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SYNOPSIS

Desorption resistance taking place between a membrane surface and a permeate vapor
phase, which had not accounted for an overall mass transfer resistance in pervapora-
tion, was studied. The resistance-in-series concept and Flory-Huggins thermodynamics
were used to establish model equations for evaluating the desorption resistance in
the permeation of a single component. In order to exclude any possible concentration
polarization of permeants occurring in feed adjacent to a membrane surface, the perme-
ations of pure water through polyether imide membranes with various thicknesses
were observed at different permeate pressures. From the permeation data of pure
water through the membranes with help of the model equations, both the permeability
coefficient based on a general flux equation expressed in terms of the chemical potential
driving force and the desorption resistance were determined quantitatively. According
to the model equations, the desorption resistance could be affected by two factors:
membrane thickness and permeate pressure. The magnitude of the desorption resis-
tance was dependent mainly on permeate pressure, and the importance of the resistance
relative to diffusion resistance in the membrane for the overall process became more
significant with decreasing membrane thickness at a given permeate pressure. As the
membrane thickness decreased and/or the permeate pressure increased, the desorption
resistance was observed to be more significant, causing higher chemical activity and a
higher concentration of the permeant at the downstream interface of the membrane.
In some cases, the desorption resistance was predominant over the diffusion resistance
in very thin membrane thicknesses. This study seeks to emphasize the importance of
the desorption resistance on the transport of components at small membrane thick-

nesses or high permeate pressure. © 1997 John Wiley & Sons, Inc.

INTRODUCTION

In pervaporation, the solution-diffusion model for
the permeation of permeants through a dense
membrane assumes that equilibrium is estab-
lished across both the upstream and the down-
stream interfaces of the membrane. A boundary
layer resistance in feed adjacent to a membrane
surface has been considered to contribute signifi-
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cantly to overall mass transport on the pervapora-
tion separation of dilute organic aqueous solu-
tions, while an interface resistance on the mem-
brane surface on the permeate side has been
excluded when accounting for the overall mass
transfer resistance.'~® This can be especially true
for pervaporation at low permeate pressure or a
sufficiently thick membrane in which the perme-
ation is governed by diffusion alone. Thus, the
permeability of a permeant through a membrane
should be independent of membrane thickness,
and hence, the flux is inversely proportional to
membrane thickness. However, under some ex-
treme conditions, such as a very small membrane
thickness or high permeate pressure, deviations
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from the normal solution-diffusion model have
been observed in pervaporation. Bode and associ-
ates®’ reported that the permeability decreased
with decreasing membrane thickness in the per-
meation of pure water through polyether block
amide and that the chemical potential moved
across the downstream interface of a thin mem-
brane while it was continuous across the up-
stream interface in the pervaporation process.
The decrease of the permeability and the chemical
potential step at the downstream interface were
explained to be the result of the membrane inter-
face resistance of the membrane developed at the
downstream side. Coté and Lipski! postulated
that there may be a resistance to mass transfer
at the permeate film formed just adjacent to the
downstream interface at high permeate pressure.
It is widely accepted that the upstream interface
of the membrane is in an equilibrium state with
feed liquid; this is confirmed by experiments.®
However, the downstream interface of the mem-
brane contacting with the vapor phase presum-
ably has many chances to be exposed to nonequi-
librium situations, depending on permeate pres-
sure, membrane structure, and others. It is also
reported that when feed is in vapor phase instead
of liquid phase, concentration profiles show non-
equilibrium and reduced concentrations at the up-
stream interfaces of membranes as a result of a
resistance developed at the interfaces.®'? In real
applications, membranes with very thin effective
thickness have been used in order to enhance the
flux by reducing the diffusion resistance, and rela-
tively high permeate pressures have been used
because of economical considerations. In this case,
the desorption resistance might become of impor-
tance in the pervaporation process.

The purpose of this study is to establish model
equations to quantitatively determine the desorp-
tion resistance and the concentration and activity
of the permeant at the downstream interface of
the membrane for single-component permeation
and to examine the effect of the desorption resis-
tance on the pervaporation performance, by using
pure water permeation data through dense poly-
ether imide (PEI) membranes which have thick-
nesses controlled precisely. Mass transport coef-
ficients in the permeation of the permeant will be
determined from the experimental data with the
help of the model equations. The desorption resis-
tance will be estimated through an analysis of the
determined coefficients, and the important role
that the desorption resistance plays in the overall

process of pervaporation under some conditions
will be discussed. The influence of the desorption
resistance on the characteristics of the membrane
surface on the permeate side will also be dis-
cussed.

THEORY

Mass Transfer Resistance in Single Component
Permeation

A chemical potential gradient rather than a con-
centration gradient should be used as a driving
force in a general transport theory to reduce any
limiting or special cases for which the answer is
known. In this study, in order to rule out any
possible concentration polarization, the perme-
ation of a single component will be used. In this
case, the possible factors taken into account for
describing the overall permeation are membrane
resistance and desorption resistance. The former
is related to the physicochemical interaction of
the permeant molecule with the molecules within
the membrane structure, and the latter is related
to the surface layer molecules of the membrane
with adhering permeant molecules.” As a result,
the chemical potential profile of the permeant
across the system can be simplified, as shown in
Figure 1. For the overall process, the flux can be
described as

J = K(pr — pp) (1)

From pervaporation experiments, the so-called
overall mass transfer coefficient, K,, can be deter-
mined. It is reported that a difference in chemical
potential appears at the downstream interface of
the membrane, while the upstream interface is
in equilibrium state, because the exchange fluxes
across the upstream interface is much larger than
that across the downstream interface.®” Thus, the
chemical potential of the permeant dissolved in
the upstream interface of the membrane equals
that of feed: ur = tp,1. The flux through the mem-
brane can be written in terms of the chemical po-
tential at constant temperature as

d
J= —Lud—g (2)

In a scarcely swollen membrane in which the
equilibrium solubility of the permeant is small,
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Figure 1 Chemical potential profile across a system
in the permeation of a single component.

the chemical potential profile in the membrane
can be assumed to be linear.” Thus, L,, the phe-
nomenological coefficient which is equivalent with
the permeability coefficient, can is constant; then,
the flux can be expressed as

J:%(Mml_MMZ) (3)

where ¢ is the membrane thickness. On the basis
of the published research,®” two possible zones
for the desorption resistance may be taken into
account, as shown in Figure 1: zone I, desorption
interface®’; zone II, boundary layer adjacent to
the downstream interface of the membrane.’

In zone I, mass transfer resistance can be re-
lated to the diffusion of a permeant molecule
through the outer layer molecules of the mem-
brane with the permeant molecules adhering. It
can be significant when membrane thickness is so
small that enhanced net flux could become compa-
rable to the exchange flux across the permeate
side interface of the membrane. In zone II, the
formation of a permeate film, i.e., the hydrody-
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namic boundary layer in the permeate adjacent
to a membrane surface, in which mass transfer
occurs only by diffusion, may be influenced by per-
meate pressure. With increasing permeate pres-
sure, the thickness of the film increases, causing
more significant mass transfer resistance in the
permeate phase adjacent to the membrane sur-
face. When the permeate pressure is well below
the saturated vapor pressure of the permeant,
zone II may not be important to account for the
desorption resistance® because the thickness of
the boundary layer is too small and the permeant
is in a vapor phase to such an extent that the
mass transfer coefficient in zone II can be much
higher than any other step. The flux equation in
these zones can be expressed by eq. (4).

J = Ki(tma — pp) (4)
where K, is a mass transfer coefficient in the de-
sorption step. Mass transport resistance in each
step can be expressed in terms of each reciprocal
mass transfer coefficient, respectively. Because
the overall chemical potential difference in eq. (1)
is expressed as the sum of the chemical potential
differences in each step, eqs. (1)—(4) can yield
the following relationship:

t, 1
L, K,

(5)

x|~

The reciprocal overall mass transfer coefficient,
that is, an overall mass transfer resistance, can
be considered as the sum of a membrane resis-
tance (¢/L,) and a desorption resistance (1/K,).
This equation describes a connection of the resis-
tances in series, that is, a so-called resistance-in-
series concept.’

To relate the overall mass transfer coefficient
to the permeate pressure, the chemical potential
of the single component in each step can be de-
scribed in terms of a thermodynamic related equa-
tion. The relevant equations in each step are the
following:

¢ For the pure liquid feed at pressure Pr and
the dissolved liquid at the upstream face of a
membrane, because there is no concentration
polarization at the feed side and the mem-
brane-liquid interface is in equilibrium, as-
suming constant molar volume V5, the fol-
lowing relationships are given: up = tin1, ar
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=0anp1 = 1.
PF
up = o + RT In ap + Ve dP
Pﬁ:
= po + Vp(Pr — P*)
= Mm1 (6)

e For the dissolved liquid permeant at the
downstream face, assuming the pressure in
the membrane is constant at Pz,

P

tms = fio + RTInaps + | VedP (7)
P*

* For the permeate at the downstream side (P,
< P*), assuming the vapor is considered to
be an ideal gas because of low pressure,

P

P
Ve dP

pP#

’r RT
:,u0+f ?dP

P

Hp = Mo t

— 4o + RT ln(%) (8)

where uo and P* are the chemical potential and
pressure of the permeant at a saturation state as
a reference state, respectively; ar and ap are the
activities of the permeant at feed and permeate,
respectively; and Vp is the molar volume of the
permeant in permeate. The overall chemical po-
tential difference, Ay, is given from eqs. (6) and

(8),

kS
Ap = VF(PF—P*)—i—RTlni)— (9)

P

By combining eqs. (1) and (9), the overall mass
transfer coefficient K; can be given as follows:

J

Kt: P*
Pp

= (10)

The overall mass transfer coefficient K, can simply

be determined from the measurement of the
steady-state flux of the component in pervapora-
tion experiments and the permeate pressure used.
Equation (5) can be rewritten as

1

t

K J L,

If the overall mass transfer resistance is plotted
against the membrane thickness, a straight line
is obtained for which the intercept is equal to the

desorption resistance and the slope is equal to the
membrane resistance.

Determination of Characteristics at the
Downstream Interface of Membrane

In order to characterize the downstream interface
of the membrane, the concentration and activity
of the permeant at the downstream side interface
of the membrane can be obtained by two ways
when the two mass transfer coefficients, K; and
L,, are known. One is to use eq. (3), the flux
equation across the membrane, and the other is
to use eq. (4), the flux equation through the de-
sorption step:

e Using eq. (3): from eqs. (6) and (7), the dif-
ference in chemical potential inside a mem-
brane is obtained as the difference in perme-
ant activity, as described in eq. (12).

Aﬂm = Mml - ,UJmQ
= RT(In a,,; — Ina,s)
= —RTIna,: (12)

Combining eqgs. (3) and (12) yields

—Jt
RTL,

(13)

Ina,,, =

e Using eq. (4): from eqs. (7) and (8), the fol-
lowing equation can be obtained:

bmz — pp = RT In @,

*
+ RT lnf__:— + Vp(Pr — P*) (14)
P

Combining eqs. (4) and (14) gives



In a,,s

J Pp , Vr

= +In—+
RTK, = " P*  RT

(P* — Pp) (15)

The relationship between In a,,, and the vol-
ume fraction of the permeant at the downstream
interface of the membrane can be expressed by
Flory-Huggins thermodynamics as

~Invu + (1 —vp1)

= 16
XP (1 _ Uml)z ( )
Ina,,, =1lnv,, + <1 — ﬁ>(1 — Upma)
Vpp

+ Xp(l - vm2)2

=Inv,e+ 1= Uns + xp(1 — v2)® (17)

where v,,; and v,,, are the volume fractions of
the permeant at the upstream side surface and
downstream side surface of the membrane, re-
spectively, and yx, is the interaction parameter
between the permeant and the membrane. There-
fore, the chemical activity of the permeant at the
downstream side interface can be calculated from
eq. (13) or (15) and then the permeant concentra-
tion can be determined from eq. (17).

Effect of Desorption Resistance on Permeability

It can be seen from egs. (13) and (15) that the
downstream side interface characteristics can be
affected by the permeate pressure and the mem-
brane thickness. Bode® investigated the effects of
membrane thickness and permeate pressure on
the chemical potential step which was used as a
measure of mass transfer resistance occurring on
the downstream side interface of the membrane
in the permeation of pure water through NAFI-
ON®117. He reported that smaller membrane
thickness or higher permeate pressure gives
higher activity of the permeant at the down-
stream side interface of the membrane, resulting
from more significant desorption resistance. If the
permeation follows Fick’s diffusion equation com-
pletely at constant temperature and permeate
pressure, no chemical potential step is formed at
the downstream side interface of the membrane,
that is, the chemical potential difference, s
— upin eq. (14) is zero because of no significant
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desorption resistance, and the following equation
can be given from eqgs. (13) and (14):

Jt = L, RT lni— + V¥L (P — P*) (18)
P

where L, and K, can be tentatively assumed to
be constant at a given temperature and permeate
pressure. In this case, the left side of eq. (18) must
be constant with membrane thickness because the
right side is always constant at a given permeate
pressure and temperature. However, it has been
observed from the published research’ that the
product of flux and membrane thickness de-
creases with decreasing membrane thickness.
This can be explained by eq. (19), which is derived
by combining egs. (13) and (15).

L/t
Jt[ 1 + ==
( Kd)

= LRTIn o=+ VL (P, — P¥) (19)
P

With decreasing membrane thickness, the ratio,
(L/t)/K,;, of mass transfer coefficients in the
membrane and the desorption zone increases to
the same extent as the product (J¢) decreases, so
that the left side of eq. (19) can stay constant. An
increase of the ratio with decreasing membrane
thickness reflects that the desorption resistance
can contribute increasingly to the overall process,
causing the resulting flux to be depressed corre-
spondingly. When membrane thickness is large
enough, the bracket term on the left side of eq.
(19) disappears and then eq. (19) becomes identi-
cal with eq. (18). On the other hand, the ratio of
the coefficients may be changed with permeate
pressure because the K, value is strongly depen-
dent on permeate pressure; this will be discussed
in the next section.

EXPERIMENTAL

Materials

Polyether imide (Ultem, 1000/2000 grade) was
purchased from GE Plastics (Mount Vernon, Indi-
ana, USA). Before use, it was dried in a circulat-
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Tl : Temperature Indicator
Pl : Pressure Indicator

Figure 2 Schematic presentation of pervaporation
apparatus: (a) water bath, (b) feed tank, (¢) pump,
(d) membrane cell, (e) and (g) cold trap, (f) vent to
atmosphere, (h) vacuum controller, and (i) vacuum
pump.

ing oven for 6 h at 80°C and then dried further at
room temperature in a vacuum oven for a day to
remove any humidity. Ultrapure deionized water
was used.

Membrane Preparation

Casting solutions were prepared by dissolving
PEI in dichloromethane. The casting solution was
poured into a plastic petri dish of which the coat-
ing area was known; it was then allowed to dry in
a fume hood at room temperature. The membrane
dried further in vacuum oven for a day. Mem-
brane thickness was controlled by the concentra-
tion and amount of the casting solution intro-
duced on the known coating area. Scanning elec-
tron microscopy confirmed that this method could
provide a good control of membrane coating thick-
ness. All of the membranes prepared were dense,
and their thicknesses ranged from 2 to 50 um.
The smallest membrane thickness that we could
get without defect was 2 pym.

Swelling Measurement

Dry membrane strips were immersed in water
thermostated at 70°C for 48 h to allow the strips to
reach an equilibrium sorption. After the swollen
length, I, of a strip at equilibrium sorption was
measured, the strip dried for 30 h at room temper-
ature under a vacuum and then the dry length,
lo, was measured. The dense membranes used in
this study can be assumed to have an isotropic
membrane structure. The swelling ratio, R, is de-
fined as™

R=— (20)

The volume fraction, v,,, of water in the swollen
membrane can be expressed in the following form:
R® -1

v, = E

(21)

The determined v,, can be used as the volume
fraction, v,,;, of the permeant at the upstream
side surface of the membrane in eq. (16).

Pervaporation Experiment

Pervaporation tests of water through different
thicknesses of dense PEI membranes were per-
formed at 70°C. A schematic diagram of the perva-
poration apparatus used is shown in Figure 2.
Feed was kept at the selected temperature by a
thermostated water bath. The feed was continu-
ously circulated from the feed tank through a
membrane cell by a pump (Iwaki Magnetic Gear
Pump, Iwaki Co., Ltd., Tokyo, Japan). The mem-
brane cell was designed to allow high fluid velocity
parallel to the membrane surface, as depicted in
Figure 3. The effective membrane area in the
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Figure 3 Details of membrane cell.



membrane cell was 19.63 cm®. The pressure indi-
cator (Datametric 1450; Edwards, Wilmington,
MA) was connected with the membrane cell by a
1inch SUS tube that was 10 cm long, along which
the pressure drop that developed was very small
or negligible. The pressure displayed at the pres-
sure indicator was controlled by a vacuum control-
ler (model VC-30S; Okano Works, Ltd., Osaka,
Japan) from 0.133 to 2.666 KPa with an accuracy
of =0.01 KPa. The vacuum pump (Welch vacuum
pump, model 8920, pumping speed = 210 L/min)
had a capacity enough to control the permeate
pressure under the range of fluxes formed in this
study. Permeate was condensed in a cold trap by
liquid nitrogen. The line from the membrane cell
to the cold trap was wrapped with a heating band
and kept the same temperature as the permeate
in the membrane cell to prevent the permeate
from condensing. The condensed permeate in the
cold trap was warmed to ambient temperature to
weigh.

RESULTS AND DISCUSSION

In this study, the permeation of pure water
through a scarcely swollen dense membrane (PEI
membrane) was taken as a system in order to
simplify the model by which the desorption resis-
tance can be quantitatively determined. The
chemical potential profile of the permeant across
the system can be considered to be simple in the
permeation of water, as shown in Figure 1.

Figure 4 shows the plots of water fluxes
through the dense PEI membranes, with thick-
nesses ranging from 2 to 50 ym at 70°C of feed
temperature and various permeate pressures. If
membrane resistance is a factor controlling the
permeation, the flux must be inversely propor-
tional to the membrane thickness, according to
Fick’s equation:

pdc

J = —
dx

(22)

where D is the concentration-dependent diffusion
coefficient of the permeant and d C/dx is the con-
centration gradient of the permeant across the
membrane. In the range of large membrane thick-
nesses, the fluxes show a linearity, but in the
range of small membrane thicknesses it is of in-
terest to find that the water fluxes were de-
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Figure 4 Plots of water fluxes against inverse mem-
brane thickness through dense PEI membranes; op-
erating temperature = 70°C.

pressed, showing lower values than those calcu-
lated from the linear relationship of flux and re-
ciprocal membrane thickness, and that the
depression of flux was more significant as mem-
brane thickness decreased or permeate pressure
increased. This reflects that other resistance be-
sides the diffusion resistance obviously exists to
depress the water permeation. In this study, the
concentration polarization of permeant in feed
and pressure drop in support layer could be ex-
cluded by adopting the permeation of pure water
through the dense nonporous membrane. Also, a
widely accepted assumption in pervaporation is
that the feed side interface of the membrane is in
equilibrium state. Therefore, the other resistance
must be the resistance developed in the desorp-
tion zones, as depicted in Figure 1.

The desorption resistance can be evaluated
quantitatively by using the model equations pro-
posed in the previous section. The overall mass
transfer coefficient K, for various membrane
thicknesses could be determined from eq. (10) us-
ing experimental water flux data at a given per-
meate pressure; then, the determined coefficients
were plotted with membrane thickness to evalu-
ate coefficients L, and K, from the slope and inter-
cept, respectively, as presented in eq. (11). The
results are shown in Figure 5. The plots in Figure
5 yielded good linearity at a given permeate pres-
sure and given range of membrane thicknesses.



228 YEOM AND LEE

120
Permeate Pressure

= O : 0.133 KPa

£ 90} ® : 0.667 KPa

> v : 1.120 KPa

@ v : 2.666 KPa
o

E

Z 60
¢

S

>

o S0 b

>

O ' 1 ) 1
0 20 40 60

Membrane Thickness, pum

Figure 5 Inverse overall mass transfer coefficient of
water against membrane thickness through dense PEI
membrane at 70°C.

Figure 6 presents the plots of the determined
L, and K, values versus permeate pressure. The
L, slightly increased with permeate pressure
while the K; decreased more significantly. Basi-
cally, the L, is a function of diffusion coefficient
and permeant concentration in the membrane,
which can be changed with permeate pressure.
By the use of eq. (2) and the differential form of
Equation (12), water flux through the polymeric
membrane can be expressed in terms of the chemi-
cal activity and concentration of water in the
membrane instead of as chemical potential, as fol-
lows:

d(In a) dC
dC  dx

J = —L,RT (23)

The comparison of eq. (23) with Fick’s equation
gives the following relationship between the coef-
ficient L, and the diffusion coefficient D,

D dC
L. RT d(In a) (24)
Usually, the permeant concentration in the mem-
brane tends to increase with permeate pressure,
which may cause the diffusion coefficient to in-
crease. From eq. (24), therefore, it can be seen that
an increase in permeate pressure leads to increases
in the coefficient L,. The reason for the decrease of

K, with permeate pressure is not clear because no
study has been done on this area so far, but it may
be postulated as follows: When permeate pressure
is higher, the evaporation of the permeant at the
downstream side interface of the membrane can
slow down, and then the permeant concentration at
the membrane surface increases. As both the per-
meate pressure and the permeant concentration on
the membrane surface increase, a layer or film con-
sisting of permeant vapor may be formed on the
membrane surface to act as a resistance layer to
mass transport. The layer can have characteristics
very similar to one described in the film theory."?
According to the film theory, a boundary layer or
film through which permeant molecules are trans-
ported only by diffusion can be created in feed adja-
cent to the membrane surface at the feed side and
cause a resistance to mass transport, depending on
the hydraulic dynamics in feed. Applying this the-
ory to this process, the thickness of the boundary
layer adjacent to the permeate side surface of the
membrane can be presumably dependent on the hy-
draulic dynamics in the permeate, such as permeate
pressure: the higher the permeate pressure, the
thicker the layer, similar to the boundary layer de-
veloped in feed. Hence, the mass transfer coefficient
in the layer can be defined as the diffusivity in the
layer divided by the layer thickness. That is why
the coefficient K; decreases with permeate pressure.

The fluxes with membrane thickness were
back-calculated by eq. (11), with all of the coeffi-
cients determined, and compared with experi-
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Figure 6 Determined coefficients L, and K, with per-
meate pressure for water permeation though PEI at
70°C.
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Figure 7 Comparison of calculated fluxes from model
with experimental fluxes: (lines) simulated fluxes,
(points) experimental fluxes.

mental fluxes, as shown in Figure 7. Excellent
agreement between the calculated fluxes and the
experimental data was found within an error of
+5%, reflecting that the determined coefficients
would be reliable.

As discussed above, the desorption mass transfer
coefficient, which is a function of permeate pressure,
is constant with membrane thickness, whereas the
diffusion mass transfer coefficient in the membrane,
defined as L,/¢, is inversely proportional to mem-
brane thickness. It is important to see how the mem-
brane thickness affects the overall process. The
membrane thickness can change the relative impor-
tance of the desorption resistance against the diffu-
sion resistance by changing the diffusion resistance.
In this study, the ratio of diffusion to desorption
mass transfer coefficients (or the ratio of desorption
to diffusion resistances) was used as a measure of
the relative importance of the desorption resistance.
Figure 8 presents the plots of the ratio of desorption
to diffusion resistances with membrane thickness at
various permeate pressures. The ratio of the resis-
tances is observed to decrease with membrane thick-
ness because the desorption resistance is kept con-
stant while the membrane resistance decreases with
decreasing membrane thickness at a given permeate
pressure and temperature. The desorption resis-
tance becomes more important when membrane
thickness is smaller. When membrane thickness
was larger than 20 yum, the ratio was very small,
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Figure 8 Ratio of diffusion to desorption mass trans-
fer coefficients (Coeff.) against membrane thickness at
different permeate pressures for water permeation.

indicating that the desorption resistance is not im-
portant and that the diffusion step is rate determin-
ing. When the membrane thickness was below 2
pm, the ratio of the coefficients is so high that the
desorption resistance could be significantly compa-
rable to the diffusion resistance. On the other hand,
at lower permeate pressure, the ratio of the coeffi-
cients was smaller, mainly because of the higher
value of the mass transfer coefficient in desorption.
As a result, it can be summarized that the value of
desorption resistance is affected by permeate pres-
sure, while the relative importance of the resistance
against the membrane resistance can be dependent
on membrane thickness as well as the value of the
desorption resistance.

Usually, the driving force across a membrane is
expressed in terms of a difference in the concentra-
tions or activities of the permeant at both surfaces
of the membrane. Figures 9 and 10 show how the
desorption resistance can influence the characteris-
tics of the membrane surface on the permeate side.
By the use of eq. (13) or (15), the chemical activities
of water at the downstream side interface of the
membrane were calculated and illustrated in Figure
9. The results of calculations from these two equa-
tions were consistent with each other within a differ-
ence of =2%. If the desorption resistance is negligi-
ble, the activity of water on the membrane surface
on the permeate side should be zero at a permeate
pressure well below the saturated vapor pressure of
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water. When the permeate pressure was low
enough, especially 0.133 KPa, the activity was very
small, less than 0.01, regardless of membrane thick-
ness. However, as the permeate pressure increased
further, the activity increased as the result of an
increase in the desorption resistance. This observa-
tion could support the fact that the magnitude of
desorption resistance is determined mainly by per-
meate pressure. In the range of large membrane
thickness, the activity was almost constant with
membrane thickness at a given permeate pressure,
while in the small-thickness region, the increase of
activity with decreasing membrane thickness was
more remarkable at higher permeate pressure. The
concentrations of the permeant on the membrane
surface on the permeate side were calculated from
egs. (16) and (17) and are presented in Figure 10.
The equilibrium sorption data should be needed to
calculate the concentrations. The equilibrium sorp-
tion of water in the PEI membrane at 70°C was
measured as 3.092 vol %. The permeant concentra-
tion changed with membrane thickness at a given
permeate pressure in the same way as the permeant
activity did. From these observations, it can be
thought that the desorption resistance makes the
activity of a permeant on the permeate side surface
of membrane increase, and at the same time, the
concentration of the permeant increased correspond-
ingly; finally, the difference of the activity or concen-
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Figure 9 Water chemical activities at the permeate
side interface of the membrane with membrane thick-
ness.
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Figure 10 Water concentration at the permeate side
interface of the membrane with membrane thickness.

tration of the permeant between both sides of the
membrane must be reduced, that is, reduced driving
force could be applied across the membrane so that
the reduced flux came out. That is why the flux was
more depressed at high permeate pressure and/or
small membrane thickness, as shown in Figure 4.

From the analysis on the water permeation
data with help of the model, it is found that the
desorption resistance at the downstream interface
of the membrane should not be negligible but
must be taken into account for the permeation
through a thin membrane and/or at high perme-
ate pressure. In practical applications, now, thin
composite membranes are used to enhance flux
and somewhat high permeate pressure is used be-
cause of economical considerations. From this
point of view, the importance of desorption resis-
tance could be more pronounced in determining
membrane performance than expected. Even
though this study was carried out on the perme-
ation of pure water through dense PEI, the princi-
ple proposed in this study can be extended to the
pervaporation separations of liquid mixtures
through other polymeric membranes and could
contribute to the understanding of the property
changes taking place on the permeate side surface
of the membranes.

CONCLUSIONS

In this study, we investigated the important role
the desorption step plays in pervaporation perfor-



mance under practical conditions which can be
used in real applications. A theoretical approach
incorporating the resistance-in-series model was
adopted to derive the governing equation to dem-
onstrate the importance of the desorption resis-
tance in the permeation of a single component. In
order to exclude concentration polarization in feed
just adjacent to the membrane surface and to de-
termine quantitatively the desorption resistance
from the model equations, the permeation of pure
water through a scarcely swollen dense PEI mem-
brane was taken as a system.

The mass transfer coefficients in each step were
determined from the model by the use of experi-
mental pervaporation flux data. The coefficient L,
had a slight increase with increasing permeate
pressure while the coefficient K, in desorption de-
creased. Also, the chemical activity and concen-
tration of water at the permeate side surface of
the membrane could be determined from the
model. It is found that the magnitude of the de-
sorption resistance is determined by permeate
pressure and that the importance of the desorp-
tion resistance relative to the membrane resis-
tance (diffusion resistance) can be estimated de-
pending on membrane thickness as well as the
magnitude of the desorption resistance. At high
permeate pressure, the desorption resistance was
more significant for the overall process because
membrane thickness decreased, and at low per-
meate pressure, the desorption resistance was not
very important, regardless of membrane thick-
ness. The desorption resistance makes the activ-
ity and concentration of water increased at the
permeate side surface of the membrane, which
caused flux to be reduced. In the design of a mem-
brane module or process, the desorption resis-
tance for permeation through a thin membrane
and/or at high permeate pressure should be taken
into account.

NOMENCLATURE

Q

chemical activity

permeant concentration (mol-m~?)
diffusion coefficient (m?-sec ')
flux (mol-m 2-sec ')

mass transfer coefficient (m2N !-m3-
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-1
sec )

. phenomenological coefficient (m*-N~'-m>-

-1

sec )

P  pressure (N-m 2 or Pa)

P* saturated vapour pressure (N-m 2 or Pa)

R  gas constant

t membrane thickness (m)

T operating temperature (K)

v volume fraction of permeant in membrane

V  molar volume (m?3-mol ')

V,, molar volume of membrane (m®-mol ')

x distance along which diffusion takes place

(m)
X, interaction parameter between permeant

and membrane
U chemical potential (N-m-mol ')

subscript

d desorption

F feed phase

ml upstream side interface of mem-
brane

m2 downstream side interface of
membrane

P permeate vapour phase

t overall process
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