects of C on membrane resistance and moisture
flux are analyzed at various air humidities.

1 Theoretical model

Consider the process of one-dimensional moisture transfer
through a membrane, as shown in Figure 2, and assume the
system temperature to be 7, the air relative humidities on
the left and right sides of the membrane to be ¢ and ¢,
respectively, and with ¢@>¢. According to the solution-
diffusion theory, the water vapor will transfer from the left
to the right side of the membrane because of the concentra-
tion gradient, causing dehumidification of moist air on the
left side of the membrane. To highlight the membrane
transport process itself, the convective mass transfer resis-
tances on both sides of the membrane are neglected, i.e., the
air humidities on both sides of the membrane are considered
to be constant (no concentration boundary layers exist) [20].

According to Fick’s law, the mass flux through the mem-
brane can be represented by

D‘lll
J=—2(6-0,), (2)
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Figure 2 Moisture transfer across a membrane.
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where D,,, is the moisture diffusivity in the membrane
(kg m's™") and is assumed here to be constant, S is the
membrane thickness (m), and ¢, and & are the moisture
uptakes of the membrane surfaces on the two sides of the
membrane (kgkg™"), with @ and the air relative humidity ¢
satisfying eq. (1(a)). Correspondingly, the moisture transfer
resistance through membrane can be expressed as

w =W

R =1 2 __9
J Dwm 91 _92 ’

o w —w,

3)

where w; and w, are the air humidity ratios on the two sides
of the membrane. Substituting eq. (1(a)) into eq. (2) yields

D w._ 1 1
J = wimn max _ . (4)
s \1-C+Clg 1-C+C/g,
At atmospheric pressure, the air temperature, humidity
ratio, and relative humidity approximately meet the relation

[8]:

=— &)

¢ eszezx/r
w100

T is the absolute temperature in K. eq. (5) is valid for the
temperatures range from 273.15 to 323.15K. Substituting
egs. (1(a)) and (5) into eq. (3) gives

po_ 10°6 4 — ¢, ’ ©
Dwm - 5294/T 1 B 1
1-C+C/g, 1-C+C/4,
Egs. (4) and (6) can be expressed as

J — Dwmwmax C;A¢ - s (7)

5 [a-0y, +C] -[(1-C)ag/2]

10°5 1 " 2
R =WE{[(1—C>¢W +cT -[(1-0)ag/2]}, @)
where
+

b =000 ap=d - ©)

&uve denotes the average relative humidity of the system and
reflects the humidity level of the system, while A¢ denotes
the relative humidity difference between the two sides of
the membrane and reflects the magnitude of the mass trans-
fer driving potential between the two sides of the mem-
brane.

2 Results and discussion

Permeation of water vapor in moist air across a membrane
can be used as an example to analyze the effects of the
sorption parameter C on the membrane resistance and
moisture flux. The calculations use 7=300 K, D,,, /6 =
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0.0225 kgm s ™", and wy=0.1 kgkg ™.

It can be found from eqs. (6) and (8) that the membrane
resistance is related not only to the membrane sorption con-
stant C but also to the relative humidities on both sides of
the membrane. The variations in membrane resistance R
with C were first calculated for different relative humidity
differences between the two sides of the membrane, A¢=0.1,
0.3 and 0.5, at various average relative humidities, and the
results are shown in Figure 3(a)-3(c), corresponding to the
cases ¢.=0.3, 0.5 and 0.7, respectively. When C is varied
from 0.1 to 10, the membrane resistance initially decreases
and then increases, i.e., a minimum occurs. The value of C
corresponding to the minimum membrane resistance relates
to the average humidity: for ¢,,,=0.3, the minimum appears
in the range of C<1; for ¢,,=0.5, the minimum occurs at
C=1; for ¢,.=0.7, the minimum takes place in the range of
C>1. Also, for C=1, the three curves coincide at the same
average humidity. This can be understood using eq. (8), that
is, for C=1, the membrane resistance is independent of the
relative humidities on both sides of the membrane and is
related only to C.

Comparison of Figure 3(a)-3(c) reveals that for a given
relative humidity difference, if C<1, a low average humidity
will lead to a small membrane resistance, while if C>1, a
low average humidity will lead to a large membrane re-
sistance. This can be explained as follows. It is known from
Figure 1 that, for C<1, a low humidity corresponds to a
large d@/d¢. eq. (3) indicates that the membrane resistance
is inversely proportional to d@/dw=(dé8/d¢)(d¢/dw), while
eq. (5) shows that for a fixed temperature d¢/dw remains
constant. Therefore, R is inversely proportional to d&/d¢ so
a low humidity will lead to a small membrane resistance.
Similarly, for C>1, a low humidity corresponds to a small
d&/d¢, leading to a large membrane resistance.

To obtain the value of C corresponding to the minimum
membrane resistance, differentiating eq. (8) with regard to
C and letting dR /dC=0 yields

oo |8 -(ag)2) (10)

(1-4..) ~(ag/2)"

The above equation shows that the value of C corre-
sponding to the minimum membrane resistance is related
not only to the average humidity but also to the humidity
difference between the two sides of the membrane. In com-
bination with Figure 3, the values of C corresponding to the
minimum membrane resistances were calculated using eq.
(10) and the results are presented in Figure 4. The figure
shows that the value of C corresponding to the minimum
membrane resistance increases with increasing average hu-
midity (@u.). For ¢,,.=0.5, the value of C corresponding to
the minimum membrane resistance is independent of the
relative humidities on both sides of the membrane and is
always equal to unity; for ¢, # 0.5, however, the value of C
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Figure 3 Variations in membrane resistance with C under various hu-
midity conditions. (a) ¢we=0.3, (b) ¢=0.5, (¢) ¢=0.7.
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Figure 4 Variations in the value of C corresponding to the minimum
membrane resistance with humidity.

corresponding to the minimum membrane resistance is re-
lated to the relative humidities on both sides of the mem-
brane. For ¢,,.<0.5, the value of C decreases with increasing
humidity difference, while for ¢,,.>0.5, the value of C in-
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creases with increasing humidity difference. These results
may provide guidance for selection of the membrane mate-
rials.

The variations in moisture flux with C corresponding to
Figure 3 are depicted in Figure 5. For a fixed average hu-
midity, a large humidity difference between the two sides of
the membrane will lead to a large moisture flux, and vice
versa. The reason for this is that, on the one hand, a large
humidity difference creates a large driving potential for
mass transfer, while on the other hand, according to the ear-
lier analysis of the membrane resistance, when the humidity
difference is increased, the membrane resistance decreases.
These two factors, together, lead to the result that a large
humidity difference causes a large moisture flux. Further,
when C is increased, the moisture flux initially increases
and then decreases. This is because for a fixed humidity
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Figure 5 Variations of moisture flux with C under various humidity
conditions. (a) ¢e=0.3, (b) ¢e=0.5, (C) P =0.7.
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difference, i.e., a fixed driving force, when C is increased,
the membrane resistance first increases and then decreases,
so the moisture flux first increases and then decreases. Also,
it can be seen from Figure 5 that the maximum moisture
flux occurs at a certain value of C. Differentiating eq. (7)
with respect to C and letting dJ/dC=0 will equally yield eq.
(10). This suggests that the maximum moisture flux and the
minimum membrane resistance occur at the same value of C.
Further, it can be seen from Figure 3 that as the humidity
difference between the two sides of the membrane decreases,
the membrane resistance increases. As the humidity differ-
ence approaches zero, the moisture flux approaches zero,
while the membrane resistance is unequal to zero and the
membrane resistance can be expressed as (in this case

¢ave= ¢1= ¢2=¢):

10°5 1 2
= —|(1-C cl. 11
R D w e5294/T C |:( >¢ + :' ( )

The varying curves for membrane resistance with C un-
der different humilities, calculated using eq. (11), are pre-
sented in Figure 6. Similar to the results shown in Figure 3,
as C increases, the membrane resistance initially increases
and then decreases, i.e., a minimum occurs. With an in-
crease in humidity, the value of C corresponding to the
minimum membrane resistance increases. Actually, when
the humidity difference between the two sides of the mem-
branes approaches zero, eq. (10) becomes

¢
1-¢

The variation of C with the relative humidity in this case
is demonstrated in Figure 7, which shows that with an in-
crease in humidity, the value of C corresponding to the
minimum membrane resistance increases. This result is cer-
tainly consistent with those shown in Figure 4.

C= (12)

3 Conclusions

(1) A theoretical study was carried out to investigate the

500
400
300 |

200

R(m’skg™)

100

0.1 1 10

Figure 6 Variations in membrane resistance with C when the humidity
difference approaches zero.
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Figure 7 Variations in C corresponding to the minimum membrane re-
sistance with humidity when the humidity difference approaches zero.

moisture transfer process across a membrane and equations
for calculating the moisture transfer resistance and moisture
flux through membrane were obtained. The equations sup-
port the conclusion that the membrane resistance and mois-
ture flux are related not only to the membrane sorption con-
stant, C, but also to the relative humidities on both sides of
the membrane.

(2) The variations in membrane resistance with C under
various humidity conditions were investigated and the re-
sults show that as C increases the membrane resistance ini-
tially decreases and then increases, i.e., a minimum occurs.
The value of C corresponding to the minimum membrane
resistance is related to the average humidity: when the av-
erage relative humidity equals 0.5, the minimum appears at
the point C=1; when the average relative humidity is less
than 0.5, the minimum appears in the range C<1; and when
the average relative humidity exceeds 0.5, the minimum
appears in the range C>1. Furthermore, for a fixed average
humidity, the smaller the relative humidity difference be-
tween the two sides of the membrane, the larger the mem-
brane resistance.

(3) The variations of moisture flux with C at various air
humidities were investigated and the results show that as C
increases the moisture flux initially increases and then de-
creases, i.e., a maximum occurs. The maximum moisture
flux occurs at the value of C at which the minimum mem-
brane resistance takes place.

(4) The values of C corresponding to the minimum
membrane resistance or the maximum moisture flux were
calculated and the results show that they relate to both the
average relative humidity and the relative humidity differ-
ence between the two sides of the membrane. To reduce the
membrane resistance, the value of C should be chosen in
light of the humidity conditions, providing a guide for the
manufacture and use of some type of membrane.

This work was supported by the National Natural Science Foundation of
China (50576040).
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